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La presente Tesis Doctoral se estructura atendiendo a los requisitos
establecidos por la Escuela de Doctorado de la Universidad de Valencia. Se
presenta como compendio de articulos, publicados en revistas cientificas

Ill

indexadas en el “Journal Citation Reports (JCR)” y posicionados en el
primer cuartil. Consta de una introduccién, que trata los aspectos que
actian como vinculo de unién de los diferentes articulos publicados,
seguida de una seccion experimental, en la que se exponen, brevemente,
los procedimientos realizados; a continuacién se presentan los tres

capitulos correspondientes al trabajo experimental desarrollado y, para

finalizar, una discusidn de los resultados y conclusiones globales.

El contenido de cada capitulo (articulo publicado en revista cientifica)
refiere a la investigacion que concierne al disefio y desarrollo de
nanovesiculas para el tratamiento de un tipo especifico de alteracién
cutdnea. Asi, en el capitulo primero, se describe el estudio de la
encapsulacién de la baicalina, un flavonoide con diversas propiedades
interesantes para el tratamiento psoriasis, en liposomas ultradeformables;
se evalua la liberacion de la baicalina a partir de los liposomas, se analiza
in vitro la biocompatibilidad de las formulaciones mediante el cultivo
celular de fibroblastos; y finalmente se determina in vivo, el potencial
antiinflamatorio de las formulaciones propuestas en un modelo animal de

inflamacién inducida por TPA en ratones CD-1.

El segundo capitulo se centra en la utilizacién de liposomas de baicalina y
berberina, en combinacién o de manera individualizada, para el
tratamiento del vitiligo. Se analiza la permeabilidad cutdnea de ambos
productos naturales, encapsulados o no en liposomas ultradeformables, y
se evalta, mediante modelos in vitro de cultivos celulares de las

principales células de la piel (queratinocitos, fibroblastos y melanocitos) la



biocompatibilidad de las formulaciones propuestas, el efecto protector
que aportan frente a la radiacidn ultravioleta y frente al daio oxidativoy,
para finalizar, el andlisis de la capacidad hiperpigmentante, a través de la

cuantificacion de la melanina y la actividad tirosinasa.

El tercer capitulo evallda el uso de vesiculas innovadoras para mejorar la
eficacia del tratamiento de la alopecia mediante la aplicacion topica local
de finasterida, farmaco antiandrogénico derivado no hormonal de los
esteroides, cargado individualmente o en combinacién con baicalina,
bioactivo antioxidante que actia como coadyuvante. Se desarrollan
liposomas convencionales, hialurosomas, glicerosomas y
glicerohialurosomas. Los resultados in vitro, con cultivos de células de la
papila dérmica del foliculo piloso, e in vivo, con ratones C57BL/6,
demuestran que los nanosistemas desarrollados son biocompatibles,
capaces de estimular el crecimiento del cabello por la liberacién folicular
de la finasterida complementada con baicalina. En este trabajo, se pone
de manifiesto la capacidad de estas nanovesiculas de administrar la
finasterida por via transdérmica, como alternativa a la via oral, que es la
gue se emplea habitualmente, consiguiendo un efecto local que minimice
los efectos secundarios asociados a la administracidn de este farmaco por

via oral.

Por ultimo, en el anexo se incluye una copia completa de los articulos

publicados o aceptados para su publicacién hasta la fecha.
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Las enfermedades cutdneas afectan a un gran nimero de personas y
tienen un impacto negativo en la calidad de vida de los pacientes. Entre
ellas destacan la psoriasis, una enfermedad crénica inflamatoria
caracterizada por una excesiva proliferacidon de queratinocitos, y el vitiligo,
caracterizada por la despigmentacién gradual de la piel. Asimismo, la caida
del cabello representa una de las patologias con mayor impacto sobre la
calidad de vida de los pacientes, ya que suele afectar a su autoestima. Las
tres patologias mencionadas tienen en comun la ausencia, a dia de hoy, de
un tratamiento eficaz que no esté asociado a efectos adversos secundarios
importantes. Una de las posibles estrategias terapéuticas que pueden
contribuir a resolver este problema seria la administracion por via tdpica
de los farmacos propios del tratamiento, ya que presenta una serie de
ventajas frente a otras vias, como son la facilidad de administracién, lograr
un efecto local y evitar las pérdidas presistémicas por el efecto de primer

paso.

En la presente Tesis Doctoral se propone la administracion por via tdpica
de productos naturales como coadyuvantes en el tratamiento de las

patologias descritas previamente.

La baicalina, un flavonoide natural aislado de la raiz de Scutellaria
baicalensis Georgi, se propone como posible coadyuvante en el
tratamiento de la psoriasis, el vitiligo y la caida capilar, ya que presenta
diversas propiedades terapéuticas interesantes como antiinflamatorias,
antioxidantes y estimulantes del crecimiento del cabello, entre otras. A su
vez, la berberina es un alcaloide que presenta propiedades interesantes
para el tratamiento del vitiligo, como la capacidad hiperpigmentante. Sin
embargo, la aplicacion por via tépica de ambas se ve condicionada ya que

presentan una hidrosolubilidad y permeabilidad cutdanea baja. Se han



propuesto multitud de métodos para mejorar la aplicacién de fdrmacos en
la piel, ya que el estrato cérneo forma una barrera muy efectiva que
dificulta su paso a través; entre ellos, los liposomas son sistemas
nanométricos y biocompatibles que tienen la capacidad de vehiculizar
moléculas activas que presentan baja solubilidad en agua, mejorando la

permeabilidad cutdnea de las mismas.

Con el fin de desarrollar un tratamiento coadyuvante efectivo para la
psoriasis, la baicalina se incorpora en liposomas ultradeformables a varias
concentraciones, estos presentan un tamafio nanométrico, homogéneo y
son biocompatibles, independientemente de la concentraciéon de baicalina
incorporada. Se ha podido observar que los liposomas ultradeformables
de baicalina preparados mejoran la permeabilidad cutdnea de la misma de
manera concentracidn-dependiente y son capaces de reducir la
inflamacién inducida por TPA asociada a psoriasis en ratones CD-1, en
proporcidn superior al tratamiento con dexametasona, un farmaco con
propiedades antiinflamatorias. Los resultados obtenidos indican que los
liposomas ultradeformables son nano-sistemas capaces de promover la
permeabilidad cutdnea de la baicalina, convirtiéndose asi en una posible
estrategia potencial para el tratamiento de la psoriasis al reducir la

inflamacién cutanea asociada a dicha enfermedad.

Para el estudio de un posible tratamiento coadyuvante del vitiligo se
asocia baicalina y berberina, ambas encapsuladas, de manera individual o
simultanea, en liposomas ultradeformables. Las vesiculas, que presentan
tamafios nanométricos con una distribucién homogénea y carga negativa,
son capaces de incorporar grandes cantidades de baicalina y berberina, asi
como de promover su permeabilidad cutdnea. Los liposomas

desarrollados muestran propiedades fotoprotectoras y antioxidantes



notables, asi como una elevada capacidad de estimular la produccién de
melanina y la actividad de la tirosinasa. Los liposomas de baicalina o de
berberina y particularmente, los liposomas que incluyen una combinacidn
de ambos, representan una estrategia terapéutica prometedora para el

tratamiento de los sintomas del vitiligo.

Por dultimo, en la presente Tesis Doctoral se ha desarrollado un
tratamiento innovador para la alopecia. La finasterida, un farmaco
utilizado para el tratamiento de la caida del cabello, se incorpora en
liposomas administrados por via tépica, para evitar los efectos
secundarios asociados a la administracion oral, y se combina con baicalina
como coadyuvante, para mejorar su eficacia, la cual es evaluada in vitro e
in vivo. Se desarrollan liposomas, hialurosomas, glicerosomas vy
glicerohialurosomas que incorporan baicalina y finasterida; presentan un
tamafio pequefio, con una distribucion homogénea y carga negativa. Las
formulaciones propuestas son capaces de estimular la proliferaciéon de las
células de la papila dérmica del foliculo piloso y el estudio in vivo del
crecimiento capilar y de los foliculos pilosos en ratones C57BL/6 corrobora
la capacidad de las vesiculas de estimular el crecimiento del cabello. En
consecuencia, los nano-sistemas que encapsulan baicalina y finasterida
representan un tratamiento prometedor, seguro y eficaz para el

tratamiento de la alopecia.
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Piel y foliculos pilosebaceos.

La piel es uno de los drganos mas complejos y diversos del cuerpo humano.
Presenta una superficie de aproximadamente 1,7 m? y se corresponde con
el 10 % del peso total, siendo asi el érgano mas grande del cuerpo. La
funcidn principal de la piel es la de aportar una barrera robusta y flexible
frente a agresiones externas. Esta barrera protege al ser humano frente a
la radiacion ultravioleta (UV), microorganismos patogenos, alérgenos, etc.
Ademas, la piel tiene una funcién muy importante en homeostasis y en

mantener los niveles de hidratacién adecuados (1).

Estructura de la piel.

La piel estd formada por varias capas, como se muestra en la figura 1. Estas

se describen brevemente a continuacion.

Eje del cabello

Poro
Papilas dérmicas

Epidermis —
[Capa - Musculo
papilar 3 erector
del pelo
Glandula
Dermis - Capa i 3 N sebaces (aceitosa)
reticular ~' ' { ) i : Glandula
3 sudoripara
ecrina
Foliculo capilar
Hip;&rmls A Raiz capilar
(tejido
subcutaneo)
Estructuras nerviosas: Tejido adiposo (graso)
Corpusculo de Meissner A )
Corpasculo de Pacini Vasos sanguineos cutaneos

Fibra nerviosa sensonal
Receptor de foliculos capilares

Figura 1. Estructura de la piel. Corte transversal (2).



Epidermis.

Es la epidermis, la capa mas externa, la que evita y/o minimiza la entrada
de microorganismos, toxinas, alérgenos o sustancias irritantes; absorbe
radiacion UV y reduce el dafio producido por fuerzas mecanicas.

La epidermis esta formada principalmente por queratinocitos; estos
constituyen el 90% de las células, y estdn distribuidos, junto con
melanocitos, células de Langerhans y células de Merkel, a lo largo de los
estratos que la forman. El estrato basal, formado principalmente por
gueratinocitos que presentan una elevada actividad proliferativa, es la
capa mas interna. Los queratinocitos, a través del estrato espinoso y
granuloso, se van diferenciando hasta formar finalmente corneocitos,
células planas totalmente diferenciadas que constituyen principalmente el
estrato corneo. En este estrato mas externo se pueden encontrar,
también, lipidos intercelulares, como ceramidas, fosfolipidos y colesterol,
los cuales se organizan formando estructuras multilamelares similares a
las de las membranas bioldgicas. Estas estructuras son las responsables de
la permeabilidad selectiva de la piel (3).

La epidermis se encuentra sometida a un proceso de renovacién celular
continuo, ya que el estrato cérneo se encuentra en un estado de

formacidn constante (figura 2).
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Figura 2. Esquema de las diferentes capas de la epidermis. Esquema de la

diferenciacion-renovacion celular (4).

Los melanocitos son los responsables de la produccidn de melanina; sin
embargo, suponen menos del 1% de las células presentes en la epidermis.
Estos confieren proteccion frente a las radicaciones y permiten la
pigmentacion de la piel; producen un organulo llamado melanosoma, el
cual es transferido a los queratinocitos produciendo la deposicion de
melanina en la epidermis (5).

Las células de Langerhans son células dendriticas que tienen un papel
crucial en aportar proteccidon inmunoldgica a la piel, son las encargadas de
fagocitar y eliminar cuerpos extrafios, a través del complejo mayor de
histocompatibilidad (6).

Las células menos numerosas de la epidermis son las células de Merkel,
estas se encuentran en contacto con las células nerviosas y su funcién esta

relacionada con diferentes aspectos de las sensaciones tactiles (7).



Dermis.

La dermis es una capa formada por tejido conectivo que se localiza entre
la epidermis y el tejido subcutaneo. Es una estructura fibrosa compuesta
principalmente por colageno y elastina, formados a partir de fibroblastos,
el mayor tipo celular de esta capa. Es un tejido vascularizado que alberga
nervios, terminaciones nerviosas, foliculos pilosos y otras glandulas. La
principal funciéon de la dermis es la de servir como sostén y aportar
proteccidn a las capas mas profundas; a su vez, juega un papel importante
en la termorregulacion y respuestas tactiles.

Como se observa en la figura 1, la dermis se divide en dos capas, un estrato
de tejido conectivo laxo conocido como regién papilar y la capa mas
profunda, que forma una capa gruesa de tejido conectivo denso que
constituye la mayor parte de la dermis, denominada region reticular.

La regidn papilar de la dermis esta conectada con el estrato basal de la
epidermis formando la uniéon dermoepidermica. Esta zona de contacto

actia como barrera para el paso de algunas moléculas (8).

Hipodermis.

El tejido subcutaneo o hipodermis es, fundamentalmente, tejido adiposo
y no se considera parte de la piel, sino que sirve de separacién y anclaje de

la piel a los diferentes tejidos.

Por otra parte, en la superficie de la piel se distinguen unas aberturas, a
través de las cuales crece el pelo, denominadas foliculos pilosos. Estos
representan unas de las estructuras cutaneas mas dindmicas y activas del

organismo.



El foliculo piloso, junto al musculo piloerector y las glandulas sebaceas
constituyen la unidad pilosebdcea, una estructura compleja en la que
coexisten diversos tipos celulares.

El foliculo piloso se divide en dos zonas o segmentos delimitados por el
musculo erector del pelo (figura 3).

e Segmento superior, compuesto del ostium (apertura del foliculo
en la piel), infundibulo (desde ostium a la desembocadura de la
glandula sebdacea) y el istmo (de la glandula sebacea a la unién con
el musculo erector del pelo). Este segmento no esta influenciado
por el ciclo de crecimiento del pelo.

e Segmento inferior, este segmento llega casi a desaparecer en fase
telégena. Comprende desde el bulbo piloso a la unién con el
musculo erector del pelo. Se compone del tallo y el bulbo, es en
esta ultima zona donde se encuentran las células matriciales y los
melanocitos, responsables de la pigmentacidon y formacién del

tallo piloso.



Msculo
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Infundibulo -

Istmo -
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\
Melanocitos Células Papila  Vaina de
dela  dérmica tejido conjuntivo
matriz

Figura 3. Diagrama del foliculo piloso y anejos asociados (9).

El pelo estd formado por queratina dura y se compone de tres regiones
principales; la médula, la porcién mas interna responsable del aislamiento
térmico; la corteza, la encargada de aportar resistencia al cabello; y la
cuticula, la parte mas externa que se encarga de conferir proteccién al
cabello frente a agresiones externas. A su vez, los foliculos pilosos estan
asociados a glandulas sebdceas, las cuales aportan lubricacion al canal
folicular y la superficie cutanea.

El foliculo piloso estd formado por componentes epiteliales y dérmicos, se
distingue la papila dérmica en la base del foliculo piloso. Las células de la
papila dérmica son componentes mesenquimales especializados del
cabello que juegan un papel importante en la morfogénesis y la
regeneracién del crecimiento capilar. Estas regulan el desarrollo vy
crecimiento del foliculo piloso y actian como un reservorio de células

madre, nutrientes y factores de crecimiento. Estas células sirven como



modelo in vitro para evaluar la efectividad de terapias para el crecimiento
del cabello, asi como para definir el mecanismo de accion de farmacos o

el funcionamiento de los foliculos pilosos (10).

Ciclo de crecimiento capilar.

El foliculo piloso sufre una regeneraciéon continua en el ciclo de
crecimiento del cabello. Durante este ciclo se producen cambios
importantes en el segmento inferior del foliculo piloso, asi como en los
vasos, nervios, tejido conjuntivo y células relacionadas con el foliculo.

Este ciclo estd formado por tres fases principalmente, tal como se muestra

en la figura 4:

- la fase de crecimiento (anagena)
- la fase de transicion (catagena) y

- la fase de reposo (telégena)

Telégena Anagenal Anagena Il Andgena IV Andgena VI Catdgena Telégena
Formacion de la Melanogénesis. Apoptosis Acortamiento del
matriz. del epitelio foliculo piloso.
Proliferacion folicular. Caida del pelo

del bulbo.

Dermis

Tejido
subcutdneo

Proliferacion
de adipocitos. Engrosamiento
de los vasos
sanguineos y
fibras nerviosas.

g & //ﬁ«] /. 4

Reduccion de adipocitos.
Disminucion de la
actividad bioquimica del
foliculo piloso.

Figura 4. Descripcion del ciclo de crecimiento capilar (11).

La fase anagena es la mas duradera del ciclo, entre 2 y 7 afios, por lo que
mas del 80% de los foliculos pilosos se encuentran en esta fase. Durante
esta fase la actividad mitdtica del bulbo piloso se encuentra en pleno

rendimiento, los foliculos alcanzan su volumen y longitud maximos. Se



produce a su vez la pigmentacion del pelo, debido a la interaccion que se
produce ente melanocitos, queratinocitos y fibroblastos de la papila

dérmica.

La fase catagena o de transicidén es la mas corta, con una duracién de 2 a
4 semanas. Los foliculos pilosos, durante este periodo, estan en reposo; se
produce la apoptosis del epitelio folicular y cesa la actividad mitdtica y la

pigmentacion. El 1-2 % de los foliculos pilosos se encuentran en esta fase.

La fase telégena, en la que se encuentran el 10— 15 % de los foliculos, dura
aproximadamente 3 meses. Durante esta fase, se produce el acortamiento
del foliculo piloso y se caracteriza por la disminuciéon de la actividad
bioquimica del mismo vy la caida del cabello; a su vez, durante este periodo,

los receptores de estrégenos se expresan al maximo.

Los cabellos se desprenden del tallo en la fase exdgena. Tras esta fase y
hasta que comienza de nuevo el ciclo, el foliculo queda vacio, es lo que se

conoce como fase kenégena (12).

Alteraciones de la piel.

Debido a que forma la barrera exterior del cuerpo, la piel se encuentra
expuesta de manera permanente a patdgenos y agentes externos nocivos.
Es por ello que las alteraciones en la piel se dan con bastante frecuencia.
En la mayoria de ellas, el sistema inmune juega un papel crucial. Esta
Memoria se centra en tres de ellas, cuyas caracteristicas se describen a

continuacion:
- Psoriasis
- Vitiligo

- Alopecia



Los procesos inflamatorios de la piel son muy heterogéneos e implican
diversas vias de sefalizacion complejas. La inflamacién es un proceso que
incluye la liberacién de citoquinas proinflamatorias, entre las que el factor
de necrosis tumoral (TNF-a) e interleuquinas juegan un papel muy

importante (13).

Se considera un proceso de proteccion esencial para preservar la
integridad del cuerpo contra los agentes fisicos y quimicos, asi como las
respuestas autoinmunes. La respuesta inflamatoria es considerada como
un mecanismo de reparacion; es Util para destruir al agente lesivo y
simultdneamente iniciar una serie de acontecimientos que determinan la
reconstruccion del tejido lesionado. Sin embargo, existen determinadas
situaciones, como pueden ser las reacciones alérgicas, en las que la
respuesta inflamatoria constituye un mecanismo patdgeno y puede
conllevar el dafio de tejidos sanos, debido a una sobreproduccién de

especies reactivas de oxigeno (ROS), éxido nitrico y citoquinas (14).

De manera general, la inflamacién se localiza en un érgano especifico y
normalmente es de corta duracion, transcurre en unos minutos o pocos
dias y se caracteriza principalmente por la extravasacidon de liquidos
plasmaticos, migracion de proteinas y el movimiento de leucocitos hacia
el drea extravascular. Estas reacciones implicadas estan mediadas por
ciertos estimulos quimicos producidos por las células y son los
responsables de las manifestaciones de la inflamacion, como hinchazdn,
rubor, dolor, etc. Principalmente se distinguen tres procesos, aumento del
flujo sanguineo al area inflamada, vasodilatacién y aumento de la
permeabilidad y migracion de leucocitos fagociticos al tejido circundante

(15).



Aunque la inflamacidn es considerada como un mecanismo de proteccion,
un exceso de respuesta inflamatoria puede causar un dano en tejidos
sanos y causar una inflamacidén crdnica, como ocurre en las enfermedades
inflamatorias de la piel, muy comunes en dermatologia. La psoriasis es una
enfermedad inflamatoria cutdnea crénicas de etiologia desconocida; estd
causada por una interacciéon compleja de factores ambientales, genéticos
e inmunolégicos y tiene un impacto considerable en la calidad de vida de
los pacientes (16).

El arsenal terapéutico actual para el abordaje de los procesos
inflamatorios implica tratamientos sistémicos a largo plazo con farmacos
antinflamatorios esteroideos y no esteroideos; sin embargo, su
biodisponibilidad oral es baja y a menudo estan asociados a la aparicidn
de diversos efectos secundarios. Las terapias bioldgicas producen una
supresion inespecifica de los procesos inflamatorios; sin embargo, son
administradas por via parenteral, presentan una eficacia limitada y no se
encuentran exentos de efectos secundarios (17). La via tépica puede ser
una alternativa interesante ya que permite una accién localizada
minimizando los efectos adversos del tratamiento (18). A su vez, ante las
limitaciones y efectos secundarios que presentan las terapias
antiinflamatorias actuales, los activos naturales se presentan como
buenos candidatos coadyuvantes en el tratamiento de enfermedades

inflamatorias cutdneas (15).

El vitiligo es una enfermedad cutdnea caracterizada por una deficiente
pigmentacion de la piel; se manifiesta en forma de manchas o maculas
bien definidas, que pueden ser acrémicas o hipocrémicas, en las que se ha

observado el deterioro de la funcion del melanocito. La causa del vitiligo



es compleja y desconocida, implica una serie de factores genéticos,
ambientales e inmunolégicos. Afecta a un 0.5 -1 % de la poblacidn a nivel
mundial y puede desarrollarse a cualquier edad. No hay diferencias en la

prevalencia en funcién del sexo, tipo de piel o raza (19).

La despigmentacion de la piel es el signo clinico del vitiligo; se manifiesta
con manchas blancas, a menudo simétricas, que generalmente aumentan
en tamafio y nimero con el paso del tiempo. Existen varios tipos de
vitiligo, descritos en la tabla 1, y es el patrén de las lesiones lo que predice

la progresion de la enfermedad y las respuestas al tratamiento (20).

Tabla 1. Principales tipos de vitiligo (20).

Es la forma mds comun.
Se caracteriza por la aparicion, de manera asintomatica, de
manchas blancas mas o menos simétricas. Puede empezar

en cualquier parte del cuerpo, siendo los dedos, las manos

Generalizado

y cara las regiones mas frecuentes.
Caracterizado por la aparicién de una o varias manchas

blancas localizadas, aisladas y pequefias (10 — 15 cm?), que

No segmentado

no progresan durante al menos 2 afios.

Se distingue entre vitiligo acrofacial, que afecta a la cara,

Focal

cabeza, manos y pies y vitiligo de mucosas, el cual afecta a
zona genital o mucosas orales.

Puede evolucionar a vitiligo generalizado.



Es una forma rara de la enfermedad, se caracteriza por la

S despigmentacién completa o casi completa de la piel,
© —
E:; g puede incluir o no vello corporal (80 — 90 % de la superficie
E (]
7 2 del cuerpo).
()
) )
- Es la forma mas extensa de la enfermedad y generalmente,
tiene lugar en la edad adulta.
Es la forma menos comun.
La pérdida progresiva de melanocitos afecta solo a un
segmento del cuerpo.
5 Suele aparecer en la infancia.
g-] . L L.
8 Se caracteriza por un inicio rdpido de la enfermedad,
(=
[} . ~
= frecuentemente en la cara; se estabiliza en 1 0 2 afios y no
&
[7,]

afecta a otras areas del cuerpo.
Esta variante responde peor a tratamiento, probablemente
debido a que se asocia con Leukotrichia y produce una

pérdida de melanocitos necesaria para la repigmentacion.

Existen diversas teorias sobre la causa del vitiligo. Se trata de una
enfermedad multifactorial en cuyo inicio coexisten inflamacion, defectos
en los melanocitos y destruccién de los mismos (21).

La teoria autoinmune o autoinflamatoria se basa principalmente en la
asociacion clinica del vitiligo con trastornos autoinmunes, como tiroiditis,
psoriasis, lupus eritematoso, etc. Hay un componente genético
importante implicado en el desarrollo de la enfermedad, pues se ha
observado una mayor incidencia de enfermedades autoinmunes en
familiares de pacientes con vitiligo. A su vez, diversos estudios
identificaron numerosas variantes genéticas comunes en pacientes con

vitiligo (22).



Tal como se muestra en la figura 5, una gran cantidad de procesos en
cadena estan implicados en la destrucciéon de melanocitos y aparicion de
lesiones. Diversos estudios sugieren que el estrés oxidativo juega un
importante papel en el inicio de esta enfermedad. Los melanocitos en las
manchas de los pacientes de vitiligo muestran defectos intrinsecos que
reducen su capacidad de contrarrestar el estrés oxidativo. Las células de la
epidermis estdn constantemente expuestas a factores ambientales como
la radiacidn ultravioleta, que puede aumentar la produccién de ROS. Si
bien los melanocitos sanos son capaces de mitigar estos dafios, los
melanocitos de las manchas de pacientes con vitiligo parecen ser mas
vulnerables, acumulando ROS y convirtiéndose en melanocitos estresados
(23).

Finalmente, en el vitiligo se produce la destruccién de los melanocitos
mediada por las células T CD8* citotdxicas. El nimero de estas células T se
correlaciona con la intensidad de la gravedad. Varias citoquinas, como
TNF-a e IFN-y, estan implicadas en la destruccion de los melanocitos. Estas
se secretan como una sefial para ayudar a las células T autorreactivas a
localizar melanocitos estresados. TNF-a e IFN-y inducen la liberacion de
varias quimiocinas (CXCL9 y CXCL10) que, en ultima instancia, producen la
inhibicion de la melanogénesis y la induccién de apoptosis de melanocitos

(24).
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Figura 5. Esquema de la patologia del vitiligo (25).

El tratamiento del vitiligo sigue siendo uno de los objetivos dermatoldgicos
mas dificiles. Los tratamientos actuales incluyen fototerapia,
inmunosupresores y terapias quirurgicas, que en conjunto pueden ayudar
a frenar la enfermedad, estabilizar las lesiones despigmentadas vy
estimular la repigmentacion. En la eleccion del tratamiento estan
implicados diversos factores como el tipo de vitiligo, la extension y la
distribucién de la enfermedad, asi como la edad del paciente y el fototipo.
Existen diferencias en funcién del drea a la que afecta la enfermedad, asi
pues la cara, el cuello, el tronco y las extremidades medias responden
mejor al tratamiento, mientras que labios y extremidades distales son mas
resistentes. Sin embargo, se precisa un tratamiento de aproximadamente

3 meses para poder determinar la eficacia del mismo. La terapia con luz



UV es el tratamiento mas comun para el vitiligo y, asociado a una terapia

adicional presenta mejores resultados (26).

La caida de cabello, denominada alopecia, es un trastorno frecuente, en el
que estan involucrados gran cantidad de procesos genéticos, hormonales,
traumaticos e iatrogénicos. Aunque se considera una patologia benigna, la
importancia de la alopecia estriba en la frecuencia, en el impacto
psicolégico que tiene o en la posibilidad de que se presente como un signo
de enfermedades sistémicas o como consecuencia de efectos secundarios

de farmacos (27).

Existen diversos tipos de alopecias que varian en extensidn y gravedad,
aunque el diagndstico a menudo se atribuye a una pérdida de cabello
provocada por andrégenos (28). Numerosos investigadores han propuesto
diferentes sistemas de clasificacion para la pérdida de cabello con
patrones en funcidn de la etapa evolutiva, estas van desde una simple
clasificacién de dos etapas propuesta por Beek en 1950 hasta una

clasificacién basica y especifica avanzada reciente (Figura 6) (29).
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Figura 6. Clasificacion bdsica de la pérdida de cabello (29).

Cada tipo de alopecia presenta un patrén definido. Siendo la alopecia

androgénica, areata y cicatricial las mds comunes.

Alopecia androgénica es un trastorno créonico y progresivo que afectaa un
gran porcentaje de personas en el mundo. En la alopecia androgénica
tiene lugar el acortamiento de la fase de crecimiento, la fase anagena; por
lo que, como consecuencia, tiene lugar un aumento del porcentaje de
pelos que se encuentran en fase telégena. Se caracteriza por una
miniaturizacion del foliculo piloso sensible a andrégenos, es causada por
un aumento en los niveles de dihidrotestosterona, la alteracién en la
actividad de a-reductasa o la sobreexpresiéon de receptores de
andrégenos. A menudo esta miniaturizacién esta asociada a fibrosis y a

inflamacién del bulbo piloso (30).



Alopecia areata es una enfermedad autoinmune caracterizada por la
pérdida de cabello sin cicatrices, se produce debido a una inflamacidn de
los foliculos pilosos (31). El inicio y progresion de la alopecia areata son
impredecibles; se estima que aproximadamente un 80 % de los pacientes
experimenta un crecimiento espontaneo del cabello tras un afo de
enfermedad, aunque la recaida o progresién a la alopecia total puede
ocurrir en cualquier etapa. No existe tratamiento para este tipo de
alopecia. La eficacia de las opciones terapéuticas disponibles es limitada y
depende del paciente y de la etapa de la enfermedad en la que se

encuentre (32).

El término alopecia cicatricial hace referencia a un grupo heterogéneo de
trastornos capilares que conducen a la destruccién de los foliculos pilosos
y la consiguiente cicatrizacidn. Esta forma de alopecia tiene lugar tras un
dafo fisico, como quemadura, radiacién, infecciones, tumores, etc. Se
distinguen dos formas en funcién de los mecanismos de inflamacién
implicados; por un lado, la alopecia cicatricial primaria se produce como
resultado de una destruccidn inflamatoria directa del epitelio piloso,
siendo el foliculo piloso, el objetivo principal de la inflamaciéon. Por otro
lado, la alopecia cicatricial secundaria es causada por procesos
inflamatorios o dafios mecanicos en el tejido circundante del foliculo

piloso (33).

Una amplia variedad de terapias han sido descritas para el tratamiento de
la caida del cabello o alopecia, tal como se describe en la tabla 2. Sin
embargo, la FDA (“Food and Drug Administration”) solo ha aprobado dos
farmacos, el minoxidilo, administrado por via tdpica, y la finasterida,

administrada por via oral (34).



Tabla 2. Tratamientos actuales para desordenes capilares (34).

Tratamiento de desérdenes capilares

Minodixilo La aplicacion tdpica de minoxidilo corresponde la

primera linea de accion en el tratamiento de pérdida
de cabello, independientemente del sexo. Esta
disponible como solucién al 2 y 5 %. Aunque el
minoxidilo ha demostrado ser efectivo por si mismo,
numerosos estudios sefialan que su efectividad se ve
incrementada cuando se usa en combinacién con
otros farmacos.
El posible mecanismo de accién es debido a la
vasodilatacién que produce en el foliculo. Estudios
recientes apuntan a que puede tener un papel en la
regulacion de los niveles de potasio en los canales de
ATP de las células dérmicas foliculares.

Finasterida Es un inhibidor de la 5-a-reductasa tipo 2, impide la
conversién de testosterona a dihidrotestosterona.
Se administra por via oral a dosis de 1 mg/dia para el
tratamiento de la alopecia androgénica. Sin
embargo, presenta una amplia variedad de efectos
adversos asociados, mayoritariamente de tipo
sexuales y reproductivos. A su vez, se utiliza como
tratamiento de la hiperplasia benigna de prostata,
administrada a una dosis de 5 mg diarios.

Dutasterida Es un inhibidor de la 5-a-reductasa tipo 1y tipo 2.
Diversos estudios demuestran que el tratamiento

con dutasterida es mas efectivo que con finasterida;



sin embargo, presenta a su vez importantes efectos
adversos asociados, como disminucion de la libido,
mareo, inflamacién de los testiculos, fallo cardiaco,
etc.

Plasma rico en Factores de crecimiento que pueden producir una

plaquetas (PRP) reversién en el proceso de miniaturizacion del
foliculo y regula el ciclo de crecimiento de pelo.

Cimetidina Es un bloqueante de histamina, produce a su vez, el
bloqueo de la unién de dihidrotestosterona al
receptor.

Anticonceptivos Disminuyen la produccién de andrégenos en

orales mujeres. Se utiliza en el tratamiento de alopecia
androgénica femenina.

Espironolactona Bloquea la unién de dihidrotestosterona al receptor,
a su vez, disminuye la produccion de andrdgenos.

Acetato de Bloquea la unién de dihidrotestosterona al receptor.

ciproterona

Tratamientos complementarios para las alteraciones cutaneas.

Tradicionalmente, los productos naturales han sido ampliamente
utilizados para el cuidado de la piel y el tratamiento de enfermedades
cutaneas. Hoy en dia, cada vez son mas frecuentes las formulaciones para
el cuidado de la piel basadas en productos naturales. Se ha demostrado la
eficacia de diferentes extractos de plantas como antioxidantes,
antimicrobianas, despigmentantes, etc., que pueden resultar interesantes

en la prevencién y tratamiento de diversas afecciones cutaneas. Son varias



las ventajas que confieren este tipo de productos, ademas suelen ser una

alternativa segura, en funcién de su dosis, a los productos de sintesis (35).

En la presente Tesis Doctoral se han seleccionado, para su formulacion, los
siguientes productos naturales, cuyas caracteristicas se describen a

continuacion:

- Baicalina

- Berberina

La medicina tradicional china esta basada en mas de 2000 afios de
conocimiento. Los aspectos principales de la practica incluyen
medicamentos a base de hierbas, acupuntura y otras terapias fisicas como
masajes. Esta practica ha sido considerada fuera de China como una
medicina alternativa; aunque su prevalencia internacional ha aumentado
considerablemente, la aceptacidon de la medicina tradicional china por
parte de la comunidad cientifica ha sido limitada. Sin embargo, hay ciertos
aspectos de este tipo de medicina que son prometedores para la medicina
moderna. El campo de los tratamientos basados en productos naturales
de la medicina tradicional china ha ganado un gran interés como fuente
de nuevos farmacos; un ejemplo claro de ello es el desarrollo de
artemisina, un potente antipalldico derivado de Artemisia annua, a base
de hierbas, cuyo descubrimiento llevé a obtener el premio Nobel de

medicina en 2015 (36).

Un producto natural utilizado ampliamente en la medicina tradicional
china es la raiz de Scutellaria Baicalensis Georgi. Se utiliza de manera
tradicional, tras su decoccién, para el tratamiento de infecciones (37),

hipertension (38), diabetes, (39), hemorragia (40) e inflamacidn (41). Los



flavonoides se consideran los principales componentes de Scutellaria
Baicalensis Georgi, entre los cuales la baicalina (BA), cuya estructura se
muestra en la figura 7, ha sido considerada el componente activo esencial

y uno de los flavonoides mas abundantes (42).

O OH

Figura 7. Estructura molecular de la baicalina (37).

Diversos estudios recientes han puesto de manifiesto numerosos efectos
farmacoldgicos de la baicalina. Se ha demostrado, en un modelo animal,
gue podria utilizarse como un agente prebidtico para tratar la inflamacién
asociada a colitis ulcerosa (43). A su vez, ha demostrado un gran potencial
en el tratamiento de la inflamacién cutanea, inhibiendo la expresion y
proliferacién de citoquinas profinflamatorias en cultivos de queratinocitos
estimulados por TNF-a (44). Por otro lado, la baicalina puede tener un
papel importante en el tratamiento de enfermedades pulmonares, ya que,
se demostré que ejerce un efecto supresor sobre la fibrosis pulmonar
inducida por la proliferacion de fibroblastos (45). Diversos estudios
demuestran que la baicalina posee un potencial anticarcinogénico y, a su
vez, se ha puesto de manifiesto una elevada capacidad de inhibir el

crecimiento celular asi como de inducir la apoptosis (46) (47) (48) (49).

Sin embargo, estudios farmacocinéticos han demostrado que su aplicacion
clinica es limitada debido a la escasa hidrosolubilidad (91 pg/mL) y baja

biodisponibilidad (2.2 %), ya que, entre otros problemas, sufre pérdidas



presistémicas por hidrélisis en el tracto gastrointestinal (50) (51). La
baicalina podria considerarse como un compuesto de clase IV de acuerdo
con el Sistema de Clasificacion Biofarmacéutica (BCS), a su vez, presenta
un peso molecular (446.1 g/mol) y una lipofilia (log P octanol = 1.27)
elevados (52) (53). Asi pues, una posibilidad de soslayar parte de las
limitaciones que sufre la baicalina seria su administracidn por via tdpica,
mediante la encapsulacion en sistemas de vehiculizacién que permitan

obtener niveles de baicalina en piel adecuados.

La berberina (BE) es un alcaloide isoquinoleinico descubierto por primera
vez en 1830. Su estructura se muestra en la figura 8. Este alcaloide puede
encontrarse ampliamente en raices, rizomas vy tallos de diversas plantas
como Hydrastis canadensis, Berberis aristata, Coptis chinensis, Coptis
rhizome, Coptis japonica, Phellondendron amurense, Phellondendron
chinense schneid (54), que han sido utilizadas en la medicina tradicional

China, asi como en India o Iran (55).
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Figura 8. Estructura molecular de la berberina (56).

A principios de 1960, varios estudios demostraron que la berberina y sus
sales, como el sulfato de berberina, eran efectivas para el tratamiento del
colera, la diarrea severa y la amebiasis (57) (58). A finales del siglo XX se

realizaron estudios clinicos que demostraron que la berberina era eficaz



para el tratamiento de la diarrea asociada a infecciones con diversas

bacterias (59) (60).

Actualmente, se ha demostrado que la berberina presenta multiples
beneficios terapéuticos como antiinflamatorio, antiinfeccioso,
antiarritmico, hipolipemiante, hipoglicemiante, etc. Durante un proceso
inflamatorio, la berberina demostré eficacia al inhibir la liberacién de
citoquinas proinflamatorias como IL-1, TNF-a e IFN-y (61). Frente a
infecciones, la berberina ha demostrado potencial frente a Helicobacter
pylori (62) (63), asi como en el tratamiento de cistitis (64). La berberina es
también util en la prevencion de enfermedades cardiovasculares, ya que
ha demostrado ser eficaz en la reduccion de los niveles de colesterol (65).
A su vez, en un ensayo clinico con pacientes prehipertensos, la berberina
demostrd ser segura, bien tolerada y efectiva para mejorar el patron
lipidico y los niveles de glucosa, previniendo asi la progresion a
hipertension (66) (67). De la misma manera, debido a que es capaz de
normalizar los niveles de glucosa, la berberina puede ser un coadyuvante

potencial en el tratamiento de la diabetes (68).

Hoy en dia, se utilizan las sales de berberina, como cloruro o sulfato de
berberina con fines medicinales. Es un polvo amarillo intenso, inodoro con
un sabor amargo alcaloide caracteristico. Las limitaciones que presenta es
su baja solubilidad en agua (69) y su baja biodisponibilidad (< 1%) (70). A
su vez, el peso molecular la berberina es de 336.124 g/mol y el log P
(octanol/agua) de 3.6. (71). El hecho de que sea una molécula de tamafio
y lipofilia elevados hace que su penetracidon por via cutdanea se vea
comprometida, por lo que se hace necesario el planteamiento de diversas

estrategias para mejorar su aplicacion por via cutanea.



Administracién tépica de productos naturales.

La aplicacion de principios activos por via tépica puede ser una alternativa
interesante frente a otras vias de administracion, ya que ofrece una serie
de ventajas. Es una opcion prometedora al evitar las pérdidas
presistémicas de activos que sufren un efecto de primer paso hepatico,
minimizar los efectos adversos y permitir la liberacidn controlada y
sostenida en el tiempo.

Como se puede observar en la figura 9, existen varias vias para el paso de
principios activos a través de la epidermis; la via transapedicular, en la que
los fdrmacos atraviesan la epidermis a través de los foliculos pilosos,
glandulas sebaceas asociadas y glandulas sudoriparas; y la via
transepidérmica, en la que hay descritas principalmente dos rutas, la ruta
transcelular, en la que la sustancia activa atraviesa los corneocitos y la
matriz lipidica; y la ruta paracelular, en la que el paso se produce mediante
difusion pasiva, a través de los espacios libres de los corneocitos. La
permeacién de cada molécula a través de la piel no se realiza
exclusivamente por una sola via, si no que esta se realiza mediante una
combinacion de las mismas, en funcion de las caracteristicas
fisicoquimicas de cada sustancia, siendo la via paracelular considerada

como la via principal de permeacion para la mayoria de las moléculas (72).
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Figura 9. Esquema de las rutas descritas para el paso de sustancia a
través de la piel (73).

A pesar de las numerosas ventajas que ofrece la via tépica, el nimero de
moléculas que pueden ser administradas por esta via es limitado, ya que
la piel forma una barrera muy efectiva, especialmente el estrato cérneo, y
la permeabilidad de la misma a compuestos muy hidrofilicos, hidrofébicos

o con un elevado peso molecular es muy baja.

Liposomas.

Con el fin de superar las limitaciones que presenta la via tdpica, en las
ultimas décadas, numerosos estudios se han centrado en el desarrollo de
sistemas de transporte innovadores capaces de incorporar cantidades
adecuadas de moléculas activas, tanto hidréfilas como lipdfilas vy
promover la acumulacidn o el paso de las mismas a través de la piel para
ejercer su accién farmacoldgica. Entre los vehiculos propuestos, se ha
centrado la atencidn en los de tamafio hanomeétrico; se han desarrollado
numerosos nanotransportadores versdtiles a base de lipidos con

aplicacion dermatoldgica, ya que, debido a su naturaleza lipidica poseen



la ventaja de que son capaces de facilitar la penetracién de las moléculas
a través del estrato cdrneo. Entre ellos, los liposomas son sistemas con
gran potencial, ya que permiten la vehiculizacién de activos que por si
solos no son capaces de atravesar la epidermis y conducirlos al lugar de
destino donde se liberan y ejercen su accién. Estas nanovesiculas se
preparan a base de fosfolipidos oleaginosos no téxicos de origen natural

que se organizan de forma similar a las membranas celulares (74).

Desde la primera observacidn de Alec Bangham, en la década de 1960, de
gue los fosfolipidos en medios acuosos pueden formar vesiculas cerradas
de bicapa lipidica, los liposomas se han convertido en una de las

herramientas mas prometedoras para la encapsulacion de moléculas (75).

Los liposomas, con una estructura similar a las bicapas de las membranas
celulares y excelente biocompatibilidad, son cada vez mas utilizados como
sistemas de liberacidn de activos. Son sistemas vesiculares formados
principalmente por fosfolipidos, los cuales se componen de cabezas
hidrdéfilas y colas hidréfobas. Gracias a esta naturaleza anfifilica pueden
formar bicapas en un medio acuoso, tal como se muestra en la figura 10

(76).



Grupos de cabezas
hidrofilas

Colas hidrofobas

Figura 10. Esquema del fendmeno que sufren los fosfolipidos para conducir
a la formacion de liposomas: A) Moléculas de fosfolipido. B) Bicapa de
fosfolipidos. C) Liposoma.

Los liposomas pueden estar formados por una o varias bicapas lipidicas
gue encierran un nimero igual de compartimentos acuosos. Son sistemas
versatiles, ya que permiten la incorporacion de moléculas lipdfilas,

localizadas en la bicapa lipidica, y moléculas hidroéfilas, albergadas en el

medio acuoso.

Los liposomas, como sistemas de transporte de activos, muestran una
serie de ventajas ya que poseen una alta biocompatibilidad, confieren
proteccién a los activos frente a su degradaciéon, asi como una
prolongacion de la vida media y tiempo de residencia de los mismos; todo
esto se traduce en una reduccién de la toxicidad y un aumento de la

efectividad de los tratamientos.

Los fosfolipidos son el componente principal que les confiere las
caracteristicas fundamentales a los liposomas. Son moléculas en las que el
grupo de la cabeza hidrdfila y las cadenas de acilo hidrofdbicas estan
unidas al alcohol. La variacién de los grupos de la cabeza, las cadenas
hidrofdbicas y los alcoholes conduce a la existencia de una amplia variedad

de fosfolipidos.



Existen dos tipos fundamentales de fosfolipidos en funcién de los
alcoholes: glicerofosfolipidos y esfingolipidos. Como se muestra en la
figura 11, los glicerofosfolipidos, que son los fosfolipidos principales en las
células eucariotas, se refieren a los fosfolipidos en los que el glicerol actua
como nexo de unién. Existen diversos tipos de glicerofosfolipidos en
funcién de modificaciones en el grupo hidrofilico de la cabeza, entre los
que destacan fosfatidilcolina, fosfatidiletanolamina o fosfatidilserina,
entre otros. Por otro lado, los esfingolipidos forman, también, parte de las
membranas celulares, se diferencian de los glicerofosfolipidos en que la
esfingosina ocupa el lugar del glicerol y las cadenas hidréfobas suelen ser

mas largas (77).

La fosfatidilcolina constituye el fosfolipido mas ampliamente utilizado en
la preparaciéon de liposomas. Se trata de un glicerofosfolipido en el que
una molécula de glicerol esterifica un par de cadenas hidrocarbonadas y
una molécula de fosfocolina. Esta lecitina puede obtenerse a partir de
fuentes naturales o por sintesis quimica. Es el mas utilizado debido a su
bajo coste de produccién, carga neutra y comportamiento quimicamente

inerte (78).
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Figura 11. Estructura molecular de los principales tipos de fosfolipidos
utilizados en la elaboracion de liposomas (78).



En funcién del tamano, carga superficial, contenido en fosfolipidos y
métodos de elaboracion se pueden obtener diferentes tipos de liposomas.
El tamafio de los mismos puede variar desde valores nanométricos a varios
micrometros. Ademas, pueden estar formados por una o varias bicapas
concéntricas. Tanto el tamafio como el nimero de bicapas afectan a la
eficacia de encapsulacion de los liposomas. Atendiendo a estas variables,
los liposomas se pueden clasificar en dos grandes categorias (figura 12)

(79) (80):

e Vesiculas multilamelares (MLV): se caracterizan por poseer varias
bicapas lipidicas que encierran un numero igual de
compartimentos acuosos concéntricos. Presentan un tamafio
comprendido entre valores nanométricos y 5 um, asi como una
baja capacidad de encapsulacién. Cuando poseen menos de
cuatro capas se denominan oligolamelares y presentan una mejor
capacidad de encapsulacion.

e Vesiculas unilamelares: formadas por una Unica bicapa
fosfolipidica. En funcién del tamafo que presentan se distinguen
dos tipos:

o Vesiculas unilamelares pequefias (SUV): poseen un
tamafio del orden de 25- 50 nm de didmetro y morfologia
principalmente esférica. Se caracterizan por presentar
una distribucion homogénea de tamanos; sin embargo, la
capacidad de encapsulacion de este tipo de vesiculas es
limitada.

o Vesiculas unilamelares grandes (LUV): de tamafio superior

a 100 nm. Presentan ventajas, ya que se caracterizan por



poseer una buena capacidad de encapsulacion, sobre

todo si se trata de activos hidrosolubles, ya que posee un

gran compartimento acuoso.

Vesicula multilamelar Vesicula unilamelar Vesicula unilamelar
(MLV) grande (LUV) pequena (SUV)

Figura 12. Tipos de liposomas (81)

Métodos de elaboracion de los liposomas.

Existen una gran variedad de técnicas para la elaboracién de estas
vesiculas, la eleccién de una u otra puede ser determinante para la
formacidn de un tipo de vesicula concreto. El objetivo principal de un
método de fabricacidn de liposomas es obtener particulas estables a largo
plazo, con una buena distribucion de tamafios y alta eficacia de

encapsulacién de la molécula activa (82).

Uno de los métodos mas simples y utilizados es el método de Banghman,
es el primer método que se desarrolld para la elaboracién de liposomas.
Implica la disolucién de los fosfolipidos y componentes lipidicos en un
solvente organico adecuado y la evaporacién del mismo permitiendo la
formacidn de una fina pelicula lipidica en el fondo del matraz. A partir de

la hidratacion con un medio acuoso de la pelicula lipidica se forman



vesiculas liposomales. La molécula activa a encapsular se incluye, o bien
en el medio acuoso de hidratacidn si es hidréfila, o bien en la fina pelicula
lipidica si es lipdfila. Con este método se forman generalmente vesiculas
multilamelares muy heterogéneas en cuanto a tamafio y numero de
lamelas, es por ello que normalmente se requieren técnicas adicionales,
como la sonicacidn o extrusion para la formacién de vesiculas unilamelares
mas pequefas que presenten mejores caracteristicas fisicoquimicas (83)

(84).

La evaporacion en fase reversa es un método alternativo que implica la
hidratacion de fosfolipidos (y principio activo si lo hubiere) disueltos en
una fase organica mediante la adicién de un medio acuoso (con el principio
activo hidrosoluble). Se produce la formacién de micelas invertidas,
pequefias gotas de agua estabilizadas por una monocapa de fosfolipidos
dispersos en un exceso de solvente orgdnico. Este método requiere una
sonicacidn para la homogenizacidn del sistema y la posterior eliminacion
del disolvente organico, generando la formacidn de un gel viscoso que da
lugar a la formacion de la suspension liposomal. A partir de este método
se generan normalmente vesiculas multilamelares; sin embargo la
utilizacién de concentraciones bajas de fosfolipidos puede conducir a la

formacidn de vesiculas unilamelares grandes (85) (79).

Con el fin de conseguir la formacién de vesiculas fisicoquimicamente
homogéneas y de tamano adecuado, normalmente es necesario llevar a
cabo técnicas adicionales, entre las que destacan la sonicacidn y extrusién.
Ambas llevan a la reduccidon de tamafio y del nimero de bicapas de las
vesiculas previamente formadas. La sonicacion implica un gran aporte de
energia que conduce a la formacién de vesiculas unilamelares pequefias

mientras que la extrusion reduce el tamafio de los liposomas y permite la



formacion de sistemas homogéneos al forzarlos a pasar a través de un
filtro con un tamafio de poro conocido. Para aumentar la capacidad de
encapsulaciéon de las vesiculas previamente formadas se puede utilizar el
método de congelacion y calentamiento, basado en someter a las
vesiculas a ciclos de congelacién y calentamiento por inmersién en
nitrégeno liquido y posterior calentamiento en un bafio termostatizado.
Ambas fases deben tener una duracién similar y el ciclo se repite un
numero determinado de veces. El activo a encapsular entra en contacto
con la bicapa lipidica en la fase de congelacién y al descongelar aumentan

las probabilidades para atrapar a las moléculas activas (84).

La técnica de sonicacion en si misma se puede utilizar para la formacion
de liposomas que presentan un tamafio nanométrico, con una distribucion
homogénea y alta capacidad de encapsulacion. Se puede considerar una
técnica alternativa, de gran interés ecolégico, ya que obvia el uso de

disolventes organicos, con las ventajas que ello representa.

Con el fin de optimizar el sistema de encapsulacion y transporte, se han
llevado a cabo ciertas modificaciones estructurales para generar nuevos
liposomas con propiedades interesantes en el campo de la biomedicina
(76). En muchos casos, los liposomas convencionales no tienen la
capacidad de penetrar a través de la piel, sino que crean un remanente en
las capas mas superficiales. En las ultimas décadas, se han desarrollado
nuevos tipos de vesiculas liposomales con el fin de modificar las
caracteristicas fisicoquimicas y funcionales de los liposomas, permitiendo

asi una liberacion de la molécula activa mas eficiente.



Se ha demostrado que la elasticidad de la bicapa lipidica de los liposomas
es un factor clave para conseguir que el activo penetre a través de la piel
en concentraciones suficientes. En este sentido, se han desarrollado unos
nuevos sistemas de encapsulacién liposomal llamados transfersomas o
liposomas ultradeformables. Como se muestra en la figura 13, estdn
compuestos por fosfolipidos y por un activador de borde de membrana,
generalmente un tensioactivo, como polisorbato o colato, compuesto por
moléculas anfifilicas y capaz de intercalarse entre la membrana liposomal.
Estos tensioactivos, cuando se encuentran en una concentracién superior
a la concentracién micelar critica, se organizan en micelas. Cuando
interactian con la bicapa lipidica del liposoma, la estructura formada
dependerd de la relacién molar de tensioactivo:lipido, de esta manera, a
bajas concentraciones de tensioactivo, la estructura liposomal se
conserva. Al incluir ambos tipos de moléculas en una vesicula, esta es
capaz de desestabilizar sus bicapas lipidicas y aumentar su deformacion al
disminuir la tension interfacial sin modificar su estructura de bicapa
lipidica (74) (86). Gracias a esta propiedad, los transfersomas son capaces
de deformarse para pasar entre las células del estrato cérneo y penetrar

intactos a través de la piel, alcanzando asi estratos mas profundos.
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Figura 13. Estructura de un transfersoma o liposoma ultradeformable
(86).

Un nuevo enfoque para aumentar la fluidez de la bicapa liposomal esta
representado por los glicerosomas. Son liposomas a los que se les ha
incorporado un cierto porcentaje de glicerina (10 — 30 %), un humectante
capaz de modificar la fluidez de la bicapa liposomal asi como de hidratar
la piel. Los glicerosomas son, por lo tanto, sistemas vesiculares flexibles
capaces de transportar activos a capas mas profundas de la piel (87). En
este sentido, Manca et al. demostraron que los glicerosomas son un
sistema de transporte interesante para la administracién de diclofenaco.
Son vesiculas de elaboracién sencilla que tienen la capacidad de promover
la acumulacién y permeacion del fdrmaco a través de la piel (88). A su vez,
la alta biocompatibilidad de estas nanovesiculas las convierte en un

sistema de administracion tépica prometedor (89) (90).

La eficacia de estas formulaciones puede incrementarse también
mediante el uso de material polimérico. En ocasiones, el uso tépico de las
formulaciones vesiculares se ve obstaculizado por su estado liquido, que

solo permite un breve tiempo de permanencia sobre la piel, debido a que



resbala y desaparece facilmente del lugar de aplicacién. La incorporacion
de las moléculas activas en un gel puede soslayar estos inconvenientes, sin
embargo, este tipo de formulaciones puede reducir la liberaciéon y
acumulacién del activo en los diferentes estratos de la piel. Como
alternativa, se han propuesto vesiculas de fosfolipidos o liposomas con un
nucleo de gel como herramienta innovadora para la administracion tdpica
de activos (91); en este sentido, el acido hialurdnico es un polimero idéneo
paraello, ya que es soluble en aguay, a pH superior a 3, sus cadenas acidas
se ionizan formando fuertes interacciones intermoleculares, con el
consiguiente desarrollo de una red estructurada de propiedades
viscoelasticas interesantes, los hialurosomas. A su vez, el acido hialurénico
es un polimero altamente biocompatible y tiene un papel importante en
la captacion de agua vy la cicatrizacion de las heridas de la piel. Es por ello
gue se convierte en un candidato muy atractivo para la formulacién de

sistemas de liberacién de activos a través de la piel (92) (93) (94) (95).
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El objetivo principal es el disefio, elaboracién y caracterizacién de
diferentes tipos de liposomas, de tamafio nanométrico, que sirvan como

vehiculo de sustancias naturales destinadas al tratamiento coadyuvante

de diversas patologias de la piel.
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Elaboracion de las vesiculas.

La elaboracién de los transfersomas, glicerosomas, hialurosomas o
glicerohialurosomas se efectué de manera similar; en primer lugar, fue
necesario establecer la formulacidon que mas se adecua al fin previsto, para
ello se realizaron diversos estudios de preformulacién. En cada caso, una
solucién acuosa adecuada se utilizé para hidratar la mezcla de fosfolipido
y polisorbato; se agregaron diferentes concentraciones de baicalina,
berberina o finasterida, seglin corresponda, y las dispersiones obtenidas
se sometieron a un proceso de sonicacién durante un periodo de tiempo
estipulado. Finalmente, pasaron por un proceso de extrusion, en el que la
suspension es forzada a atravesar un filtro de policarbonato de 200 nm de
tamafio de poro con el fin de mejorar la homogeneidad de tamaiios de la

preparacion liposomal.

Caracterizacion de las vesiculas.

Con el fin de confirmar la formacion de liposomas y definir su morfologia,
las preparaciones se observaron mediante microscopia electrénica de
transmisién (TEM) y microscopia electrénica de transmision criogénica
(Crio-TEM). Para el analisis de las vesiculas mediante TEM, se utiliza un
microscopio electréonico de transmision (modelo JEOL 1010®, Francia);
para ello las muestras se tifien con acido fosfotlngstico y la observacion
se lleva a cabo a un voltaje de aceleracidn de 60 kV mediante una cdmara
digital MegaView lll. En el caso de crio-TEM, se forma una delgada pelicula
acuosa colocando una gota de muestra a analizar en una rejilla de carbdn
perforada con descarga luminosa. La pelicula se vitrifica sumergiendo la
rejilla en etano usando un Vitrobot. Las peliculas vitreas se transfirieren a

un Tecnai F20 TEM y las muestras se observan en un modo de dosis baja a



200 kV y a una temperatura de ~-173 °C. Los liposomas ultradeformables,
o transfersomas, se observaron mediante TEM, mientras que los
glicerosomas, hialurosomas y glicerohialurosomas se analizaron por crio-

TEM.

A su vez, el didmetro medio, indice de polidispersidad y potencial Z que
presentan las formulaciones elaboradas se midieron mediante una técnica
por espectroscopia de difraccidon de luz laser conocida como “Dynamic
Light Scattering” (DLS) utilizando un Zetasizer nano-S (Malvern

Instruments, Worcestershire, Reino Unido).

La eficiencia de encapsulacién (EE) de las nanovesiculas se determiné
mediante el método de dialisis; en este procedimiento se lleva a cabo una
dialisis en medio acuoso, de manera que la proporcidn de principio activo
gue no se ha encapsulado atraviesa la membrana y difunde al medio de
dialisis. La EE se expresa como el porcentaje de principio activo recuperado
después de la didlisis frente a la cantidad utilizada inicialmente; para ello,
tras el proceso de dialisis, se rompen las vesiculas no dializadas, con Triton
X-100 (10 %) o metanol (1:100), y se cuantifica el principio activo

encapsulado mediante Cromatografia Liquida de Alta Eficacia (CLAE).

Método analitico.

La cuantificaciéon de activos mediante Cromatografia Liquida de Alta
Eficacia (CLAE) se llevé a cabo utilizando un Perkin ElImer® Series 200
equipado con un detector UV. La deteccidon de baicalina tuvo lugar a 278
nm, utilizando como fase mdvil una mezcla de agua y metanol (30:70)
impulsada a 1 mL/min de manera isocratica. Para la deteccidén de la

berberina se utilizé una fase mévil compuesta de una mezcla de agua y



metanol (50:50) a un flujo de 1.2 mL/min y la deteccidn se llevd a cabo a

346 nm.

Ensayos de permeabilidad cutanea.

El ensayo se realizé con células verticales de difusion “tipo Franz”. Para
ello, en el compartimento dador se afiadié la formulacién a ensayar y en
el receptor una solucién acuosa de polisorbato 80 (1%, p/V). Entre ambos
compartimentos se interpuso la epidermis completa, obtenida mediante
el método de separacidn por calor; para ello, la piel se sumergié en un
bafio de agua destilada a 60 °C y se mantuvo durante 90 segundos, la alta
temperatura provoca un debilitamiento en las uniones existentes entre la
dermis y la epidermis, favoreciendo asi su separacién. La célula completa
se introdujo en un bafio termostatado a 37 ° Cy se mantuvo en constante
agitacion. Se tomaron muestras y se repuso el mismo volumen a distintos
intervalos de tiempo. Finalmente se cuantificaron mediante CLAE. Para
verificar la integridad de la epidermis, se aplicd 1 mL de solucién de rojo

fenol en la superficie de la piel.

Citotoxicidad de las formulaciones.

Con el fin de evaluar la viabilidad celular se utilizé el ensayo colorimétrico
MTT (reduccién metabdlica del Bromuro de 3 (4,5-dimetiltiazolil-2) -2,5-
difeniltetrazolio). En la presente Memoria se ensay¢ la citotoxicidad de las
formulaciones propuestas en las siguientes lineas celulares, segun

corresponda:

e Fibroblastos de ratén — NIH-3T3
e (Queratinocitos humanos inmortalizados - HaCaT

e Melanocitos humanos hiperpigmentados - HEMa



e (Células de papila dérmica de foliculo piloso humanas - HFDPC

Para llevar a cabo el andlisis se sembraron las células correspondientes en
placas de 96 pocillos y se cultivaron durante 24 h. Transcurrido ese tiempo
se expusieron a las formulaciones, diluidas convenientemente con el
medio de cultivo adecuado a cada tipo celular, con el fin de obtener una
bateria de concentraciones del producto natural a ensayar, durante 24
horas. Posteriormente se afiadié una solucién de MTT a cada pocilloy tras
3 horas de incubacion, los cristales de formazan formados se disolvieron
con dimetilsulféxido (DMSO) con objeto de determinar el nimero de
células vivas a través de la medicion de la absorbancia a 570 nm. Los
resultados se muestran como un porcentaje en comparacion a las células

control no tratadas (100 % de viabilidad).

Evaluacion in vivo de la eficacia frente a la inflamacion asociada
a psoriasis.

La aplicacion de TPA (12-O-Tetradecanoylphorbol 13-acetate) en ratones
para inducir respuesta inflamatoria es uno de los modelos mas comunes
para la evaluacidon de la eficacia antiinflamatoria. El TPA induce una
variedad de cambios histolégicos y bioquimicos en la piel como infiltracion
de neutrdfilos, hiperplasia epidérmica, aumento de los niveles de IL-1, etc.
Para llevar a cabo este procedimiento (cddigo del procedimiento:
2016/VSC/PEA/00112 tipo 2) es necesario inducir inflamacion y ulceracion
tépica mediante la aplicacion de TPA disuelto en acetona (243 uM) en la
espalda de ratones CD-1 previamente afeitada. Tras 3 horas de la
aplicacion de TPA se aplicé en la misma zona las nanoformulaciones de
baicalina a ensayar, dexametasona como control positivo o acetona como
control negativo mediante condiciones no oclusivas. El protocolo se repitié

durante 3 dias. En el cuarto dia los ratones se sacrificaron mediante



dislocacion cervical y la piel tratada se extirpd con el fin de evaluar el
edema vy la inhibicién de la actividad de la mieloperoxidasa, como un
marcador del proceso inflamatorio; para ello, se homogenizaron las
biopsias de la piel en tampdn fosfato de sodio (pH 5.4) con bromuro de
hexadeciltrimetilamonio al 0.5 % mediante un homogenizador Ultra-
Turrax T25, la dispersidn se centrifugd a 10.000 g durante 15 minutos a 1
°C y el sobrenadante obtenido se incubé durante 5 minutos a 37 °C con
una mezcla de tampodn fosfato de sodio (pH 5.4), tampdn fosfato salino
(pH 7.4) y perdxido de hidrégeno. Se aiadié diclorhidrato de 3,30,5,50-
tetrametilbencidina para inciar la reaccidn, la cual se detuvo a los 10
minutos usando acetato de sodio; la absorbancia de la solucién final se
midié a 620 nm. Para los ensayos histoldgicos, las muestras de piel se
fijaron en formaldehido al 10 % y se analizaron con un microscopio dptico,

después de haber tefiido la piel con hematoxilina y eosina.

Evaluacion in vitro de la eficacia frente al vitiligo.

Para evaluar la capacidad antioxidante de las nanoformulaciones de
baicalina y/o berberina se utilizaron fibroblastos. Para ello, se indujo un
dafio oxidativo sometiendo a las células a perdxido de hidrégeno. Las
células se sembraron en placas de 96 pocillos y tras 24 horas de incubacién
se expusieron simultdneamente a una dilucion adecuada de perdxido de
hidrégeno y concentraciones no citotdxicas de las formulaciones
propuestas. Tras 4 horas, las células se lavaron con PBS y se determind la
viabilidad celular mediante el ensayo MTT, evaluando asi el efecto
protector de las formulaciones frente a la muerte celular causada por el
estrés oxidativo. Las células expuestas al perdxido de hidrégeno que no

fueron tratadas posteriormente con las formulaciones propuestas se



utilizaron como control positivo mientras que las células no tratadas ni
sometidas a dafio oxidativo se consideraron control negativo, con un 100

% de viabilidad.

El efecto fotoprotector de las diferentes formulaciones de baicalina y/o
berberina se evalud sometiendo a las células a una intensidad de radiacién
UV que produce un 50 % de la muerte celular. Para ello, inicialmente se
determiné dicha intensidad en las diferentes lineas celulares, realizando
un ensayo dosis — respuesta frente a varias intensidades de luz UV; se
utilizaron queratinocitos y fibroblastos y se sembraron en placas de 96
pocillos, una vez alcanzaron la confluencia se irradiaron con luz UV (310
nm) a varias intensidades (100, 200, 400, 600, 800 y 1000 mJ / cm?) usando
una Camara Crosslinker Bio-Link BLX 254 (5 x 8 W; Peqlab Biotechnologie
GmbH, Erlangen, Alemania). Tras 24 horas, se realizd el ensayo de MTT
para determinar el efecto de la irradiacion con luz UV en comparacion con
células control no irradiadas (100 % de viabilidad). Una vez determinadala
intensidad de radiacion que causé el 50 % de muerte celular, los
gueratinocitos y fibroblastos se sembraron en placas de 96 pocillos y, tras
24 horas de incubacién, se trataron con las diferentes formulaciones a
ensayar a diferentes concentraciones no citotdxicas; una vez transcurrido
el tratamiento, las células se irradiaron con la intensidad de luz UV
adecuada, obtenida inicialmente. Tras 24 horas se determind el efecto
fotoprotector de las formulaciones, comparando la viabilidad de las
células irradiadas con luz UV y tratadas con las diferentes formulaciones
frente al control irradiado con luz UV y no tratado. Los resultados se
muestran como porcentaje de fotoproteccion en comparacion con las

células no tratadas (0 % de fotoproteccion).



La capacidad de las formulaciones de baicalina y/o berberina de estimular
la melanogénesis y la actividad de la tirosinasa se evalud in vitro mediante

cultivos de melanocitos.

Los melanocitos se sembraron en placas de 6 pocillos y se trataron, una
vez alcanzada la confluencia, con concentraciones no citotdxicas de las
diferentes formulaciones a ensayar. Una vez finalizado el tratamiento,
transcurridas 48 horas, se lavaron las células con PBS y se despegaron de
las placas con Tripsina/EDTA; tras un proceso de centrifugacion, el
sedimento celular se disolvié en hidréxido de sodio (NaOH) (1 N) y se
incubd a 60 °C durante 1 hora. La cantidad de melanina se determind
mediante la mediciéon de absorbancia a 470 nm usando un lector de
microplacas (Multiskan EX, Thermo Fisher Scientific, Inc., Waltham, MA,
EE. UU.). Los resultados se expresan como porcentaje del contenido de
melanina respecto al que contienen las células no tratadas (100 % de

melanina).

Para corroborar la via implicada en la estimulacion de la produccién de
melanina se determind la actividad de la tirosinasa, ya que se considera la

enzima clave en el proceso de sintesis de melanina.

La actividad de tirosinasa se estimé espectrofotométricamente utilizando
L-DOPA como sustrato. Se sembraron los melanocitos en placas de 6
pocillos y se incubaron a 37 °C con 5 % de CO,. Una vez se alcanzd la
confluencia se trataron las células durante 48 horas con concentraciones
no citotdxicas de las diferentes formulaciones propuestas. Al finalizar el
tratamiento, las células se trataron con una solucion tamponada de

fosfato de sodio (0.1 M, pH 6.8) que contenia Triton X-100 al 1 % y se



sometieron a repetidos ciclos de congelacion / descongelacién a -20 °C
durante 30 min. Los lisados se centrifugaron a 10.000 g durante 15
minutos y 90 pL de cada lisado se sembré en una placa de 96 pocillos y se
afadio L-DOPA (10 uL, 10 mM). Después de la incubacién a 37 °C en
oscuridad durante 90 minutos, se midid la absorbancia por
espectrofotometria a 475 nm utilizando un lector de microplacas
(Multiskan EX, Thermo Fisher Scientific, Inc., Waltham, MA, EE. UU.). Los
resultados se muestran como porcentaje de actividad de la enzima
tirosinasa en comparacioén con el de las células no tratadas (100% de

actividad).

Evaluacioén in vitro e in vivo de la eficacia frente a la alopecia
androgénica.

Las células de la papila dérmica son las mds utilizadas en modelos in vitro
relacionados con el cabello, ya que se consideran células clave en la
morfogénesis y la regeneracion del crecimiento capilar, son las encargadas

de regular el desarrollo y crecimiento de foliculo piloso.

En la presente Memoria, las células de la papila dérmica se trataron con
concentraciones no citotéxicas de diferentes formulaciones de finasterida
y baicalina, con objeto de evaluar el efecto de las mismas sobre la
proliferacién de las células implicadas en el crecimiento capilar. Tras el
tratamiento, la viabilidad celular se determiné mediante el ensayo
colorimétrico de MTT. Transcurridas 3 horas, los cristales de formazan se
disolvieron en DMSO vy la reaccion se midid espectroscopicamente a 570

nm con un lector de placas (Multiskan EX, Thermo Fisher Scientific, Inc.,



Waltham, MA, US). Los resultados se expresaron como porcentaje de
proliferacién celular en comparacién con células control no tratadas (100

% de viabilidad).

Para determinar la efectividad de las nanoformulaciones de baicalina y
finasterida se realizaron estudios in vivo utilizando ratones C57BL / 6, ya
gue representan un modelo ideal que evita fluctuaciones en los resultados
(codigo del procedimiento: 2019/VSC/PEA/0113 tipo 2). En estos
animales, la morfogénesis del foliculo piloso y el ciclo de crecimiento
siguen un patrén establecido. Los experimentos in vivo se basaron en el
modelo estandarizado del ciclo del foliculo piloso inducido por depilacidn

(96).

Se utilizaron ratones hembra sanos C57BL / 6 de seis semanas de edad (18-
20 g). Los ratones se dividieron en 10 grupos (n = 5 por grupo) y los pelos,
en fase teldgena, del drea dorsal se depilaron 24 h antes del tratamiento.
El dia 1, se aplico tdpicamente 100 pL de las formulaciones a ensayar en la
zona dorsal depilada, en condiciones no oclusivas. El procedimiento se
repitié una vez al dia durante 21 dias. El ultimo dia, los ratones fueron
sacrificados por dislocacién cervical. Durante el periodo de aplicacidn, se
verificaron las diferencias entre los grupos tratados y no tratados en

términos de peso corporal promedio o presencia de anomalias.

La pigmentacién de la piel se considera como evidencia del crecimiento
del cabello, ya que presenta color rosa brillante en la fase telégena
(reposo) y se vuelve gris o negro en la fase anagena (crecimiento) (97). La
longitud del cabello se midio los dias 12, 16 y 21 a partir del promedio de

la longitud de 10 pelos de la misma zona de los ratones de cada grupo; a



su vez, se determind la fase de los foliculos pilosos (andgena y telégena)
utilizando un micrémetro ocular. El efecto promotor de los diferentes
tratamientos se analiz6 como un indicador de la capacidad de las
nanoformulaciones para mejorar el crecimiento del cabello en

comparacion con el grupo no tratado.

Al finalizar el experimento, las muestras de piel de los ratones de los
diferentes grupos se incluyeron en parafina. Las secciones transversales (5
um) se tifleron con hematoxilina y eosina y se observaron con un
microscopio Optico (Leica DM3000, Leica-Microsystems, Wetzlar,
Alemania). El nimero y el didmetro de los foliculos en los diferentes
grupos también se midieron a través de Image Pro plus 7.0, Media

Cybernetics.
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Abstract.

The topical efficacy of baicalin, a natural flavonoid isolated from
Scutellaria baicalensis Georgi, which has several beneficial properties,
such as antioxidative, antiviral, anti-inflammatory and antiproliferative, is
hindered by its poor aqueous solubility and low skin permeability.
Therefore, its incorporation into appropriate phospholipid vesicles could
be a useful tool to improve its local activity. To this purpose, baicalin at
increasing concentrations up to saturation, was incorporated in
ultradeformable vesicles, which were small in size (~67 nm),
monodispersed (PI<0.19) and biocompatible, regardless of the
concentration of baicalin, as confirmed by in vitro studies using fibroblasts.
On the other hand, transdermal flux through human epidermis was
concentration dependent. The in vivo results showed the significant anti-
inflammatory activity of baicalin loaded nanovesicles irrespective of the
concentration used, as they were able to reduce the skin damage induced
by the phorbol ester (TPA) application, even in comparison with
dexamethasone, a synthetic drug with anti-inflammatory properties.
Overall results indicate that ultradeformable vesicles are promising
nanosystems for the improvement of cutaneous delivery of baicalin in the

treatment of skin inflammation.

Keywords: baicalin, ultradeformable vesicles, skin, mice, topical delivery.



Introduction.

Baicalin (7-glucuronic acid 5, 6-dihydroxyflavone), is one of the most
abundant flavonoid in the root of Scutellaria baicalensis Georgi, used as
medical agent in traditional Chinese medicine thanks to its multiple
therapeutic benefits. Indeed, it has shown strong anti-inflammatory (Chen
et al.,, 2001) and anti-oxidant properties (Shi et al., 2015), as well as
antimicrobial and antifungal activities (Shi et al., 2014) and a great
potential to prevent and inhibit tumor (Chen et al., 2016). Further, baicalin
is able to protect the skin from damages caused by exposure to solar
ultraviolet (UV) radiations. Considering all the protective and beneficial
effects and its low toxicity, baicalin can be considered a suitable molecule
for eliminating causes and effects of skin aging and injuries, including UV
radiation damages, wounds and burns (J. Zhang et al., 2014). Despite these
promising properties, baicalin efficacy and actual use in topical
formulations are hampered by its lipophilic nature and consequent low
water solubility, which account for a poor bioavailability (Xing et al., 2005).
To overcome this problem, baicalin has been loaded in different
nanocarriers (Shi-Ying et al., 2014) (Zhang et al., 2014) for systemic, brain,
corneal delivery and tumor targeting (Chen et al., 2016). In other studies,
nanocarriers have been used to achieve effective transdermal delivery.
Unfortunately, the barrier nature of the stratum corneum represents an
important obstacle to drug accumulation into and passage through the
skin, not only for conventional dosage forms, but also for some innovative
dosage systems. To this purpose, several techniques or systems have been
tested and the most widely studied approach in the last decades is the use
of lipid nanocarriers, such as phospholipid vesicles and derived systems:
ethosomes, glycerosomes and hyalurosomes (Manca et al.,, 2015)

(Castangia et al., 2013). Their use for skin delivery can offer some



advantages over classical topical dosage forms, and some specially
designed vesicular carriers can be able to efficiently increase drug
penetration and permeation through the skin. Although there are several
studies on the incorporation of baicalin in liposomes (Wei et al., 2014),
only a few studies specifically addressed the enhancement of baicalin
efficacy following application on the skin. Hence, alternative phospholipid
vesicles can result in a greater improvement of its therapeutic index and
effectiveness in skin protection.

In light of this, in the present study, baicalin was incorporated in
ultradeformable liposomes made with a mixture of soy lecithin and
polysorbate 80, used as edge activator to improve bilayer fluidity. Thanks
to this property, vesicles can squeeze themselves between the cells in the
stratum corneum driven by the hydration gradient and reaching deeper
skin strata. In addition, considering that drug saturation may improve its
thermodynamic activity, maximizing the flux through biological
membranes, irrespective of the selected vehicle and the drug solubility,
baicalin was incorporated into ultradeformable vesicles at increasing
amounts up to the maximum possible concentration (2.5, 5 and 10 mg/mL)
which is supposed to saturate the system. Vesicle morphology, size
distribution, zeta potential, and entrapment efficiency were evaluated, as
well as the ability of the vesicles to promote in vitro baicalin skin delivery.
The cytotoxic effect of empty and baicalin loaded vesicles was evaluated
in 3T3 mouse fibroblasts. The drug and carrier performances and their
ability to reduce oxidative inflammation and neutrophil infiltration
induced by TPA in mice were studied, as well. To detect the damages
induced by TPA on the skin and the effect provided by the tested

formulations, a histological evaluation was also carried out.



Materials and methods.

Lipoid® S75, a mixture of soybean lecithin containing phosphatidylcholine
(70%) and phosphatidylethanolamine (10%), lysophosphatidylcholine (3%
maximum), triglycerides (3% maximum), fatty acids (0.5% maximum),
tocopherol (0.1-0.2%) was a gift from Lipoid GmbH (Ludwigshafen,
Germany). Polysorbate 80 and disodium phosphate were purchased from
Scharlab S.L. (Barcelona, Spain). Monosodium phosphate was purchased
from Panreac quimica S.A. (Barcelona, Spain). Dexamethasone 21-sodium
phosphate (DEX) was from Acofarma S.A. (Madrid, Spain) and the DEX
solution (2 pg/mL) was prepared in buffer solution (pH 7.4). Baicalin (BA)
was purchased by Cymit quimica S.L. (Barcelona, Spain) and saturated

solution was prepared.

Samples were prepared weighing Lipoid® S75 (180 mg/mL), polysorbate
80 (2.5 mg/mL) and BA (2.5, 5 and 10 mg/mL) in a glass vial and hydrating
them overnight with a buffer solution (pH 7.4) composed by a mixture of
monosodium phosphate (0.3 %) and disodium phosphate (2.9 %). Then,
the dispersion was sonicated for 3 min with a CY-500 ultrasonic
disintegrator (Optic lvymen system, Barcelona, Spain) to obtain clear
opalescent dispersions. To achieve a uniform particle size distribution, the
liposomal suspension was extruded with an Avanti® Mini-Extruder (Avanti
Polar Lipids, Alabaster, Alabama) through a 200 nm membrane (Whatman,
GE Healthcare, Fairfield, Connecticut, US) (Manconi et al., 2003). Empty

liposomes were prepared as reference.



The BA content was quantified using a Perkin ElImer® Series 200 HPLC
equipped with a UV detector and a column Teknokroma® Brisa “LC2"” C18,
5.0 um (150 cm x 4.6 mm). The mobile phase consisted of a mixture of
water and methanol (30:70), delivered at a flow rate of 1 mL/min. BA
content was measured at 278 nm. The limit of detection and quantification

for the BA was 0.45 pg/mL and 1.36 pug/mL, respectively.

The formation and morphology of ultradeformable liposomes were
checked by transmission electron microscopy (TEM) using a JEM-1010
microscope (Jeol Europe, Croissy-sur-Seine, France), equipped with a
digital camera MegaView lll at an accelerating voltage of 80 kV. Vesicles
were examined using a negative staining technique: non-diluted
dispersions were stained with 1% phosphotungstic acid on a carbon grid
and examined/visualized.

The average diameter and polydispersity index (Pl) of non-diluted samples
were determined by Photon Correlation Spectroscopy using a Zetasizer
nano-S (Malvern Instruments, Worcestershire, United Kingdom). Zeta
potential was estimated using the Zetasizer nano-S by electrophoretic light
scattering, which measures the particle electrophoretic mobility in a
thermostated cell. Vesicles were purified from non-incorporated BA by
dialysis. Each sample (1 mL) was loaded into Spectra/Por® tubing (12-14
kDa MW cut-off; Spectrum Laboratories Inc., DG Breda, The Netherlands)
and dialyzed against buffer (1 L) for 2 h, at room temperature. Both non-
dialyzed and dialyzed samples were disrupted with methanol (1:100) and

assayed by HPLC to quantify the BA content in the vesicular systems. The



drug entrapment efficiency (EE %) of the three systems was calculated as

follows (Eq. 1):

0 — actual BA
EE (%) (initial BA)xlOO (Eq.1)
where actual BA is the amount of BA in vesicles after dialysis, and initial

BA is the amount of drug before dialysis, as calculated by HPLC.

3T3 mouse fibroblasts (ATCC, Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium (Sigma Aldrich, Spain),
supplemented with 10% (v/v) foetal bovine serum, penicillin (100 U/mL),
and streptomycin (100 ug/mL) (Sigma Aldrich, Spain) in 5% CO> incubator

at 37°C to maintain exponential cell growth.

3T3 cells were seeded in 96-well plates with cell density being
approximately 5x10° cells/well, at passages 11-12. After 24 h of
incubation, 3T3 cells were treated for 2, 4, 8 and 24 h with ultradeformable
vesicles, empty or loaded with BA at different concentrations: 2.5 BA (2.5
mg/mL), 5 BA (5 mg/mL) and 10 BA (10 mg/mL) or BA saturated solution
(25uL of formulation in 250 pL of medium). Cell viability was determined
by the MTT [3(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide]
colorimetric assay. Briefly, 200 pyL of MTT reagent (0.5 mg/mL in PBS) was
added to each well and after 2 h the formed formazan crystals were
dissolved in DMSO. The reaction was spectrophotometrically measured at
570 nm with a microplate reader (Multiskan EX, Thermo Fisher Scientific,

Inc., Waltham, Massachusetts, United States). All experiments were



repeated at least three times, each time in triplicate. Results are shown as
percentage of cell viability in comparison with non-treated control cells

(100% viability) (Eq. 2):

Absorbancesgmple

Cell Viability (%) = ( )x100 (Eq.2)

Absorbancecontrol

where Absorbancesampie is the absorbance of fibroblasts treated with the
vesicular formulation and Absorbancecontor is the absorbance of non-

treated cells, at 570 nm.

Permeation experiments were performed on Caucasian abdominal skin
samples obtained from three randomly assigned female donors aged 38—
48 years who had undergone cosmetic surgical procedures in the Hospital
Clinico Universitario (Valencia, Spain). Informed consent was previously
obtained from the patients, and their identity was masked to the
researchers to guarantee their anonymity. Excess of fatty and connective
tissues was removed, and the samples (full thickness skin) were stored at
-40°C for no more than 1 month.

Experiments were performed non-occlusively by means of vertical Franz
cells (effective diffusion area of 0.784 cm?), using epidermis from human
skin (Diez-Sales et al., 2005). Epidermis was sandwiched securely between
donor and receptor compartments of the Franz cells, with the stratum
corneum side facing the donor compartment (Manconi et al., 2012). The
receptor compartment was filled with 6 mL of buffer solution (pH 7.4),
which was continuously stirred with a small magnetic bar and
thermostated (~37°C) throughout the experiments to reach the

physiological skin temperature (~32°C). The different formulations (200



uL) were applied on the epidermis surface and at different time intervals,
over 24 h, receptor solutions were withdrawn and analysed for BA content
by HPLC (as described in Section 2.3). Finally, in order to check the integrity
of the epidermis, 1 mL of phenol red solution (0.5 mg/mL) was applied in
the donor compartment.

The cumulative amounts (Q) of drug permeated per cm? of skin were
plotted against time, and the equation derived from the application of the

Fick’s Second Law to the diffusion process was fitted to the data (Eq. 4):

Qu=AP L-C[D-S-1-2.52, Epp (20| (Eq.4)
where Q (t) is the quantity of BA passing across the skin and reaching the
receptor solution at a given time, t; A is the actual diffusion surface area
(0.784 cm?); P is the partition coefficient of the permeant between the skin
and the donor vehicle; L is the diffusion pathway; D is the diffusion
coefficient of the permeant in the membrane; and C is the concentration
of the permeant in the donor solution. The fitting procedures were carried
out by means of nonlinear regression using Sigma Plot 10.0 (Pharsight
corp, USA).

By fitting the equation 4, lag time (t;, h) corresponding to L?/6D and the
permeability coefficient (Kp = P-D/L) were calculated. The flux values (J)

were obtained by employing the expression: J=Kp-C.

Female CD-1 mice (5-6 weeks old, 25-35 g) were bred in the animal facility
of the Faculty of Pharmacy of the University of Valencia. All studies were
performed in accordance with European Union regulations for the

handling and use of laboratory animals and the protocols were approved



by the Institutional Animal Care and Use Committee of the University of
Valencia (code A1456917886577). The back skin of mice was shaved one
day before the experiment, and only animals showing no hair re-growth
were selected for tests. On day 1, cutaneous inflammation was induced by
applying on the shaved dorsal area (¥2 cm?) 20 pL of TPA dissolved in
acetone (243 uM). After 3 h, empty or BA (2.5, 5 and 10 mg/mL) loaded
liposomes, or BA saturated solution, or DEX solution (100 uL each) were
topically smeared over the same dorsal site (non-occlusive conditions).
The procedure was repeated on day 2 and 3. On day 4, mice were

sacrificed by cervical dislocation. Each group comprised four mice.

After 72 h of treatment (on day 4), mice were sacrificed and the treated
skin area was excised and immediately stored at -80°C (De Young et al.,
1989) (Caddeo et al., 2013). The myeloperoxidase (MPO) activity was
measured. The biopsies were dispersed in 750 pL of sodium phosphate
buffer 80 mM (pH 5.4) containing 0.5% hexadecyltrimethylammonium
bromide and homogenized in ice bath with an Ultra-Turrax® T25
homogenizer (IKA® Werke GmbH & Co. KG, Staufen, Germany). The
dispersions were centrifuged at 10.000 rpm for 15 min at 1°C and the
obtained supernatant (25 plL) was added to 75 ulL saline phosphate buffer
(pH 7.4), 10 pL sodium phosphate buffer (pH 5.4), 10 pL of 0.026%
hydrogen peroxide and incubated at 37°C for 5 min. Then, 10 pL of 18 mM
3,3’,5,5’-tetramethylbenzidine dihydrochloride hydrate in 8% aqueous
N,N-dimethylformamide was added to start the reaction. After 10 min of
incubation, the reaction was stopped with the addition of 15 puL of 1.5 M
sodium acetate (pH 3.0), and the absorbance recorded at 620 nm using a

microplate reader (Multiskan EX, Thermo Fisher Scientific, Inc., Waltham,



Massachusetts, United States). The MPO activity was calculated from the

linear portion of a standard curve.

Mice skin treated with the tested formulations was excised, fixed and
stored in formaldehyde (10%). Tissue specimens were processed routinely
and embedded in paraffin wax. Longitudinal sections (5 pum) were stained
with haematoxylin and eosin (H&E) and observed by light microscope

(DMD 108 DIGITAL Microimaging Device, Leica, Wetzlar, Germany).

Data are shown as mean * standard deviation. Statistical differences were
determined by using one-way ANOVA test and Tukey’s test for multiple
comparisons with a significance level of P<0.05. All statistical analyses
were performed using IBM SPSS statistics 22 for Windows (Valencia,

Spain).

Results and discussion.

BA is a flavonoid isolated from the dried roots of Scutellaria baicalensis
Georgi. More precisely, it is a glycoside flavones formed by a benzene ring
condensed with a six-member pyrone ring, which in the 2-position carries
a phenyl benzene ring as a substituent (Figure 1). Taking into account its
low skin bioavailability along with the beneficial effects on skin protection,
and the lack of studies focusing on its topical delivery using innovative
phospholipid vesicles, in the present work BA was incorporated in
ultradeformable vesicles at increasing concentrations. Aiming at
optimizing the formulation of ultradeformable vesicles, a preformulation

study was carried out increasing the amount of BA loaded, so as to reach



the critical/maximum concentration (10 mg/mL) without affecting the
main physico-chemical characteristics of the vesicles: small, homogenous
size, and high stability. It was found that above such concentration, the
vesicles were large and highly polydispersed, and aggregation and BA
precipitation occurred in a short time. Hence, 2.5, 5 and 10 mg/mL were

selected as the concentrations to be used for further studies.
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Figure 1. Chemical structure of Baicalin (BA).

TEM images provided evidence of vesicle formation, and showed that they
were small, fairly spherical and multilamellar vesicles, regardless of the BA

concentration (Figure 2).



Figure 2. Representative TEM micrographs of ultradeformable vesicles
loading BA: 2.5 BA (A and D), 5 BA (B) and 10 BA (C). Each bar corresponds
to 100 nm.

Empty ultradeformable vesicles were small in size, around 82 nm (Table
1), and the incorporation of BA, whatever the concentration, led to a slight
decrease of the mean diameter, from ~82 to ~67 nm, probably because
the lipophilic BA interacts with the phospholipid chains, modifying their
packing and permitting a reduction of the bilayer curvature. All the
formulations were monodispersed (P1<0.19) and Photon Correlation
Spectroscopy results were always repeatable, as indicated by the small
standard deviations obtained from at least three repetitions (Table 1). The
zeta potential was highly negative (=-30 mV), irrespective of BA
concentration. Ultradeformable vesicles were purified from the non-
incorporated drug by dialysis for 2 h, which was long enough to eliminate
the free drug. Ultradeformable vesicles were able to incorporate BA in
good vyields, as the entrapment efficiency value was ~80%, without
differences among the groups (P>0.05). Physico-chemical properties of

vesicles were very similar and were not affected by the different



concentrations of BA, confirming that even at the highest concentration
(10 mg/mL), the flavonoid was optimally incorporated in vesicle structure

ensuring the system saturation.

Table 1. Average size, polydispersity index (Pl), zeta potential (ZP) and BA
entrapment efficiency (EE, %) of empty ultradeformable vesicles and the
same vesicles loading BA 2.5, 5 and 10 mg/ml (2.5 BA, 5 BA, 10 BA). Each

value is the mean + SD (n=4).

Sample Sample size (nm) PI Z Potential (mV) EE (%)
Initial 30 Initial 30 days Initial 30

days days
Empty 82.50 79.89 0.183 0.25 -31.1 -23.8 -
vesicles +1.03 +1.09 +0.5 0.9
2.5BA 74.84 78.84 0.137 0.27 -27.0 -22.8 82.75
vesicles +0.61 +1.27 1.1 +1.5 +0.42
5BA 70.59 87.73 0.154 0.35 -30.4 -24.8 81.72
vesicles +0.07 +0.78 1.3 +0.6 +0.23
10BA 67.58 89.84 0.132 0.38 -30.8 -24.3 80.86
vesicles +1.45 +1.58 1.9 1.9 +0.13

When a new pharmaceutical formulation is designed, it is important to
evaluate its safety, especially on the target tissue. In vitro toxicity study on
cells represents a good and reliable method to select the formulations that
will be used for further in vivo studies, so as to avoid the useless sacrifice
of a high number of animals. 3T3 fibroblasts were used as a representative
cell line of the dermis, and they were incubated with non-diluted

formulations: empty or BA loaded vesicles and BA saturated solution.



The cytotoxicity was evaluated by the MTT assay. As shown in Figure 3, all
the vesicular formulations did not show a significant cytotoxic effect in the
first 8 h of incubation (80% viability), compared to untreated control cells
(100% viability), while BA saturated solution exhibited greater cytotoxicity,
as the viability was less than 70%. At longer incubation time (24 h), an
increase in cell mortality was observed, especially for the fibroblasts
treated with BA saturated solution (20% viability), while a ~50% viability
was found when BA loaded ultradeformable vesicles were used, thus

confirming the higher biocompatibility of the vesicles.
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Figure 3. In vitro 3T3 fibroblast viability after incubation with BA saturated
solution, empty ultradeformable vesicles and the same vesicles loading
2.5,5and 10 mg/mL (2.5 BA, 5 BA, 10 BA) at different incubation times (2,
4, 8 and 24 h). Mean values * standard deviations (error bars) are

reported.



Ultradeformable vesicles contain an edge activator which is reported to
make the bilayer flexible and the vesicles able to squeeze through the skin
channels, improving the transdermal flux of the loaded molecules. To
confirm this assumption, permeation study using human epidermis was
carried out applying on the skin ultradeformable vesicles loaded with BA
(2.5, 5 and 10 mg/mL) or BA saturated solution. The permeation profiles
obtained from the different formulations are shown in Figure 4. The
ultradeformable vesicles provided the greatest penetration rate of BA at
24 h, as compared to that obtained with the BA saturated solution. In
particular, the vesicles loading the highest amount of BA (10 mg/mL)
showed the best results in term of penetration (~5%) and flux (270.2+16.2
ug/cm?/h). By decreasing the amount of BA, the amount permeated and
the flux of the drug decreased as well, being 2.5% and 117.3+9.7 pg/cm?/h
for the vesicles loading 5 mg/mL, and 1.5% and 190.11+16.63 pg/cm?/h
for vesicles loading 2.5 mg/mL of BA. In all cases, the lag time (t,) was
around 9 h. Significant differences between the flux values and the
amount of permeated BA provided by the three vesicles and saturated
solution were detected (P<0.05), disclosing the concentration-dependent

ability of the vesicles to deliver BA on the skin.
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Figure 4. Amount of BA accumulated in receptor compartment after 24 h
treatment with different formulations: BA saturated solution (- o0 -) and
ultradeformable vesicles loading different concentrations of BA: 2.5 BA (-
0-),5BA(-A-)and 10 BA (- V -) (n=4). Mean values % standard deviations

(error bars) are reported (n=4).

In vivo inflammatory response: myeloperoxidase assay.

The application of TPA in mice to induce inflammatory response is one of
the most common model for the evaluation of the anti-inflammatory
activity of drugs. TPA induces a variety of histological and biochemical
changes in the skin, including neutrophil infiltration in epidermis and
dermis, epidermal hyperplasia, activation of protein kinase C, induction of
ornithine decarboxylase activity, and enhancement of IL-1 levels. In this
work, TPA was daily applied on mouse dorsal skin for 3 days, inducing skin
damages at the macroscopic level, such as skin ulceration, loss of
epidermis integrity and crust formation, as well as biological alterations,

such as neutrophil infiltration, as previously reported (Caddeo et al.,
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2013). The MPO activity was quantified as a marker of the inflammatory
process, since it is proportional to the neutrophil concentration in the
inflamed tissue. The efficacy of BA loaded ultradeformable vesicles was
tested and compared with that of DEX solution and BA saturated solution.
The photographs of the treated mice clearly showed the therapeutic
potential of BA loaded ultradeformable vesicles, as an amelioration of the

TPA cutaneous damage was visible (Figure 5).

Figure 5. Macroscopic appearance of mice skin lesions inducted with TPA
and treated with acetone (untreated skin), DEX solution, BA saturated
solution, empty liposomes or the same vesicles loading BA 2.5, 5 and 10

mg/mL (2.5 BA, 5 BA, 10 BA).

The treatment with DEX solution reduced TPA skin lesion, but to a lesser
extent: skin appeared diffusely dry, flaky, and crusted. These effects were
much severe in mice treated with the BA saturated solution. The
macroscopic observations are in agreement with the MPO values. The
vesicles displayed a superior ability to reduce MPO activity in the injured

tissue, and its inhibition was higher than that provided by both DEX

75



solution and BA saturated solution (Figure 6). No significant differences
were observed (P>0.05) among the results provided by the three vesicular
formulations containing different amounts of BA, which indicates that, in
spite of the system saturation, ultradeformable vesicles can ensure a
higher beneficial activity of BA than that obtained using the saturated
solution. Differently to the in vitro transdermal delivery results, the in vivo
treatment of damaged skin was not affected by the BA concentration in
vesicles, probably because in this model the stratum corneum was thinner
or disrupted, thus facilitating the vesicle passage and allowing a
therapeutic effect even at the lower concentration. The importance of the
vesicle saturation effect was underlined in transdermal studies, where the
BA needs to overcome the intact skin barrier and transdermal flux was

concentration-dependent.

1000 -

MPO concentration (ng/ml)biopsy

ﬂ A
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Figure 6. MPO activity in skin mice inflamed with TPA and treated with DEX
solution, BA saturated solution, empty ultradeformable vesicles or the

same vesicles loading BA 2.5, 5 and 10 mg/mL (2.5 BA, 5 BA, 10 BA). Mean

values + standard deviations (error bars) are reported (n=4).



Morphological alterations of mouse skin exposed to TPA were assessed by
H&E staining, in comparison with untreated skin (Figure 7B and A,
respectively). As already demonstrated with the biomarker, the skin
treated with acetone only showed a regular structure, epidermis and
dermis had a normal appearance, as well as the tissues directly
underneath (i.e., subcutaneous cellular tissue, skeletal muscle and adipose
tissue), with only some mononuclear and polymorphonuclear cells in the
muscular region (Figure 7A). Mouse skin treated with TPA displayed severe
dermal and subcutaneous alteration, with a large number of leukocytes
infiltrating these regions, as well as muscle and adipose tissues, also
showing pathological features of inflammatory damage, such as vascular
congestion (Figure 7B). Similar results of injured skin were obtained using
the BA saturated solution and DEX solution (Figure 7C and F). On the other
hand, the application of the BA loaded ultradeformable vesicles reduced
TPA-induced lesions, along with mild to moderate inflammatory infiltrates
of mononuclear cells, eosinophils and neutrophils (Figure 7E). The in vivo
findings disclosed a great therapeutic efficacy of BA loaded
ultradeformable vesicles, which unlike the transdermal flux, was not BA
concentration/saturation dependent, probably because the transdermal
flux depended on the passage of BA through the skin while, in the TPA
model, the epidermis is disrupted, the skin’s barrier function is impaired

and BA can easily diffuse, whatever the concentration in the vesicles.
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Figure 7. Representative histological sections of mouse skin: untreated
skin (A); TPA-inflamed skin (B); TPA-inflamed and treated with BA
saturated solution (C); inflamed and treated with empty ultradeformable
vesicles (D); inflamed and treated with BA loaded ultradeformable vesicles

(E) or inflamed and treated with DEX solution (F).
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Conclusions.

Bearing in mind the few data reporting the design of baicalin loaded
innovative phospholipid vesicles and their possible improvement of
transdermal delivery, in the present work new, suitable and biocompatible
ultradeformable vesicles loading baicalin were developed. We
demonstrated that the ultradeformable vesicles play a key role in
facilitating baicalin skin delivery and showed a great potential as anti-
inflammatory systems and were more effective than dexamethasone in
counteracting TPA inflammation and skin injury. Moreover, in vivo studies
on damaged skin underlined that the efficacy of baicalin was not affected
by the concentration, while in vitro studies performed using human intact
skin, indicated that using BA vesicles (10 mg/mL) the highest penetration

was obtained.
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Abstract.

0.5-1% of the world’s population is affected by vitiligo, a disease
characterized by a gradual depigmentation of the skin. Baicalin and
berberine are natural compounds with beneficial activities, such as
antioxidant, anti-inflammatory and proliferative effects. These
polyphenols could be useful for the treatment of vitiligo symptoms, and
their efficacy can be improved by loading in suitable carriers. The aim of
this work was to formulate and characterize baicalin or berberine loaded
ultradeformable vesicles, and demonstrate their potential as adjuvants in
the treatment of vitiligo. The vesicles were produced using a previously
reported simple, scalable method. Their morphology, size distribution,
surface charge and entrapment efficiency were assessed. The ability of the
vesicles to promote the permeation of the polyphenols was evaluated. The
antioxidant and photoprotective effects were investigated in vitro using
keratinocytes and fibroblasts. Further, the stimulation of melanin
production and tyrosinase activity in melanocytes after treatment with the
vesicles were assessed. Ultradeformable vesicles were small in size,
homogeneously dispersed, and negatively charged. They were able to
incorporate high amounts of baicalin and berberine, and promote their
skin permeation. In fact, the polyphenols concentration in the epidermis
was higher than 10%, which could be indicative of the formation of a depot
in the epidermis. The vesicles showed remarkable antioxidant and
photoprotective capabilities, presumably correlated with the stimulation
of melanin production and tyrosinase activity. In conclusion, baicalin or
berberine ultradeformable vesicles, and particularly their combination,
may represent promising nanosystem-based adjuvants for the treatment

of vitiligo symptoms.



Keywords: Ultradeformable vesicles; vitiligo; antioxidant;

photoprotection; pigmentation.



Introduction.

Vitiligo is an autoimmune disease of the skin affecting 0.5-1% of the
world’s population [1]. It is clinically characterized by the appearance of
disfiguring white patches caused by the loss of melanin pigment, which
often negatively affects patients' self-esteem and quality of life [2].
Multiple mechanisms are involved in this disease: early factors include
activation of innate immunity, inflammation, and oxidative stress [3].
Despite its occurrence, therapeutic options for patients are still limited.
Current therapies exhibit considerable efficacy, but often the total
repigmentation is not achieved [4]. One of the most common treatments
involves the application of psoralens associated with ultraviolet (UV) light
A exposure, topical corticosteroids, narrowband ultraviolet light B, which
unfortunately cause important side effects [5].

In traditional Chinese medicine, different natural molecules and extracts
have been successfully applied for the treatment of vitiligo [6]. The exact
mechanism of action of these compounds is still unknown, but it seems to
be related to their anti-inflammatory, immunomodulatory and antioxidant
properties. Given that, antioxidant and anti-inflammatory natural
molecules could be potential candidates for the vitiligo therapy, due to
their efficacy and safety. Bearing in mind our previous results [7] [8] [9],
baicalin and berberine were selected for this study. The former is a
flavonoid with strong anti-inflammatory and antioxidant properties [10],
antimicrobial and antifungal activities [11], a great potential in preventing
and inhibiting tumours [12], and protecting the skin from the damages
caused by intense exposure to solar UV radiations [13]; the latter is a
guaternary isoquinoline alkaloid with several pharmacological effects,

including anticarcinogenic [14], antioxidant, anti-inflammatory [15] and



pigmenting [16]. Both polyphenols have been used for the skin protection
and the treatment of common dermatological disorders.

Despite the promising properties of baicalin and berberine, there are some
limitations in their clinical applications, the most important being poor
aqueous solubility and poor absorption after topical administration [17]
[18]. To overcome these problems and taking into consideration previous
results obtained for the skin delivery of baicalin, in the present work,
baicalin and berberine were incorporated in ultradeformable vesicles.
Elastic and flexible phospholipid vesicles have been developed by using
different phospholipids and a surfactant that acts as edge activator,
enhancing the fluidity and deformability of the vesicle bilayer [19]. In this
work, ultradeformable vesicles were prepared with a mixture of
phospholipids and polysorbate 80, and their ability to improve the vitiligo
symptoms was evaluated. An extensive physico-chemical characterization
of the vesicles was accomplished by investigating their ability to promote
the passage of baicalin and berberine into/through the skin. The
cytotoxicity of the formulations was evaluated in vitro using keratinocytes
and fibroblasts, as well as their ability to promote the antioxidant and
photoprotective activities of baicalin and berberine. Further, melanocytes
were used to evaluate the ability of the formulations to promote

melanogenesis and tyrosinase activity.

Material and methods.

Lipoid S75, a mixture of soybean lecithin with phosphatidylcholine (~70%)
and phosphatidylethanolamine (~10%), non-polar lipids and fatty acids
(~20%), was a gift from Lipoid GmbH (Ludwigshafen, Germany). Disodium

phosphate and polysorbate 80 were purchased from Scharlab S.L.



(Barcelona, Spain). Monosodium phosphate was purchased from Panreac
guimica S.A. (Barcelona, Spain). Sorbitol was from Guinama SL (Valencia,
Spain). Baicalin was purchased from Cymit quimica S.L. (Barcelona, Spain),

and berberine from Sigma-Aldrich (Madrid, Spain).

Baicalin ultradeformable vesicles were prepared by dispersing baicalin (2.5
mg/mL), Lipoid S75 (60 mg/mL), and polysorbate 80 (2.5 mg/mL) in a
buffered aqueous solution of monosodium phosphate and disodium
phosphate (PBS, pH 7.4). Berberine ultradeformable vesicles were
prepared by dispersing berberine (2.5 mg/mL), Lipoid S75 (120 mg/mL),
and polysorbate 80 (2.5 mg/mL) with a solution of sorbitol (5 % v/v) in
water. The phospholipid was left swelling overnight, and then the
dispersions were sonicated for 3 min with a CY-500 ultrasonic
disintegrator (Optic Ivymen system, Barcelona, Spain) to obtain
transparent dispersions. Further, in order to achieve a homogeneous
system, the dispersions were extruded with an Avanti® Mini-Extruder
(Avanti Polar Lipids, Alabaster, Alabama) through a 200 nm membrane
(Whatman, GE Healthcare, Fairfield, Connecticut, US). Empty vesicles were

also prepared and compared with polyphenol loaded vesicles.

The baicalin and berberine content was quantified by using a Perkin
Elmer® Series 200 HPLC equipped with a UV detector and a column
Teknokroma® Brisa “LC2” C18, 5.0 um (150 x 4.6 mm). Baicalin was
detected at 278 nm by using a mixture of water and methanol (30:70) as

mobile phase, delivered at a flow rate of 1 mL/min. Berberine



determination was carried out at 346 nm by using a mixture of water and

methanol (50:50) as mobile phase, delivered at a flow rate of 1.2 mL/min.

Vesicle formation and morphology were evaluated by Transmission
Electron Microscopy (TEM), by using a JEM-1010 microscope (Jeol Europe,
Croissy-sur-Seine, France), equipped with a digital camera MegaView llI,
at an accelerating voltage of 100 kV. The vesicles were examined by using
a negative staining technique: non-diluted samples were stained with 1%
phosphotungstic acid on a carbon grid and visualized.

The mean diameter and the Polydispersity Index (Pl, a dimensionless
measure of the broadness of the size distribution) of empty, baicalin or
berberine ultradeformable vesicles were measured by Photon Correlation
Spectroscopy (PCS) using a Zetasizer nano-ZS® (Malvern Instruments,
Worcestershire, UK). Zeta potential was measured by using the Zetasizer
nano-ZS by means of the M3-PALS (Mixed Mode Measurement-Phase
Analysis Light Scattering) technique, which measures the particle
electrophoretic mobility.

The stability of the vesicles was evaluated for 30 days at 25 °C. During this
period, size, size distribution and surface charge were measured.

The vesicles were purified from the non-incorporated berberine or
baicalin by dialysis. Each sample (1 mL) was loaded into Spectra/Por®
tubing (12—14 kDa MW cut-off; Spectrum Laboratories Inc., DG Breda, The
Netherlands) and dialyzed against 1 L of buffered solution (pH 7.4) for 4 h,
at room temperature. Both non-dialyzed and dialyzed samples were
disrupted with Triton X-100 (10%) and assayed by HPLC to quantify the
amount of baicalin and berberine (Section 2.3). The entrapment efficiency

(EE %) was calculated as percentage as follows (Eq. 1):



EE (%)= (actual active agent) 100 (Eq. 1)

initial active agent

where actual active agent is the amount of baicalin or berberine detected
in the vesicles after dialysis, and initial active agent is the amount of

baicalin or berberine detected before dialysis.

Permeation experiments were performed by using static vertical Franz
diffusion cells and newborn pig skin provided by a local slaughterhouse.
Excess of fatty and connective tissues were removed, and the specimens
(full-thickness skin) were stored at -80 °C until use. For the experiments,
only the epidermis (thickness ~200 um) was used: it was securely clamped
between the donor and receiver compartments of the Franz cells
(effective diffusion area of 0.784 cm?), with the stratum corneum side
facing the donor compartment. The receptor compartment was filled with
buffered solution (pH 7.4). The Franz cells were immersed in a bath system
at 37£2°C and maintained under stirring in order to mimic physiological
skin conditions. The different formulations (500 uL) were applied onto the
epidermis surface, and at regular time intervals, up to 24 h, the receiving
solution was withdrawn, replaced with pre-thermostated, fresh PBS, and
analysed by HPLC for baicalin or berberine content (as described in Section
2.3). In addition, in order to verify the integrity of the epidermis, 1 mL of
phenol red solution (0.5 mg/mL) was applied onto the skin surface in the
donor compartment and quantified in the receptor compartment by
spectrophotometry. When the values of phenol red were <1%, the

epidermis was considered intact.



The cumulative amounts (Q, pg/cm?) of baicalin or berberine permeated
through the epidermis were plotted against time, and the equation
derived from the application of the Fick’s Second Law to the diffusion

process was fitted to the data (Eq. 2):

Qu=APLC[D 512 5m exp (2] (Eq. 2)

where Q (t) is the amount of active agent passing across the skin and
reaching the receptor solution at a given time t; A is the actual diffusion
surface area (0.784 cm?); P is the partition coefficient of the permeant
between the skin and the donor vehicle; L is the diffusion pathway; D is
the diffusion coefficient of the permeant in the skin; and C is the
concentration of the permeantin the donor vehicle. The fitting procedures
were carried out by means of non-linear regression using Sigma Plot 10.0
(Pharsight corp, USA). By fitting the equation 2, lag time (t;, h)
corresponding to L?/6D and the permeability coefficient (Kp = P-D/L) were

calculated.

Human immortalized keratinocytes (HaCaT) (Thermo Fisher Scientific Inc,
Waltham, MA, USA) and 3T3 mouse fibroblasts (ATCC, Manassas, VA, USA)
were cultured in Dulbecco’s modified Eagle’s medium (Sigma Aldrich,
Spain), supplemented with 10% (v/v) foetal bovine serum, penicillin (100
U/mL), and streptomycin (100 pug/mL) (Sigma Aldrich, Spain) in 5% CO,
incubator at 37 °C to allow exponential cell growth. Highly pigmented
adult human epidermal melanocytes (HEMa) were purchased from
Thermo Fisher Scientific Inc (Waltham, MA, USA). Cells were maintained

in Medium 254 with the addition of Human Melanocyte Growth



Supplement-2, PMA-Free (HMGS-2) and 1% (V/V)
gentamicin/amphothericin (Thermo Fisher Scientific Inc, Waltham, MA,

USA) in a humidified incubator at 37 °C with 5% CO,.

Cytotoxicity studies were carried out using HaCaT keratinocytes at
passages 31-32, 3T3 fibroblasts at passages 22-23 and HEMa melanocytes
at passages 4-5. The cells were seeded into 96-well plates with a density
of approximately 2.5, 2.9, and 1.4 x-10° cells/well, for HaCaT, 3T3 and
HEMa, respectively. After 24 h of incubation, when confluence was
reached, the cells were exposed for 24 h to baicalin in PBS or berberine in
5%sorbitol water solution, or empty vesicles, or baicalin or berberine
loaded vesicles, at different concentrations (200, 100, 50, 25, 12.5, 1.56
ug/mL) of baicalin or berberine. Cell viability was determined by the MTT
[3(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide]
colorimetric assay. MTT reagent (100 pL, 0.5 mg/mL) was added to each
well, and after 3 h the formed formazan crystals were dissolved in DMSO
(100 pL). The reaction was spectrophotometrically measured at 570 nm
with a microplate reader (Multiskan EX, Thermo Fisher Scientific, Inc.,
Waltham, MA, US). The experiments were performed in triplicate and
repeated at least three times. Results are shown as percentage of cell

viability in comparison with untreated control cells (100% viability) (Eg. 3):

Absorbancesample

Cell Viability (%) = ( )x1oo (Eq. 3)

Absorbancecontrol

where Absorbances.mpie is the absorbance of cells treated with the
formulations and Absorbance ontroris the absorbance of non-treated cells,

at 570 nm.



In order to define the intensity of radiation that caused 50% cell death
(LCs0), HaCaT and 3T3 were seeded into 96-well plates with a cell density
of 1.7 and 2.0-x 10° cells/well, respectively. When confluence was
reached, the cells were irradiated with different intensities of UVB rays
(100, 200, 400, 600, 800 and 1000 mJ/cm?) using a Crosslinker Bio-Link BLX
254 camera (5 x 8 W; Peglab Biotechnologie GmbH, Erlangen, Germany)
at a wavelength of 310 nm. After 24 h, the MTT assay was performed as
described in Section 2.7. Results are shown as percentage of cell viability

in comparison with untreated control cells (100% viability).

The photoprotective effect of the different formulations was assayed
using the intensity of radiation that caused 50% cell death. HaCaT
keratinocytes and 3T3 fibroblasts were seeded into 96-well plates, and
after 24 h, were treated with baicalin in PBS or berberine in 5%sorbitol
water solution, or empty vesicles, or baicalin or berberine loaded vesicles,
at different concentrations of both polyphenols (12.5, 6.25, 3.12 and 1.56
ug/mL). In addition, the cells were treated simultaneously with both
baicalin in PBS and berberine in 5%sorbitol water solution, or in the
vesicles, at the above concentrations. 24 h after the treatment, the cells
were irradiated with the appropriate intensity of UVB radiation, and
incubated for 24 h at 37 °C with CO; (5%), then the cell viability was
measured by MTT assay (as described in Section 2.7). Results are shown as
percentage of photoprotection in comparison with untreated control cells
(0% photoprotection): the percentage of photoprotection represents the

percentage of live cells before and after treatment (Eq. 4).
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(Eq. 4)

HaCaT cells were seeded into 96-well plates (3.1 x 10° cells/well) and
incubated until confluence was reached. The cells were treated
simultaneously with hydrogen peroxide and the formulations: baicalin in
PBS or berberine in 5%sorbitol water solution, or empty vesicles, or
baicalin or berberine loaded vesicles, at non-cytotoxic concentrations of
the polyphenols of 12.5, 6.25, 3.12, and 1.56 pg/mL. In addition, the cells
were treated simultaneously with both baicalin in PBS and berberine in
5%sorbitol water solution, or in vesicles, at the above concentrations.
After 4 h of treatment, the cells were washed with PBS, and the MTT assay
was performed to measure the cell viability (as decribed in Section 2.7).
Untreated cells were used as a negative control, and cells treated with
hydrogen peroxide without formulations were used as a positive control.
Results are shown as percentage of antioxidant capability in comparison

with untreated cells (0% antioxidant capability).

HEMa cells at passages 5-6 were cultured on 6-well plates (2.2 x 10°
cells/well) and incubated until confluence was reached. The cells were
treated with baicalin in PBS or berberine in 5%sorbitol water solution, or
empty vesicles, or baicalin or berberine loaded vesicles using non-
cytotoxic concentrations (12.5, 6.25, 3.12 and 1.56 pg/mL) of baicalin or
berberine. In addition, baicalin in PBS and berberine in 5%sorbitol water
solution, or in vesicles were applied simultaneously, at the above

concentrations. After 48 of incubation, the medium was removed, the cells



were washed twice with PBS and harvested using trypsin (0.05%) and
EDTA (0.02%). The harvested cells were centrifuged, the pellet was
dissolved in NaOH solution (1 N) and incubated at 60 °C for 1 h. The
amount of melanin in solution was determined by measuring the
absorbance at 470 nm using a microplate reader (Multiskan EX, Thermo
Fisher Scientific, Inc., Waltham, MA, US). Results are shown as a
percentage of melanin content in comparison with untreated cells (100%

viability).

Tyrosinase activity was estimated spectrophotometrically by using L-DOPA
as substrate. HEMa cells at passages 5-6 were seeded into 6-well plates
(approximately 2.0 x-10° cells/well) and incubated until confluence was
reached. The cells were treated for 48 h with baicalin in PBS or berberine
in 5%sorbitol water solution, or empty vesicles, or baicalin or berberine
vesicles at different concentrations of baicalin or berberine (12.5, 6.25,
3.125, and 1.56 pg/mL). A combined treatment of baicalin in PBS and
berberine in 5%sorbitol water solution, or in vesicles at the above
concentrations was also tested. At the end of each experiment, the cells
were treated with sodium phosphate buffer (0.1 M, pH 6.8) containing 1%
Triton X-100 and disrupted by repeated freeze/thaw cycles at -20 °C for
30 min. The lysates were clarified by centrifugation at 10,000 g for 15 min,
then 90 pL of each lysate was seeded into a 96-well plate, and L-DOPA (10
uL, 10 mM) was added to each well. After incubation at 37 °C in the dark
for 90 min, the end-point absorbance was measured
spectrophotometrically at 475 nm using a microplate reader (Multiskan

EX, Thermo Fisher Scientific, Inc., Waltham, MA, US). Results are shown as



a percentage of tyrosinase activity in comparison with untreated cells

(100% viability).

Data are shown as means + standard deviation. Statistical differences were
determined by using one-way ANOVA test and Tukey’s test for multiple
comparisons with a significance level of p<0.05. All statistical analyses
were performed using IBM SPSS statistics 22 for Windows (University of

Valencia, Spain).

Results.

Based on our previous results [7], in the present study baicalin was
incorporated in ultradeformable vesicles prepared with Lipoid S75 (60
mg/mL) and tween 80 (2.5 mg/mL) in PBS. To obtain berberine
ultradeformable vesicles with size and polydispersity index comparable to
those of baicalin vesicles, a higher amount of Lipoid S75 (120 mg/mL) was
needed, as well as the addition of sorbitol (5% v/v in water). TEM images

provided evidence of vesicle formation (Figure 1).



CAPITULO 2

Figure 1. Representative TEM micrographs of ultradeformable vesicles

loaded with baicalin (A and B) and berberine (C and D).

Baicalin ultradeformable vesicles were irregularly shaped and
multilamellar, while berberine vesicles were mostly unilamellar, spherical
in shape, and homogeneously dispersed. The size of the vesicles was
measured by PCS, which provides a global value of mean size and size
distribution as a function of the ability of the particles to scatter the
incident light (Table 1). Empty formulations were also prepared and
characterized to elucidate the effect of both active agents on bilayer-
assembling features. Both baicalin and berberine vesicles were small in
size, and the former were more monodispersed. All the vesicles were
negatively charged, with berberine vesicles showing more negative values.
The empty vesicles were larger than the corresponding baicalin or
berberine loaded vesicles. This behaviour may be correlated with the
intercalation of the polyphenols in the bilayer, which affected its assembly.
Both baicalin and berberine were incorporated in high amounts in the

vesicles. All the formulations were highly stable, since no significant

100



changes were detected after 30 days on storage at room temperature

(25°C).

Table 1. Mean diameter (MD), polydispersity index (Pl), zeta potential (ZP)
and entrapment efficiency (EE) of baicalin or berberine loaded
ultradeformable vesicles and the corresponding empty vesicles. Empty
vesicles A and empty vesicles B were obtained by dispersing the
phospholipid in PBS and 5%sorbitol water solution, respectively. Each

value is the mean + standard deviation (n = 3).
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In order to evaluate the ability of ultradeformable vesicles to enhance the
permeation of baicalin and berberine through the skin, in vitro studies
were performed by applying the polyphenols in PBS or in 5%sorbitol water
solution, or loaded in vesicles onto newborn pig skin. The permeation
profiles are presented in Figure 2. The vesicles loaded with baicalin gave

the best results in terms of penetration. The total amount of baicalin and



berberine penetrated was ~2% and 1%, respectively, which may be
indicative of the formation of a depot in the epidermis. The permeability
coefficients were 7.25 x 10 cm/s and 1.08 x 10> cm/s, respectively.
Hence, the penetration of baicalin was 7-fold higher than berberine. These
values are in accordance with the physico-chemical properties of the two
polyphenols. The lag time (t.) values for baicalin and berberine vesicles
were around 6 and 4 h, respectively, which are favourable when a local
effect is desired, decreasing the passage of the polyphenols into the

bloodstream.
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Figure 2. Amount of baicalin and berberine accumulated in the receptor
compartment after a 24 h application of the polyphenols in PBS or in 5%
sorbitol water solution, and vesicular formulations. Mean values and

standard deviations (error bars) are reported (n=3).



The cytotoxicity of baicalin and berberine formulations was evaluated
using the main cells present in human skin: 3T3 fibroblasts, HaCaT
keratinocytes and HEMa melanocytes (Figure 3). After incubation with
empty vesicles, the viability of the three cell lines was always ~100%,
regardless of the concentration tested. After incubation with baicalin in
PBS or loaded vesicles, the viability values for HaCaT and HEMa were
similar: ~100% using the lower concentrations (from 3.12 to 50 pg/mL),
~80% using 100 pg/mL of baicalin (regardless of the sample used) and
~70% (p<0.05) with 200 pug/mL of baicalin. The viability of 3T3 fibroblasts
was always 2100%, regardless of the tested sample or concentration.

A different behaviour was found incubating the cells with berberine in
5%sorbitol water solution or loaded in vesicles: the viability values were
similar, irrespective of the cell type used. When the higher concentrations
were used (from 200 to 25 pg/mL), the cell viability was between ~50 and
~75%, while at the lower concentrations (from 12.5 to 1.56 pg/mL) a 100%
viability was reached. The non-cytotoxic concentrations were chosen to
evaluate the efficacy of baicalin and berberine ultradeformable vesicles as

antioxidants and photoprotectants of cells.
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Figure 3. Viability of HaCaT, 3T3 and HEMa cells incubated with
ultradeformable vesicles loaded with baicalin (1) or berberine (2). The
viability of cells treated with the corresponding empty vesicles or the
polyphenols in PBS or 5%sorbitol water solution was reported as a
reference. Empty vesicles A and empty vesicles B were obtained by
dispersing the phospholipid in PBS and 5%sorbitol water solution,
respectively. Mean values * standard deviations (error bars) are reported

(n=16).
Dose-response curves for different intensities of UV radiation.

The effect of UV radiation at different intensities on cell viability was
evaluated in HaCaT keratinocytes and 3T3 fibroblasts. In a preliminary
study, the cell viability was measured as a function of the radiation
intensity (Figure 4). Cell viability decreased as the radiation intensity

increased, causing 50% cell death at 500 mJ/cm? for keratinocytes and at



400 mJ/cm?for fibroblasts. These UV intensities were chosen to evaluate
the ability of baicalin and berberine vesicles to counteract the damaging

effects of UV radiation.
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Figure 4. Effect of UVB (A=310 nm) at different intensities on the viability
of 3T3 fibroblasts and HaCaT keratinocytes. Values are given as means +

standard deviations (n=16).

The ability of the formulations to counteract the deleterious effects of UV
radiation was measured in keratinocytes and fibroblasts, because the UV
radiation is able to penetrate the skin and reach the dermis (Figure 5). The
photoprotective activity was calculated as a percentage of viability of
treated versus untreated cells. Using the keratinocytes, the
photoprotection provided by the baicalin in PBS or berberine in 5%sorbitol
water solution at the different non-cytotoxic concentrations was very low
(~7%). The efficacy increased up to ~34% thanks to the loading of baicalin
in the ultradeformable vesicles, while the incorporation of berberine into
the vesicles did not provide an important increase in the photoprotective
activity (~13%). When the keratinocytes were treated simultaneously with
baicalin vesicles and berberine vesicles, the photoprotective activity was

similar to that provided by baicalin vesicles alone (~34%). In the



fibroblasts, the photoprotective activity was similar to that obtained in
keratinocytes: ~13% with baicalin in PBS, ~27% with baicalin vesicles at the
three higher non-cytotoxic concentrations (from 12.5 to 3.12 pg/mL), and
~14% at the lower non-cytotoxic concentration (1.56 pg/mL), ~8% with
berberine in 5%sorbitol water solution, and ~18% with berberine vesicles.
The association of baicalin vesicles and berberine vesicles provided values
similar to those obtained with baicalin vesicles alone (~28% at the three
higher concentrations, 12.5, 6.25 and 3.12 pug/mL, and ~16% at the lower
concentration, 1.56 pg/mL). Overall results indicated that baicalin loaded
vesicles showed a stronger photoprotective activity, which was not

reinforced by the association with berberine.
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Figure 5. Effect of baicalin and berberine formulations against UVB-
induced phototoxicity in 3T3 fibroblasts (A) and HaCaT keratinocytes (B).
Empty vesicles and polyphenols in PBS or 5%sorbitol water solution were

tested as controls. Empty vesicles A and empty vesicles B were obtained



by dispersing the phospholipid in PBS and 5%sorbitol water solution,
respectively. Each bar represents the mean + standard deviation (n=16).

*p < 0.05 versus irradiated and untreated controls.

The ability of baicalin and berberine loaded vesicles to counteract the
damages induced by oxidative stress was evaluated by using
keratinocytes, which are the predominant cells in the outermost layer of
the skin, thus more exposed to environmental contaminants and
aggressors (Figure 6). The cells were stressed with hydrogen peroxide and
treated with baicalin in PBS or berberine in 5%sorbitol water solution, or
in vesicles at the different non-cytotoxic concentrations (12.5-1.56
ug/mL). Additionally, the cells were treated with empty vesicles or baicalin
vesicles together with berberine vesicles. The exposure of the cells to
hydrogen peroxide, which was indicated as 0% antioxidant capability, led
to a significant reduction in cell viability (~65%). The antioxidant capability
of the empty vesicles was around 30%, and increased using the
polyphenols in PBS or in 5%sorbitol water solution, reaching ~38% at the
lower concentration (1.56 pg/mL) and ~56% at the higher concentration
(12.5 pg/mL) of baicalin in PBS, and ~42% at all the concentrations of
berberine in 5%sorbitol water solution. The antioxidant capability of
baicalin or berberine ultradeformable vesicles further increased to ~59%
at the higher concentration (12.5 pg/mL), ~55% at 6.25 ug/mL, and ~47%
at the other non-cytotoxic concentrations. Comparable results were
obtained by treating the cells simultaneously with the baicalin vesicles and
berberine vesicles, as the antioxidant activity reached ~55% at the higher

concentration (12.5 pg/mL) and ~47% at the other non-cytotoxic



concentrations. The same values were obtained using baicalin in PBS

together with berberine in 5%sorbitol water solution.
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Figure 6. Protective effect of the different baicalin and berberine
formulations against H,0:-induced oxidative stress in HaCaT
keratinocytes. Empty vesicles A and empty vesicles B were obtained by
dispersing the phospholipid in PBS or 5%sorbitol water solution,
respectively. Each bar represents a mean + standard deviation (n=16). *p

< 0.05 versus untreated control.

The ability of baicalin and berberine vesicles to facilitate melanogenesis
and skin pigmentation was evaluated in melanocytes. The cells were
treated for 48 h with the formulations, the amount of melanin was
measured, and the melanogenetic activity was calculated as a percentage
of untreated cells (Table 2). The melanogenetic activity was around 90% in
cells treated with baicalin in PBS, and slightly increased to ~106% when
the polyphenol was loaded in the vesicles. The melanogenetic activity
increased especially using berberine vesicles at 12.5 and 6.25 pg/mL,
reaching ~133%. The higher melanogenetic activity was achieved when
the cells were treated with the combination of baicalin vesicles and

berberine vesicles, reaching ~145% with the higher concentrations (12.5



and 6.25 pg/mL). The obtained data indicated that berberine vesicles
stimulated the melanogenesis more than baicalin vesicles, and their
combination further improved this activity, suggesting a possible use of

these vesicles as adjuvants in repigmentation of skin affected by vitiligo.

To corroborate the pathway involved in the stimulation of melanin
production, the tyrosinase activity was measured, as it is the key enzyme
involved in melanin synthesis. Results were expressed as a percentage of
untreated cells (Table 2).

Similarly, to the melanogenetic activity, the tyrosinase activity was less
stimulated by baicalin in PBS (~95%) or loaded in vesicles (~100%), and
more by berberine in 5%sorbitol water solution (~¥110%) or loaded in
vesicles (~130%). The tyrosinase activity was markedly stimulated by the
combination of baicalin vesicles and berberine vesicles, especially at the
lower concentrations (136%). This combination may represent a potential
strategy to stimulate both tyrosinase enzyme activity and melanin

production.

Table 2. Melanogenetic activity (%) and tyrosinase activity (%) of
melanocytes after a 48 h treatment with baicalin or berberine in PBS or in
5%sorbitol water solution, or loaded in vesicles, at different
concentrations (12.5, 6.25, 3.12 and 1.56 pg/mL). Baicalin and berberine
were used alone or in association. Each value is the mean * standard

deviation (n = 16). *p < 0.05 versus untreated control cells (100%).



Melanogenic activity (%)

Tyrosinase activity (%)

pg/mL 125 625 312 156 125 625 312 156
Baicalin in 91 94 93 93 95 97 98 9%
PBS +3 42 43 +6 +2 +4 +3 +5
Baicalin 106 109 105 105 101 101 100 99
vesicles +1 +6 +5 +6 +4 +3 +5 +5
Berberine
in

) 115 116 103 101 110 107 106 112
S%sorbitol 0 L s +4 +2 +4 +4 +3
water
solution
Berberine 135 130 110 113 129 121 119 116
vesicles +3* +3* +6 5 +3* +4* +3 +4
ga'cba'".' * 103 99 93 97 119 115 114 97

erberine +3 43 +3 +5 +2 +3 +2 +5
dispersion
:a":'".' * 153 138 110 115 136 132 125 122
erherine  14x  16* 15 15 4% 2% 4% 16
vesicles
Discussion.

Vitiligo is a common skin disorder characterised by patchy areas of
depigmentation due to the loss of melanin-forming cells, melanocytes, in
the epidermis. Topical monotherapy is indicated for mild-to-moderate
vitiligo [20]. Adequate modifications and innovations are still required to
improve the local efficacy of active molecules, and phospholipid vesicles
might represent the vehicle of choice for local treatments, as they can
enhance the skin accumulation and efficacy of active molecules, such as
baicalin and berberine. Taking into account previous results on the
delivery of baicalin for the treatment of skin inflammation, elastic,
ultradeformable vesicles, the so-called transfersomes, were chosen for
this study [7] [19]. Baicalin was loaded in vesicles containing 60 mg/ml of
Lipoid S75, and 2.5 mg/mL of tween 80. To load berberine into vesicles

with characteristics comparable to those loading baicalin, 120 mg/mL of



the same phospholipid was needed, along with the addition of sorbitol
(5%) in water as a stabilizer. The prepared ultradeformable vesicles were
fairly spherical, small in size, homogeneously dispersed, negatively
charged, capable of incorporating high amounts of baicalin or berberine.
The incorporation of the polyphenols into the vesicles led to a reduction
of the mean diameter, in comparison with that of empty vesicles (p<0.05),
probably due to the intercalation of baicalin or berberine in the
phospholipid bilayer, and the consequent modification of the vesicle
assembly [7] [21] [22]. Size distribution and surface charge were
monitored for 30 days at 25 °C: no significant variations were detected
(Table 1), irrespective of the sample tested. Skin permeation of baicalin
and berberine was improved by their incorporation in the ultradeformable
vesicles. The concentration of the polyphenols in the receptor
compartment was less than 2%, which can be indicative of the formation
of a depot in the epidermis. No cytotoxic effects were detected upon
treatment with empty vesicles (viability 2100%), irrespective of the cells
used. A high biocompatibility was also detected using baicalin in PBS or in
vesicles, as the viability was always around 100% even using high
concentrations (i.e., 100, 50 and 25 pg/mL). A different behaviour was
observed for berberine in 5%sorbitol water solution or loaded in vesicles,
as the viability was high (~100%) only using the lower concentrations
(12.5-1.56 pg/mL). Taking into account these results, only the lower
concentrations were chosen for further studies. Under these conditions,
the polyphenols in PBS or in 5%sorbitol water solution were able to
counteract the oxidative stress induced by H,0,, and this effect was
slightly improved (~15%) using the vesicles. Baicalin vesicles provided the
highest antioxidant activity, which was not significantly improved by the

association with berberine vesicles. The antioxidant effect can be useful



against vitiligo symptoms, which are correlated with the accumulation of
reactive oxygen species in the skin [23]. Additionally, the photoprotective
effect of the formulations was evaluated. The highest photoprotective
activity was achieved by using baicalin vesicles or when baicalin and
berberine vesicles were used in combination. Vitiligo is phenotypically
characterized by acquired depigmented spots in the skin. It is often
necessary to use rotational therapy to decrease side effects and to achieve
better repigmentation response [24]. Berberine vesicles, mostly when
combined with baicalin vesicles, induced a significant increase in melanin
production and tyrosinase activity. The latter is considered as the key
determinant of pigmentation and the rate-limiting enzyme for melanin
synthesis. The improved melanin production can ensure a suitable
repigmentation of skin white spots. Currently, the main purpose of clinical
treatment of vitiligo is to increase the melanogenesis and uniform skin
colour. The findings of this study suggest that the association of baicalin
vesicles with berberine vesicles may represent a promising strategy to
counteract vitiligo progression, because the presence of baicalin vesicles
ensures the antioxidant protection, and the presence of berberine vesicles
ensures photoprotection and skin repigmentation. The delivery of
bioactive molecules by ultradeformable vesicles capable of squeezing
through the skin channels, facilitates the accumulation of the payload into
the skin and the interaction with cells. Therefore, the association of these
vesicles may represent a valid adjuvant to the generally used treatments

of vitiligo.



Conclusion.

The association of baicalin and berberine ultradeformable vesicles showed
a great potential as adjuvant therapy of vitiligo, because the baicalin
vesicles exhibited good antioxidant and photoprotective abilities that

were reinforced by repigmentation provided by the berberine vesicles.
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Abstract.

Hair loss affects a large number of people worldwide and it has a negative
impact on the quality of life. Despite the availability of different drugs for
the treatment of hair disorders, therapeutic options are still limited and
scarcely effective. An innovative strategy to improve the efficacy of
alopecia treatment is pre-sented in this work. Finasteride, the only oral
synthetic drug approved by Unites States Federal Drug Administration,
was loaded in phospholipid vesicles. In addition, baicalin was co-loaded as
an adjuvant. Their effect on hair growth was evaluated in vitro and in vivo.
Liposomes, hyalurosomes, glycerosomes and glycerol-hyalurosomes were
manufactured by using a simple method that avoids the use of organic
solvents. All the vesicles were small in size (~100 nm), homogeneously
dispersed (polydispersity index < 0.27) and negatively charged ( -16 mV).
The formulations were able to stimulate the proliferation of human
dermal papilla cells, which are widely used in hair physiology studies. The
analysis of hair growth and hair follicles of C57BL/6 mice, treated with the
formulations for 21 days, underlined the ability of the vesicles to improve
hair growth by the simultaneous follicular delivery of finasteride and
baicalin. Therefore, the developed nanosystems can represent a promising

tool to ensure the efficacy of the local treatment of hair loss.

Keywords: Finasteride; baicalin; phospholipid vesicles; hair disorders; hair

follicle dermal papilla cells; in vivo hair growth.



Introduction.

Hair loss is a common dermatological disorder that can affect the quality
of life of patients, as it has a relevant impact on their psychology.! The
aetiology and subsequent development of hair loss or alopecia is not fully
understood, but it is commonly accepted that it can be caused by a

combination of genetic and environmental stimuli.?

Hair follicles control hair growth, which is a regenerating system that
undergoes a cyclic process divided into different phases: hair generation
and growth (anagen phase), regression (catagen phase) and rest (telogen
phase). Moreover, hair follicles are supported by the dermal papilla cells,
which play a crucial role in hair growth cycle and seem to be responsible

for the key signals controlling hair follicle cycle during mammals life.3*

The incorrect or slowed cyclic process of growth can cause hair loss, which
is very common, especially in adults. Despite the high incidence of
alopecia, the therapeutic treatments are still limited. Among those
currently available, the majority of treatments exhibit low efficacy and
important side effects.>® Therefore, alternative treatment options, more
effective and safer, are urgently needed. Among the different drugs
available for the treatment of alopecia, finasteride is one of the most used.
It is the only oral synthetic drug approved by Unites States Federal Drug
Administration and is especially recommended for the treatment of hair
loss connected to androgenic alopecia. Finasteride inhibits human 5a-
reductase, which converts testosterone into the more potent 5a-
dihydrotestosterone,” induces the passage of hair follicles from telogen to

anagen phase, and inhibits miniaturization of hair follicles.?



In spite of its benefits, the chronic oral treatment with finasteride is
associated with different side effects, such as gynecomastia, decreased
libido, ejaculation disorder and others, which lead to a low treatment
adherence. A significant reduction of the abovementioned side effects can
be achieved by topical application, especially if the drug is locally delivered
by ad hoc formulated nanocarriers.® The latter are nanoparticulate
systems able to facilitate the passage of their cargo through the stratum

corneum to the viable epidermis and dermis.

An additional strategy to improve the efficacy of topical finasteride could
be its combination with natural active ingredients with complementary
activity.’ Among others, baicalin!' has attracted the attention of the
scientific community due to its potential ability to promote hair growth.>

14 |n addition, it possesses other beneficial properties, such as

7 and antibiofilm activity

antioxidant,’® antitumor,® anti-inflammatory,*
against S. saprophyticus infections.®® Baicalin is extracted from the roots
of Scutellaria baicalensis Georgi, which has been officially listed in the
Chinese Pharmacopeia and was introduced in European Pharmacopoeia
(9th Edition). Thanks to its high biocompatibility and promising activity on
hair growth, baicalin can be considered a potential adjuvant to finasteride
in the local treatment of hair loss and alopecia. Both finasteride and
baicalin belong to Class Il in the biopharmaceutical classification system,*®
as they show low aqueous solubility and permeability,20 which may limit
their topical application. The loading of finasteride and baicalin in ad hoc
formulated phospholipid vesicles can help to overcome these drawbacks
by improving their local bioavailability.? Phospholipid vesicles are
regarded as the most promising nanosystems for the delivery of a wide
range of drugs. Thanks to their peculiar structure and versatility, they are

able to incorporate both hydrophilic and lipophilic molecules, ensuring an



efficient co-delivery of different molecules. Moreover, phospholipid
vesicles are highly biocompatible, safe, and capable of facilitating the
passage of the payload through the stratum corneum, improving the
accumulation in the deeper skin strata and the delivery at follicular level.??
In addition, due to their composition similar to that of cellular membranes,
the phospholipid vesi-cles are able to promote the interaction with cells
and the release of the payload in the cytoplasm where the beneficial

activity is exerted.

Recently, many authors have underlined the importance of the
composition of phospholipid vesicles to their performance as topical
delivery systems. New vesicles have been developed, such as
transfersomes, also called ultradeformable liposomes, capable of

squeezing through the intercellular spaces of the stratum corneum;?**

ethosomes, elastic vesicles containing high amounts of ethanol;?**
penetration enhancer-containing vesicles (PEVs);**?’ glycerosomes,
containing high amounts of glycerol,?® capable, as well as PEVs, of
enhancing the delivery of drugs to the skin;?° and hyalurosomes, vesicles

immobilized in a sodium hyaluronate network.3%3?

In the present study, finasteride and baicalin were co-loaded in liposomes,
hyalurosomes, glycerosomes and glycerol-hyalurosomes, while liposomes
loaded with finasteride or baicalin individually were used as references.
The vesicles were characterized and their ability to promote hair growth
was evaluated both in vitro, by using human hair follicle dermal papilla
cells, and in vivo, by applying the vesicle formulations on the shaved back

skin of C57BL/6 mice.??



Material and methods.

Lipoid® S75, a mixture of soybean lecithin, was a gift from Lipoid GmbH
(Ludwigshafen, Germany). Disodium phosphate was purchased from
Scharlab S.L. (Barcelona, Spain). Monosodium phosphate was obtained
from Panreac quimica S.A. (Barcelona, Spain). Baicalin was purchased by
Cymit quimica S.L. (Barcelona, Spain). Finasteride was purchased from
Farmalabor Srl (Canosa di Puglia, Italy). Sodium Hyaluronate was
purchased from DSM Nutritional Products AG Branch Pentapharm
(Switzerland).  Tetrazolium  salt,  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), glycerol and all the other reagents of

analytical grade were purchased from Sigma- Aldrich (Milan, Italy).

The phospholipid vesicles were prepared by hydration of lipid
components, sonication and extrusion (when necessary), avoiding the use
of organic solvents.®? Briefly, Lipoid® S75 (210 mg mL™?), baicalin (10 mg
mL™) and finasteride (2.5 mg mL™?) were weighed in a glass vial and
hydrated overnight with PBS (pH 7.4) to obtain liposomes, with glycerol
and PBS (1 : 1 v/v) to obtain glycerosomes, with an aqueous solution of
sodium hyaluronate (0.1% w/v) to obtain hyalurosomes, or with a mixture
of glycerol and 0.2% sodium hyaluronate solution (1 : 1 v/v) to obtain
glycerol-hyalurosomes. Empty liposomes and liposomes loaded with
finasteride or baicalin individually were prepared and used as references,
to evaluate the effect of the payloads on vesicle assembly. All the
dispersions were sonicated (25 cycles, 5 seconds on and 5 seconds off)

with a Soniprep 150 ultrasonic disintegrator (MSE Crowley, London, UK) in



order to obtain small and homogeneous vesicles. Liposomes loaded with
finasteride or baicalin individually were then extruded through a 200 nm
membrane (Whatman, GE Healthcare, Fairfield, Connecticut, US) by using
an Avanti® Mini-Extruder (Avanti Polar Lipids, Alabaster, AL, US) to

improve the homogeneity of the dispersions.

Finasteride and baicalin were quantified by HPLC using a PerkinElmer®
Series 200 equipped with a UV detector and a column Teknokroma® Brisa
“LC2” C18, 5.0 um (150 x 4.6 mm). Finasteride was quantified at 245 nm
by using a mixture of water and methanol (75 : 25) as mobile phase,
delivered at a flow rate of 1 mL min~*. The limit of detection for finasteride

was 5 pg and the limit of quantification was 15 ug mL™.

Baicalin content was measured at 278 nm by using a mixture of water and
methanol (30 : 70) as mobile phase, delivered at a flow rate of 1 mL min™.
The limit of detection for baicalin was 0.45 pg and the limit of

quantification was 1.36 pg mL™.

Vesicle formation and morphology were evaluated by cryo-TEM
observation. A thin film of each sample was formed on a holey carbon grid
and vitrified by plunging (kept at 100% humidity and room temperature)
into ethane maintained at its melting point, using a Vitrobot (FEI Company,
Eindhoven, Netherlands). The vitreous films were transferred to a Tecnai
F20 TEM (FEI Company), and the samples were observed in a low-dose
mode. Images were acquired at 200 kV at a temperature of -173 °C, using

a CCD Eagle camera (FEI Company).



The average diameter and polydispersity index of the vesicle dispersions
were determined by Photon Correlation Spectroscopy using a Zetasizer
nano-ZS (Malvern Instruments, Worcestershire, UK). Zeta potential was
estimated by using the Zetasizer nano-ZS by electrophoretic light
scattering, which measures the particle electrophoretic mobility in a
thermostated cell. All the measurements were performed after dilution (1

: 100) of the samples with PBS.3*

The stability of vesicles was evaluated for 30 days at room temperature
(25 °C). During this period, size, size distribution and surface charge were

measured.

To evaluate the amount of finasteride and baicalin loaded into the vesicles,
the samples (2 mL) were transferred into Spectra/Por® membranes (12—
14 kDa MW cut-off; Spectrum Laboratories Inc.,, DG Breda, The
Netherlands) and dialyzed against buffer (2 L) for 4 h, at room temperature
(~25 °C) with water refreshed every hour to allow the complete removal
of the non-entrapped molecules. Both non-dialyzed and dialyzed vesicles
were disrupted with methanol (1 : 100) and analysed by HPLC (see
analytical methods section) to quantify finasteride and baicalin contents.

The entrapment efficiency (EE) was calculated as a percentage as follows

(ean (1)):

EE (%)=[(actual drug)/(initial drug)]-100 (Egn. 1)

where actual drug is the amount of finasteride or baicalin detected in

vesicles after dialysis, and initial drug is that before dialysis.



Hair follicle dermal papilla cells (HFDPC, Cell Applications Inc., San Diego,
CA, US) were grown as monolayers in 75 cm2 flasks and incubated at 37 °C
in a controlled atmosphere containing 5% CO2 and 100% humidity. The
growth medium (Cell Applications Inc., San Diego, CA, US) specific for hair
follicle dermal papilla cells, supplemented with penicillin (100 U mL™) and
streptomycin (100 mg mL™) (Sigma Aldrich, Spain), was used to culture

them.

In order to evaluate the cytotoxicity of the formulations, the cells (5.5 x
10* cell per mL), at passage 2, were seeded in 96-well plates with 250 pL
of culture medium. After 24 h, the cells were treated with the formulations
at different dilutions (corresponding to concentrations of finasteride
ranging from 800 to 0.390 pug mL™ and baicalin ranging from 3200 to 1.56
ug mL™?) for 48 h (n = 8). Untreated cells were used as a negative control.
Non-cytotoxic concentrations (finasteride from 6.25 to 0.390 ug mL™ and
baicalin from 25 to 1.56 ug mL ) were then used to evaluate the effect of
the formulations on the promotion of cell proliferation. The cells were
treated with the formulations for 48 h (n = 8). Untreated cells were used

as a negative control.

At the end of each experiment (cytotoxicity and proliferation), the cells
were washed three times with PBS and their viability was determined by
means of the MTT [3(4,5-dimethyl-thiazolyl-2)-2,5-diphenyltetrazolium
bromide] colorimetric assay, adding 100 pL of MTT reagent (0.5 mg mL™
in PBS, final concentration) to each well. After 3 h, the formed formazan
crystals were dissolved in dimethyl sulfoxide. The reaction was
spectrophotometrically measured at 570 nm with a microplate reader

(Multiskan EX, Thermo Fisher Scientific, Inc., Waltham, MA, US).



Results were reported as a percentage of cell proliferation in comparison

with untreated control cells (100% viability) according to eqn (2):

Absorb
Cell proliferation (%):( SOrbancesample

AbSOFbanCecontrd) 100

(Egn. 2)

where Absorbancesmpe is the absorbance of treated cells and
Absorbancecntrol is the absorbance of untreated cells (100% viability),

measured at 570 nm.

Healthy six-week-old C57BL/6 female mice (18—20 g) were used for the in
vivo experiments. All studies were performed in accordance with
European Union regulations for the handling and use of laboratory animals
and the protocols were approved by the Institutional Animal Care and Use
Committee of the University of Valencia (Code 2019/VSC/PA/0113 type 2).
The number and suffering of the animals were kept to the minimum. In
C57BL/6 mice, hair follicle morphogenesis and growth cycle follow a rather
precise time-scale. However, the process is dependent on various factors,
such as genetic background (mice strain) and sex (female mice show a
prolonged telogen), among others. To avoid fluctuations in the results, in
vivo experiments were based on the highly standardized C57BL/ 6 model

of depilation-induced hair follicle cycling.!

Mice were divided into 10 groups (n =5 per group) and the hairs, in telogen
phase, on the dorsal area were gently shaved 24 h before treatment. On
day 1, 100 pL of sample was topically smeared over the shaved dorsal site

under non-occlusive conditions. The tested samples were finasteride and



baicalin co-loaded liposomes, glycerosomes, hyalurosomes and glycerol-
hyalurosomes, along with finasteride dispersion, baicalin dispersion,
finasteride loaded liposomes and baicalin loaded liposomes used as
references. The procedure was repeated once per day during 21 days of
experiment. On the final day, the mice were sacrificed by cervical
dislocation. During the application period, differences between treated
and non-treated groups in terms of average body weight or presence of

abnormalities were checked.

Evaluation of in vivo hair growth. Skin pigmentation was taken as
evidence of hair growth, as it is bright pink in the telogen phase and turns
into grey or black in the anagen phase.'® Hair length was determined on
days 12, 16 and 21 from the same shaved area of all mice, by choosing 10
hairs to measure and calculate the mean length. The results were shown
as average length + standard deviation. The cyclic phase of hair follicles
(anagen and telogen), along with the anagen percentage (eqn (3)) were

determined by using an ocular micrometer:

number of hair in anagen phase/ 100

% anagen= ( number total of hairs)

(Egn. 3)

The enhancing effect of the different treatments was also estimated (Eq.
4) as an indicator of the ability of the nanoformulations to improve hair

growth in comparison with untreated group.

Enhancing effect (EE)= treated mice hair Ienght/

control mice hair length

(Eq. 4)



Histological observation of hair follicles. Mice skin treated with the tested
formulations was excised, fixed and stored in 10% formaldehyde until use.
Tissue specimens were processed routinely and embedded in paraffin.
Transversal sections (5 um) were stained with haematoxylin and eosin and
observed under a light microscope (Leica DM3000, Leica-Microsystems,
Wetzlar, Germany). Number and diameter of follicles in the different
groups were also measured through Image Pro plus 7.0, Media

Cybernetics.

Data are shown as means * standard deviations. Statistical differences
were determined by using one-way ANOVA test and Tukey’s test for
multiple comparisons with a significance level of p < 0.05. All statistical
analyses were performed using IBM SPSS statistics 22 for Windows

(Valencia, Spain).

Results.

Cryo-TEM images disclosed that liposomes, used as a reference, were
spherical and unilamellar (Fig. 1A). The addition of glycerol and/or
hyaluronan led to the formation of spherical, oligo-multilamellar vesicles
(Fig. 1B—D). Multivesicular structures were detected in glycerosomes and

glycerol-hyalurosomes (Fig. 1B and D).
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Figure 1. Representative cryo-TEM photographs of finasteride and baicalin
co-loaded liposomes (A), glycerosomes (B), hyalurosomes (C) and glycerol-

hyalurosomes (D). Bars correspond to 200 nm.

The size of the nanovesicles plays an important role, especially when they
are specifically tailored for topical or follicular application. Indeed, it has
been reported that follicular penetration of nanovesicles increases as their

size decreases.®

Given that, and aiming at achieving a deep follicular pene-tration, small-
sized vesicles, ranging from 65 to 110 nm, were prepared (Fig. 2). The
mean diameter of empty liposomes (used as a reference) was ~80 nm,
with a low polydispersity index (0.18) and a negative zeta potential (-31
mV). The loading of finasteride did not affect the mean diameter of
liposomes, but led to an increase in the polydispersity index. The loading

of baicalin led to a decrease in the mean diameter and the polydispersity
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index (Fig. 2). The simultaneous loading of finasteride and baicalin caused
an increase in mean diameter and polydispersity index, and the zeta
potential was much less negative (-13 mV), denoting an important impact
of the co-loading, probably due to the distribution of both molecules in
the vesicle bilayer and on the surface. The addition of glycerol and/or
hyaluronan did not affect the physico-chemical features of the vesicles.
Indeed, no significant differences were detected in comparison with co-
loaded liposomes and between the samples (p > 0.05). Glycerosomes,
hyalurosomes and glycerol-hyalurosomes were able to incorporate
finasteride and baicalin in the same amounts, similarly to co-loaded
liposomes (reference), as the entrapment efficiency was ~80% for both
molecules. The entrapment efficiency decreased when using finasteride
alone or baicalin alone (~65%). The nanovesicles showed a good stability
at room temperature, as no significant changes were detected after 30

days on storage at room temperature (~25 °C).
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Figure 2. Mean diameter (MD), polydispersity index (Pl) and zeta potential
(ZP) values of finasteride (FNS) and baicalin (BA) loaded nanovesicles over
30 days of storage at room temperature (~25°C). Values correspond to

means * standard deviations (n=3).

In vitro cytotoxicity assay.

The biocompatibility of the formulations was evaluated by incubating hair
follicle dermal papilla cells with samples at different dilutions
(corresponding to concentrations of finasteride ranging from 800 to 0.390
ug mL™ and baicalin ranging from 3200 to 1.56 pg mL™) for 48 h (Figure
3). The effect of finasteride or baicalin in dispersion or loaded individually
in liposomes on the viability of papilla cells was concentration dependent:
the viability was less than 50% when the lower dilutions (i.e., higher
concentrations) were used, while the viability was always 2100% when
using higher dilutions (i.e., lower concentrations: <12.5 pg mL™? of

finasteride and <50 mg/mL of baicalin). The effect of finasteride and



baicalin co-loaded glycerosomes and hyalurosomes was very similar to
that of liposomes, while it was found that glycerol-hyalurosomes, at
dilutions corresponding to finasteride concentrations >6.3 pg mL™ and
baicalin 225 pug mL™?, stimulated cell proliferation leading to ~179%

viability.

Cell Viability (%)

0.4 0.8 16 31 6.3 12.5 25 50 100 200 400 800  FNS pg/ml
1.6 3.1 6.3 12.5 25 50 100 200 400 800 1600 3200 BA pg/ml

B FNS Dispersion BA Dispersion FNS Liposomes BA Liposomes
B FNS-BA Liposomes FNS-BA Glycerosomes B ENS-BA Hyalurosomes B FNS-BA Glycerol-hyalurosomes

Figure 3. Viability of hair follicle dermal papilla cells after 48 h of
incubation with formulations at different dilutions. Finasteride (FNS)
dispersion and baicalin (BA) dispersion were used as references along with
finasteride loaded liposomes and baicalin loaded liposomes. Bars

represent mean values + standard deviations (n=8)

In vitro cell proliferation assay.

Dermal papilla cells are considered the main responsible for controlling
hair growth, and their proliferation can positively affect the process. Given
that, the ability of the formulations to promote the proliferation of these
cells, as a growth-related parameter, was investigated by using only non-
cytotoxic dilutions (Figure 4). At these dilutions, finasteride and baicalin
co-loaded into glycerol-hyalurosomes were able to stimulate cell growth
to a greater extent (~179% viability) than the dispersions or the other

vesicles, and irrespective of the concentration used (p<0.05 versus



untreated cells). The efficacy of both finasteride and baicalin co-loaded in
phospholipid vesicles was compared with that of these molecules in
dispersion or loaded individually in liposomes, in order to understand the
positive contribution provided by both carrier and co-loading. The viability
of the cells treated with the dispersions was ~122% using finasteride in
dispersion or loaded in liposomes, and ~115% using baicalin in dispersion
or loaded in liposomes. The co-loading in liposomes, glycerosomes and
hyalurosomes led to a slight increase in cell proliferation (~132% viability
without significant differences between these formulations), while the co-
loading in glycerol-hyalurosomes significantly promoted the proliferation,
as the cell viability reached ~179%. These results underline a synergistic
effect of finasteride and baicalin on cell proliferation and an additional
contribution of the glycerol-hyalurosomes on the achievement of the
therapeutic efficacy. This can be mainly connected with their optimal
carrier ability, which seems to be potentiated by the simultaneous

presence of glycerol and sodium hyaluronate in phospholipid vesicles.

Cell Viability (%)

04 0.8 1.6 3.1 6.3 12.5 FNS pg/mi
1.6 3.1 6.3 12.5 25 50 BA pg/ml

W FNS Dispersion BA Dispersion FNS Liposomes BA Liposomes

m FNS-BA Liposomes FNS-BA Glycerosomes mFNS-BA Hyalurosomes mFNS-BA Glycerol-hyalurosomes

Figure 4. Effect of finasteride and baicalin co-loaded nanovesicles on
proliferation of hair follicle dermal papilla cells after 48 h of treatment by
using non-cytotoxic concentrations. Finasteride (FNS) dispersion and

baicalin (BA) dispersion were used as references, along with finasteride



loaded liposomes and baicalin loaded liposomes. Bars represent the

means * standard deviations (n=8).

In vivo studies were performed by using C57BL/6 mice, which represent an
ideal model to avoid fluctuations of results. The differences in hair growth
and colour for each treated group was evaluated by visual inspection on
days 12, 16 and 21 of treatment. The shaved area of all mice appeared
pink on day 0, and the re-growth of dark hair was clearly visible on day 21
(Figure 5). After 12 days, the finasteride or the baicalin in dispersion
stimulated a moderate hair growth, which was more evident than that
observed in untreated mice, but less than that provided by finasteride and
baicalin loaded individually in liposomes. The co-loading of finasteride and
baicalin in hyalurosomes and glycerol-hyalurosomes further improved the
hair growth. On days 16 and 21, there were no significant differences
between the treatments (p > 0.05), as the shaved area of all treated mice
was completely covered by new hairs.

The length of the hair was also measured during the experiment to better
evaluate the differences among the treatments (Table 1). On day 16, only
finasteride and baicalin co-loaded glycerosomes, hyalurosomes and
glycerol-hyalurosomes led to a significant improvement of the growth of
hairs, with respect to untreated mice (p < 0.01). On day 21, all the
treatments provided an increase in hair length (Enhancing effect, EE),
especially using glycerol-hyalurosomes, which doubled the growth rate as
compared to control untreated mice (EE= 2.1; Table 1). In addition, the
anagen phase of hair follicles was immediately induced in the shaved area
by using these formulations (Table 1) 3. After the completion of the

anagen phase, the other phases (catagen and telogen phases) started



spontaneously in a fairly homogeneous manner. The growth stages of
hairs can be also detected by the colour of the skin, which became darker
during the anagen phase because of the presence of melanocytes in hair
follicles and the production of melanin, which in turn has an important role
in controlling the cycle of hair growth. At the beginning of the experiment,
immediately after the shaving procedure, the skin was pinkish, which is
the characteristic colour of the telogen phase; during the treatment with
the formulations, the colour of the skin surface turned to grey, which is
the colour of the anagen phase 2. The anagen phase started sooner when
the mice were treated with the nanovesicles, as confirmed by visual
inspection: the colour of the skin changed from pinkish to black due to an

acceleration in hair growth rate.



Table 1. Hair length on days 12, 16 and 21, enhancing effect (EE) and hair

anagen percentage (% anagen) on day 21 (n=10), recorded for each group

of mice treated with finasteride (FNS) or baicalin (BA) co-loaded vesicles

or finasteride dispersion and baicalin dispersion or finasteride loaded

liposomes and baicalin loaded liposomes. The results are shown as means

+ standard deviations (n=5).

Hair Length (mm) EE % anagen
Treatment
Day12 Day16 Day 21 Day21  Day21
Control/ - 3.6:0.4  5.7:0.7 1 45
untreated
. FNS. - 5.1+0.4 6.51£0.9 1.1 55
Dispersion
BA Dispersion - 4.2+0.5 7.2+11.1 1.3 70
. FNS 2.4+0.9 5.2+0.8 8.1+1.1 1.4 55
Liposomes
BA Liposomes 2.6+0.9 4.1+0.4 7.1£1.3 1.2 40
.FNS-BA 3.410.4 5.0£0.7 10.1+0.9 1.7 90
Liposomes
FNS-BA 3.740.8 5.7+0.7 9.8+1.8 1.7 80
Glycerosomes
FNS-BA 4.3+0.4 8.610.7 9.9+1.4 1.7 75
Hyalurosomes
FNS-BA
Glycerol- 3.6£0.5 7.4+1.1 12.1+1.6 2.1 80

hyalurosomes
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Day
16
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Figure 5. Representative images of dorsal skin of C57BL/6 shaved mice on
day 0 and after 12, 16 and 21 days of topical treatment with finasteride
(FNS) and baicalin (BA) co-loaded in phospholipid nanovesicles or
finasteride dispersion and baicalin dispersion or finasteride loaded

liposomes and baicalin loaded liposomes used as references
Measurement of the number and diameter of follicles.

Hair follicles are intimately connected with hair disorders: the higher the
hair follicle number, the better the hair growth promotion. For this reason,
the number and diameter of hair follicles were measured after 21 days of
treatment. No significant differences were detected for the diameter of
the follicles among the different groups versus control (p > 0.05). This
parameter was not affected by the treatments with the formulations (data
not shown). On the contrary, the number of follicles was significantly
increased when the mice were treated with finasteride and baicalin co-
loaded in the nanovesicles (Figure 6). The treatment with finasteride or

baicalin loaded individually in liposomes led to a slight increase in the



number of follicles, which points to a crucial contribution provided by the

co-loading.
80 1 Hair follicle number
60 -
40 - }
20 - } I
B i o
0
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BA Liposomes M FNS-BA Liposomes
FNS-BA Glycerosomes FNS-BA Hyalurosomes

Figure 6. Number of hair follicles in C57BL/6 mice after 21 days of
treatment with finasteride (FNS) or baicalin (BA) co-loaded vesicles or
finasteride dispersion and baicalin dispersion or finasteride loaded
liposomes and baicalin loaded liposomes. Values are presented as means

+ standard deviations (n=5).

Histological observation of hair follicles.

In order to confirm the efficacy of the phospholipid vesicles in promoting
hair growth, the dorsal skin of mice treated with the different formulations
was excised, stained with haematoxylin and eosin, and observed under a
light microscope. The morphological differences of the skin treated with
finasteride and baicalin co-loaded vesicles were evaluated and compared
with untreated skin and skin treated with finasteride in dispersion or
loaded in liposomes and baicalin in dispersion or loaded in liposomes

(Figure 7). Histological results confirmed the promoting effect of the co-



loading of finasteride and baicalin in all the vesicles in increasing the

number of follicles in C57BL/6 mice.

A Epidermis B\ C D 4 I

Dermis 2
Subcutaneous . \
celular tissue Follicle

Figure 7. Representative images of histological sections of mouse skin:
untreated skin (A); skin treated with finasteride dispersion (B), baicalin
dispersion (C), baicalin loaded liposomes (D), finasteride loaded liposomes
(E), finasteride and baicalin co-loaded liposomes (F), glycerosomes (G),
hyalurosomes (H) and glycerol-hyalurosomes (). All images were taken at

10x magnification.

Discussion.

Considering the great number of patients affected by hair loss and
alopecia and the lack of effective therapies, often associated with
undesired side effects, in this work, glycerosomes, hyalurosomes and
glycerol-hyalurosomes specifically tailored for the simultaneous delivery
of finasteride and baicalin were developed and tested 378, The use of
phospholipid vesicles for the treatment of skin disorders seems to be a
good strategy, as these nanocarriers can enhance skin bioavailability,
penetration depth, and prolong the residence time of the payload .
Nanocarriers are also considered good candidates for the treatment of
follicle diseases, such as hair loss or alopecia, as they may deliver the
therapeutic agents specifically to the follicular area, improving their

2

efficacy 2. Finasteride and baicalin co-loaded liposomes, finasteride



loaded liposomes and baicalin loaded liposomes were used as references
to better evaluate the effect of additives (i.e., glycerol and/or sodium
hyaluronate) in phospholipid vesicles and the efficacy of the single

therapeutic agents (i.e., finasteride and baicalin).

Among the newest phospholipid vesicles developed in the last years,
glycerosomes and hyalurosomes seemed to be the most appropriate for
skin delivery 3°%°, Moreover, in this work, for the first time, sodium
hyaluronate and glycerol were combined to obtain the so-called glycerol-
hyalurosomes. The combination of the co-solvent and the polymer
strengthened the effectiveness of the single components, presumably
because glycerol-hyalurosomes, by being highly viscous, were capable of
staying in the application site for a prolonged time during which glycerol
can modify the ordered structure of the stratum corneum allowing the
diffusion of the vesicles, while sodium hyaluronate, by interacting with
dermal papilla cells, can stimulate their proliferation and the hair growth
cycle. Further, the ability of these vesicles to interact with cells ensures the
entry of the payloads in the cytoplasm, where the therapeutic activity is

exerted.

Finasteride is a drug widely used for the treatment of androgenetic
alopecia but, because of the numerous side effects associated with the
oral use, the long-term treatment is generally avoided, thus resulting in an
ineffective therapeutic response “°. In particular, the oral administration
of finasteride (1 mg/day) resulted to be effective in men *! and less in
women *2. The use of higher doses in women represents a possible
alternative, which still is controversial and deserves further investigation
3. The delivery of finasteride by phospholipid vesicles can represent a

valuable alternative to ensure topical efficacy and avoid the side effects



associated with oral administration %*. In addition, the therapeutic efficacy
of drugs can be potentiated by their association with natural adjuvants
with complementary properties. Baicalin is a natural and safe active
molecule capable of controlling and promoting hair growth 12, thus it can
be used to improve the local efficacy of finasteride. Our results confirmed
that the co-loading of finasteride and baicalin accelerated the anagen
phase and hair growth rate, as well as the number of follicles in treated
mice, as compared to finasteride or baicalin loaded individually in
liposomes. On the other hand, the co-loading was not as relevant to

stimulating the proliferation of papilla cells in vitro.

The use of modified phospholipid vesicles (glycerosomes, hyalurosomes
and glycerol-hyalurosomes) was expected to improve the skin and

follicular delivery of the payloads

. Previous works reported the
importance of the lamellarity and size of vesicles as key factors for the
improvement of both bioavailability at skin and follicular levels and
therapeutic efficacy of loaded drugs **. According to this, the mean
diameter of the prepared vesicles was around 100 nm. Liposomes and
hyalurosomes were mainly unilamellar and oligomellar and the number of
lamellae increased in glycerosomes and glycerol-hyalurosomes, probably
due to the presence of glycerol *®. Previous studies disclosed optimal
performances of ethosomes in favouring percutaneous absorption of
finasteride, especially into the dermis layer #”%8, thanks to the moisturizing
properties of ethanol. In the present study, the phospholipid vesicles were
modified with glycerol and/or sodium hyaluronate. The former is a
trihydroxy alcohol widely used in dermatological preparations for its

49

hydrating and moisturizing properties *°, which can induce significant

changes in the mechanical properties of human skin in vivo, even after a

50

10-min application Sodium hyaluronate is a naturally-occurring



polyanionic polysaccharide present in the intercellular matrix of
vertebrate connective tissues. It is present in the skin where it plays
protective, stabilizing and shock-absorbing functions °1. The combination
of these components in phospholipid vesicles can improve skin hydration,
facilitating the passage of intact vesicles to the dermis and follicles. In
addition, they made the dispersions more viscous, facilitating the topical
application, avoiding the loss of material and prolonging its residence time
on the application site. Our results demonstrate that glycerol-
hyalurosomes were able to promote the complete growth of hair in the
shaved area of C57BL/6 mice at a faster rate than the other vesicles,
besides providing a significant increase in hair length (12.1+1.6 mm on day
21) and number of follicles. Therefore, the association of phospholipid,
glycerol and sodium hyaluronate maximized the performances of the
nanovesicles in the in vivo co-delivery of finasteride and baicalin.
Moreover, glycerol-hyalurosomes were also the most effective
formulation in promoting the growth of dermal papilla cells in vitro, which

can positively affect hair growth process.

Conclusions.

The results suggest that the co-loading of finasteride and baicalin in
phospholipid vesicles can improve their efficacy against hair loss, but only
if the vesicles are properly formulated. Indeed, when finasteride and
baicalin were co-loaded in glycerol-hyalurosomes, hair follicle dermal
papilla cells were stimulated to proliferate, hair growth was accelerated,
and the number of follicles was increased in treated mice. These effects
seem to be adequate to ensure the efficacy of the local treatment of hair

loss and androgenetic alopecia.
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Capitulo 1. Evaluacién de la eficacia de liposomas
ultradeformables de baicalina frente a la inflamacién asociada a
psoriasis.

Tamaiio, indice de polidispersion, potencial Z, eficacia de encapsulacion
y microscopia.

Se utilizan liposomas ultradeformables de baicalina a diferentes
concentraciones (2.5, 5y 10 mg/mL) como coadyuvantes en el tratamiento
de la inflamacion cutanea ligada a psoriasis. Tal como se observa en las
imagenes obtenidas por microscopia electréonica de transmisiéon (Figura 2
del Capitulo 1), los liposomas formados presentaron una forma irregular y
fueron multilamelares, independientemente de la concentracion de
baicalina incorporada. Como se muestra en la Tabla 1 del Capitulo 1 todos
los liposomas elaborados presentaron un tamaio de particula inferior a
100 nm; asimismo, se puede observar que la incorporacion de baicalina se
acompafia de una ligera disminucidn del diametro, independientemente
de la concentraciéon, si se compara con los liposomas vacios control;
probablemente, debido a que la baicalina, de naturaleza lipofilica,
interacciona con las cadenas de fosfolipidos modificando su ensamblaje
produciendo asi, una reduccion en la curvatura de la bicapa. Por otro lado,
todas las formulaciones fueron monodispersas, con un indice de
polidispersion inferior a 0.2 y presentaron un potencial Z negativo y
elevado (~-30 mV), independientemente de la concentracidn de baicalina
incorporada. Las vesiculas elaboradas fueron capaces de incorporar
baicalina en un alto porcentaje; con una eficacia de encapsulacion proxima
al 80 % en todos los casos (p < 0.05). Las caracteristicas fisicoquimicas de

las vesiculas son muy similares entre si; no afecta la cantidad de baicalina



incorporada, confirmando que los liposomas disefiados son capaces de
incorporar con éxito incluso la cantidad mas elevada de flavonoide
propuesta (10 mg/mL). Ademas, los liposomas mostraron una buena

estabilidad en el tiempo.

Ensayos de permeabilidad cutdnea in vitro.

Los liposomas ultradeformables contienen un activador de membrana
capaz de flexibilizar la bicapa del liposoma, facilitando su paso a través de
la piel. Con objeto de poner de manifiesto esta capacidad en los liposomas
de baicalina, se realizaron estudios in vitro de permeabilidad cutdnea con
células de difusidon “tipo Franz”. Los perfiles de permeabilidad obtenidos
se muestran en la Figura 4 del Capitulo 1; se observa la capacidad de los
liposomas ultradeformables para promover el paso de baicalina a través
de la piel, en comparacién con la solucién de baicalina (control). A su vez,
los valores de flujo y cantidad de baicalina permeada a partir de los
liposomas ultradeformables (2.5, 5 y 10 mg/mL) y de la solucién
presentaron diferencias estadisticamente significativas (p < 0.05),
demostrando que la capacidad de las vesiculas para liberar baicalina en la
piel es concentracién-dependiente. En concreto, los liposomas
ultradeformables con mayor carga de baicalina (10 mg/mL) fueron
capaces de promover el paso de la misma a través de la epidermis en
mayor porcentaje, consiguiendo un 5 % de baicalina permeada
aproximadamente; por el contrario, una reduccién en la carga de baicalina
en los liposomas supuso una disminucidn en la cantidad permeada, siendo
la mas baja la obtenida a partir de los liposomas ultradeformables que

contienen 2.5 mg/mL de baicalina (~2%).



Cuando se disefia una nueva formulacidn es necesario evaluar su
seguridad, especialmente en el tejido diana. El estudio de citotoxicidad in
vitro en cultivos celulares representa un método de screening adecuado y
fiable para seleccionar las formulaciones que se probaran mas adelante en
los estudios in vivo, con el fin de reducir el uso innecesario de animales. Se
utilizaron fibroblastos (NIH-3T3) para evaluar la citotoxicidad de las
formulaciones de baicalina propuestas, debido a que es la linea celular
mas representativa de la dermis. Como se muestra en la Figura 3 del
Capitulo 1, los liposomas ultradeformables que incorporan baicalina (2.5,
5y 10 mg/mL) no mostraron un efecto citotdxico importante tras 8 horas
de incubacidén con los fibroblastos (~80 % de viabilidad celular); mientras
que la incubacién de las células con baicalina en solucién supuso una
reduccion de la viabilidad celular al 70 %. La biocompatibilidad de los
liposomas ultradeformables de baicalina se confirmé al aumentar el
tiempo de incubacidn con las células a 24 horas, la viabilidad celular
obtenida en todos los casos fue del 50 % aproximadamente,
independientemente de la concentracion utilizada; mientras que, al

incorporar la baicalina en solucidn, la viabilidad celular se redujo al 20 %.

La psoriasis es una enfermedad inflamatoria crénica de la piel muy comun,
con una patogénesis muy compleja, ya que es el resultado de la
combinacion de factores genéticos y ambientales. La psoriasis se
caracteriza por una excesiva proliferacién de queratinocitos, dilatacién de

vasos sanguineos e infiltracidon inflamatoria de leucocitos, principalmente



en la dermis. Los procesos inflamatorios de la piel implicados en la
psoriasis son muy complejos y resultan de la participacién de varias vias
de sefializacion. Hasta la actualidad no existe un tratamiento efectivo sin
efectos secundarios, por ello se ha seleccionado la baicalina, un
flavonoide con propiedades antiinflamatorias, para su encapsulacién en
liposomas ultradeformables, como un posible coadyuvante al tratamiento
actual de esta enfermedad, que contribuya a reducir los posibles efectos

adversos asociados.

Se aplico TPA (12-O-tetradecanoilforbol-13-acetato) en ratones con el fin
de inducir una respuesta inflamatoria, ya que es el modelo mas comun en
el estudio de la actividad antiinflamatoria de moléculas asociada a

psoriasis.
Andlisis macroscopico y de la actividad de la mieloperoxidasa.

Tras la aplicacién diaria de una solucién de TPA durante 3 dias en la piel de
los ratones se indujo una lesién cutdnea. Se aprecid ulceracién, pérdida de
la integridad de la epidermis y formacién de costra. La actividad de la
enzima mieloperoxidasa (MPO) se cuantific6 como un marcador del
proceso inflamatorio, ya que es indicativo de la concentraciéon de

neutrdfilos en el tejido inflamado.

Se compard la eficacia de los liposomas ultradeformables de baicalina con
una solucién de la misma, una solucion de dexametasona, como control

positivo, y un control negativo no tratado.

Las fotografias de los ratones tratados (Figura 5 del Capitulo 1) ponen de
manifiesto el potencial terapéutico de los liposomas ultradeformables de
baicalina, ya que tras el tratamiento con los mismos se observa una

reduccion del dafio cutaneo, respecto al control negativo no tratado. A su



vez, la aplicacién de baicalina en solucion mostré una capacidad
antiinflamatoria menor, ya que las lesiones en los ratones fueron mucho
mas severas que en el caso del tratamiento con baicalina en liposomas.
Por otro lado, el tratamiento con dexametasona (control positivo) condujo
a una reduccidn de las lesiones cutaneas en menor medida que el
tratamiento con liposomas ultradeformables de baicalina, ya que la piel

aparecia escamosa, seca y con costra.

El potencial de los liposomas ultradeformables de baicalina en el
tratamiento de la inflamacién asociada a psoriasis se confirmd con el
analisis de la actividad MPO. Como se observa en la Figura 6 del Capitulo
1, la capacidad de las vesiculas de baicalina para reducir la actividad de
MPO fue superior a la de baicalina en solucién y dexametasona. A su vez,
el potencial de los liposomas de baicalina de inhibir la MPO no es
concentracién-dependiente, ya que no se encontraron diferencias
estadisticamente significativas entre el tratamiento con los liposomas
cargados con las diferentes concentraciones de baicalina (2.5, 5 y 10

mg/mL) (p > 0.05).

A diferencia de los resultados de permeabilidad cutanea in vitro, la
reducciéon de la lesidn cutdnea in vivo de los ratones no dependio de la
concentracién de baicalina utilizada, cuando se incorpora en liposomas
ultradeformables, probablemente debido a que en el modelo in vitro el
estrato corneo es mas fino o estd dafado, lo cual facilita el paso de las
vesiculas a través del mismo y permite un efecto terapéutico incluso a

concentraciones mas bajas.



Andlisis histolégico.

Las alteraciones morfoldgicas de la piel de los ratones expuestos a TPA se
analizaron mediante tinciones Hematoxilina/Eosina. Como se observa en
la Figura 7 del Capitulo 1, la epidermis y dermis de los ratones no tratados
presentaron una apariencia normal; sin embargo, la piel de los ratones
tratados con TPA mostraron alteraciones severas en la dermis y tejido
subcutdneo, presentando una gran cantidad de infiltraciones de
leucocitos, asi como diferentes caracteristicas patoldgicas como
congestidon vascular. Si bien la piel de los ratones tratados con
dexametasona o baicalina en solucién presentaba una apariencia similar,
la aplicacion de baicalina encapsulada en liposomas ultradeformables
redujo las lesiones inducidas por el TPA, asi como los infiltrados

inflamatorios de células mononucleares, eosinéfilos y neutrofilos.

Los resultados in vivo obtenidos confirmaron el potencial de los liposomas
de baicalina como coadyuvantes en el tratamiento de la psoriasis

independientemente de la concentracién utilizada.



Capitulo 2. Evaluacién de la eficacia de liposomas

ultradeformables de baicalina y berberina frente al vitiligo.

Tamaiio, indice de polidispersion, potencial Z, eficacia de encapsulacion
y microscopia.

A la vista de los resultados del estudio anterior, se propuso utilizar los
liposomas ultradeformables de baicalina de mas baja concentracion (2.5
mg/mL) junto con liposomas de berberina como posibles coadyuvantes en
el tratamiento del vitiligo. Para obtener unas vesiculas de berberina que
presentaran un tamafio e indice de polidispersién comparables a los
obtenidos para los liposomas de baicalina se requirié incrementar la
cantidad de fosfolipido, asi como la adicion de sorbitol (5 % v/V en agua).
Los liposomas vacios en base a la cantidad superior de fosfolipido y
sorbitol se prepararon como control. Las imagenes obtenidas por
microscopia electréonica de transmisién proporcionaron evidencia de la
formacidn de las vesiculas (Figura 1 del Capitulo 2). Los liposomas de
baicalina fueron multilamelares y presentaron una forma irregular,
mientras que los liposomas de berberina fueron mayoritariamente

unilamelares y de forma esférica.

Como se puede observar en la Tabla 1 del Capitulo 2, los liposomas de
berberina presentaron un tamafo de particula inferior a 100 nm. De
manera similar a la baicalina, la incorporacion de berberina en los
liposomas produjo una reduccién del tamafio de los mismos; este
comportamiento puede relacionarse con la intercalacién de baicalina y
berberina que tiene lugar en la bicapa lipidica, afectando a su ensamblaje.

Tanto baicalina como berberina se incorporaron en los liposomas en un



porcentaje elevado. Las formulaciones fueron monodispersas vy
presentaron carga negativa, mas elevada en el caso de liposomas de
berberina. Tanto las vesiculas de baicalina como de berberina fueron
estables en el tiempo, ya que no se observaron cambios significativos en
los parametros fisicoquimicos tras 30 dias de almacenamiento a

temperatura ambiente (25 °C).

Ensayos de permeabilidad cutdnea in vitro.

Con el fin de evaluar la capacidad de los liposomas ultradeformables de
promover el paso de baicalina y berberina a través de la piel, se realizaron
estudios in vitro de permeabilidad cutanea con células de difusion “tipo
Franz”. Los perfiles obtenidos se muestran en la Figura 2 del Capitulo 2.
Se observa como los liposomas ultradeformables son capaces de estimular
el paso, tanto de baicalina como de berberina, a través de la piel, en mayor
magnitud que cuando se encuentran en solucién (control); sin embargo,
una concentracidn similar de baicalina incorporada en liposomas es capaz
de penetrar en un porcentaje superior a la berberina, el porcentaje de
baicalina permeado fue del 2 %, mientras que la berberina alcanzé el 1 %.
Asimismo, la baicalina experimenté un periodo de latencia de 6 horas,
mientras que en la berberina de 4 horas y la concentracion de ambas
moléculas en el compartimento receptor fue inferior al 2 %, lo que puede
ser un indicio de la formacion de un reservorio en la epidermis. Este

comportamiento resulta deseable cuando se persigue un efecto local.



La citotoxicidad de las formulaciones de baicalina y berberina se evalué en
cultivos de las principales células presentes en la piel humana: fibroblastos

(NIH-3T3), queratinocitos (HaCat) y melanocitos (HEMa).

Los liposomas ultradeformables propuestos demostraron ser
biocompatibles, ya que, como se observa en la Figura 3 del Capitulo 2, Ia
viabilidad de las tres lineas celulares fue del 100 % tras la incubacién con
los liposomas vacios. Sin embargo, cuando se incuban las células con
baicalina en solucién o incorporada en los liposomas, la viabilidad de
gueratinocitos y melanocitos fue del 100 % cuando se utilizan las
concentraciones mas bajas (de 3.12 a 50 pg/mL), 80 % con 100 pg/mL de
baicalina y 70 % con 200 pg/mL de baicalina, independientemente de la
formulacion utilizada. En el caso de fibroblastos, la viabilidad celular
obtenida fue siempre del 100 %, independientemente de la concentracién

o formulacién utilizada.

La berberina se comporté de manera similar independientemente de la
linea celular utilizada: fibroblastos, queratinocitos o melanocitos. Cuando
se incuban las células con berberina a concentraciones mas elevadas (de
200 a 25 pg/mL), la viabilidad obtenida estuvo comprendida entre el 50 y
el 75 %, mientras que a concentraciones mas bajas (de 12.5 a 1.56 pug/mL)
la viabilidad de todos los tipos celulares fue del 100 %,
independientemente de si la berberina se encuentra libre en solucién o

incorporada en liposomas



El vitiligo se caracteriza fenotipicamente por manchas despigmentadas en
la piel debidas a la pérdida de melanocitos. El tratamiento eficaz del vitiligo
sigue siendo uno de los objetivos dermatolégicos mds complicados. El
arsenal terapéutico disponible incluye fototerapia, inmunosupresores y
terapias quirdrgicas. Sin embargo, se necesitan modificaciones e
innovacion para mejorar la eficacia del tratamiento actual. Los liposomas
pueden representar un vehiculo adecuado para tratamientos locales por
via tdpica, ya que son capaces de aumentar la eficacia de los activos, como
baicalina y berberina, dos productos naturales con propiedades

interesantes para el tratamiento de esta enfermedad.

Proteccion frente a la radiacién ultravioleta (UV).

La radiacion UV es capaz de penetrar la epidermis y alcanzar la dermis, es
por ello que se utilizan cultivos de queratinocitos y fibroblastos para
determinar la capacidad de las formulaciones de baicalinay berberina para

proteger a la piel frente a la radiacion UV.

El efecto fotoprotector de las formulaciones de baicalina y berberina se
expresa como el porcentaje de viabilidad de las células tratadas con las
formulaciones a ensayar en comparacién a células control no tratadas (0
% de fotoproteccidn), ambas expuestas a una dosis de radiacién UV que
produjo el 50 % de muerte celular previamente determinada (500 mJ/cm?

para el caso de queratinocitos y 400 mJ/cm? para fibroblastos) (Figura 4

del Capitulo 2).

Los resultados obtenidos se muestran en la Figura 5 del Capitulo 2; se

observa como la encapsulacion en liposomas es una estrategia



prometedora para aumentar el potencial fotoprotector de la baicalinay la
berberina; los liposomas de baicalina a dosis no citotéxicas (12.5 — 1.56
ug/mL) fueron capaces de ofrecer una potente proteccidon frente a la
radiacion UV (~ 35%); sin embargo, cuando la baicalina se administra en
forma de solucion, la fotoproteccién que ofrece es menor. Asimismo, un
fendmeno similar se observa en el caso de la berberina, administrada en
solucion libre ofrece una fotoproteccién del 7 % aproximadamente, vy, por
el contrario, cuando se incorpora en liposomas, la capacidad de proteccién
frente a la radiacién UV aumenta hasta un 15 % aproximadamente. Sin
embargo, la berberina confiere una fotoproteccion mas limitada que la
baicalina; el tratamiento simultdneo con liposomas de baicalina vy
liposomas de berberina confirié a los queratinocitos una fotoproteccion
similar a la proporcionada con el tratamiento con liposomas de baicalina

individual.

El tratamiento con liposomas de baicalina es una estrategia prometedora
para ofrecer una fotoproteccion adecuada; esta afirmacion se confirmd a
la vista de los resultados obtenidos en cultivos de fibroblastos, ya que, a
su vez, fue el tratamiento con liposomas de baicalina el que mayor efecto
fotoprotector confirié a las células, ya sea de manera individual o

reforzada con la asociacion de berberina

Capacidad antioxidante.

La acumulacién de especies reactivas del oxigeno estd implicada en la
patologia del vitiligo, los melanocitos afectados por esta enfermedad
presentan defectos que limitan su capacidad de contrarrestar el estrés
oxidativo, es por ello que el tratamiento antioxidante puede resultar de
utilizad frente a los sintomas del vitiligo. Los queratinocitos son las células

predominantes en la epidermis que, al ser la capa mas externa de la piel,



se encuentra mas expuesta a agresiones y agentes patégenos. Por esta
razon, los queratinocitos fueron seleccionados para evaluar la capacidad
de las formulaciones de baicalina y berberina de contrarrestar el dafio

inducido por estrés oxidativo.

Los queratinocitos fueron expuestos a peréxido de hidrégeno, capaz de
inducir un dafio oxidativo (redujo la viabilidad celular a un 65 %), v,
posteriormente fueron tratados con concentraciones no citotéxicas de las

diferentes formulaciones a ensayar (12.5 — 1.56 pug/mL).

En la Figura 6 del Capitulo 2 se representa el porcentaje de capacidad
antioxidante que confiere el tratamiento de las células con las diferentes
formulaciones; expresado como porcentaje de capacidad antioxidante en
comparacion con las células control dafiadas con peréxido de hidrégeno
(0 % de capacidad antioxidante). Se ha demostrado que, tanto la baicalina
como la berberina, son dos productos naturales con una potente
capacidad antioxidante. Ambos, administrados en solucidn son capaces de
contrarrestar el dafio oxidativo inducido por peréxido de hidrégeno;
asimismo, su efectividad se ve reforzada mediante su incorporacién en
liposomas, confiere a los queratinocitos una proteccién frente al dafio
oxidativo del 60 % aproximadamente. El tratamiento combinado de
liposomas de baicalinay berberina no aporté ninguna mejoria respecto al
tratamiento con liposomas de baicalina o liposomas de berberina

individualmente.

Contenido de melanina.

El vitiligo se caracteriza por la aparicion de manchas sin pigmentacién en
la piel, es por ello que se evaluo la capacidad de los liposomas de baicalina

y berberina para estimular la melanogénesis y la pigmentacion cutanea,



mediante cultivos de melanocitos. Se determindé la actividad
melanogénica tras el tratamiento de las células con las diferentes
formulaciones, como porcentaje de melanina en comparacion a las células

no tratadas (0 % de actividad melanogénica).

Como se muestra en la tabla 2 del Capitulo 2, el tratamiento con baicalina
en solucién produjo un aumento del contenido de melanina de las células
(~ 90 % de actividad melanogénica) y su incorporacién en liposomas
conllevé un ligero aumento de la misma (~100 %). Por otro lado, la
berberina encapsulada en liposomas demostrd ser un tratamiento muy
efectivo capaz de aumentar el contenido de melanina de las células en
mayor medida que la baicalina, logrando un 130 % de actividad
melanogénica aproximadamente. Un efecto sinérgico se observé entre
ambos tratamientos, pues la actividad melanogénica mas elevada se
observd con el tratamiento simultaneo de las células con liposomas de
baicalina y liposomas de berberina (~150 %). Los resultados obtenidos
sugieren un posible uso de estas vesiculas como coadyuvantes en la

repigmentacion de la piel afectada por vitiligo.

Evaluacion de la actividad tirosinasa.

Para corroborar la via involucrada en la estimulacidn de la produccién de
melanina, se determind la actividad de la tirosinasa, una enzima clave en
la sintesis de melanina. Los resultados se expresan como porcentaje de
actividad tirosinasa, frente a las células control no tratadas (0 % de

actividad tirosinasa).

Los resultados obtenidos (tabla 2 del Capitulo 2) sugieren que el
tratamiento propuesto con liposomas ultradeformables que incorporan

baicalina y berberina es capaz de aumentar la actividad de la enzima



tirosinasa, de manera similar a como sucede con la estimulacién de la
actividad melanogénica, demostrando asi que es la tirosinasa la enzima

implicada en la repigmentacion.

Los liposomas ultradeformables de berberina mostraron mayor capacidad
de aumentar la actividad de la enzima, se logra un 130 % de actividad
tirosinasa tras el tratamiento con liposomas de berberina, frente a un 100
% obtenido con liposomas de baicalina. A su vez, el tratamiento
combinado con liposomas de baicalina y berberina consiguié estimular de
forma considerable la actividad de la tirosinasa y produccién de melanina
en cultivos celulares. Esta combinacién representa una estrategia
potencial para el tratamiento del vitiligo, ya que es capaz de producir la
repigmentacidon adecuada de las manchas, logrando un tono de piel

uniforme.

Los resultados obtenidos en el presente capitulo sugieren que la
asociacion de liposomas de berberina y de baicalina puede representar
una estrategia prometedora para frenar la progresion del vitiligo, ya que
las vesiculas de baicalina aportan una proteccion frente a la radiacion UV
y al estrés oxidativo importante y su asociaciéon con las vesiculas de

berberina garantizan la repigmentacion de la piel.



Capitulo 3. Evaluacién de la eficacia de liposomas
ultradeformables, glicerosomas, hialurosomas y
glicerohialurosomas de baicalina y finasterida frente a la alopecia
androgénica.

Caracterizacion fisicoquimica de las vesiculas.

Tamaiio, indice de polidispersion, potencial Z, eficacia de encapsulacion
y microscopia.

Por ultimo, se evaluo el potencial de la baicalina como coadyuvante en el
tratamiento de la alopecia androgénica, para ello se combiné con
finasterida. En este caso, el tamafio de las nanovesiculas desempefia un
papel muy importante, ya que la penetracion folicular aumenta a medida
qgue disminuye el tamafio de los liposomas. En estudios previos se ha
puesto de manifiesto la capacidad de los liposomas formulados con etanol
para favorecer la absorcién percutanea de finasterida. En la presente Tesis
Doctoral, las vesiculas fosfolipidicas se modifican con glicerol y/o
hialuronato de sodio. El glicerol es un poliol ampliamente utilizado por sus
propiedades hidratantes y el hialuronato de sodio es un polisacdrido
presente de manera natural en la piel. La combinacién de ambos
componentes en los liposomas podria mejorar la hidratacidn de la piel,
facilitando el paso de las vesiculas intactas a la dermis y a los foliculos. A
su vez, incrementa la viscosidad de las formulaciones liposomales,
facilitando su aplicacién y prolongando el periodo de residencia de la
formulacion en el lugar de accidn. Asi pues, la finasterida y la baicalina se
incorporaron de manera simultdnea en liposomas ultradeformables,
hialurosomas, glicerosomas y glicerohialurosomas, mientras que los
liposomas vacios o cargados solo con finasterida o baicalina se utilizaron

como controles.



Como se puede observar en la Figura 1 del Capitulo 3, las imagenes
obtenidas por Crio-TEM revelaron que los liposomas, utilizados como
referencia, eran esféricos y unilamelares, mientras que la presencia de
glicerol y/o hialuronato de sodio conduce a la formacién de vesiculas
multiamelares. El didmetro medio de los liposomas vacios, utilizados
como referencia, fue de 80 nm aproximadamente, con un indice de
polidispersidad bajo (0.18) y un potencial Z negativo (-30 mV). La
incorporacién de baicalina, como se puede comprobar en la Figura 2 del
Capitulo 3, se acompaid de una reduccidn del tamafo de las vesiculas, y
del indice de polidispersidad; sin embargo, la incorporacidn de finasterida
no afectd al tamafo de los liposomas, pero condujo a un aumento en el
indice de polidispersidad. La incorporacidon simultdanea de baicalina y
finasterida produjo un aumento del didmetro medio de las nanovesiculas
(~100 nm) y del indice de polidispersidad (~ 0.25); a su vez, el potencial Z
fue mucho menos negativo (~-13 mV), lo que denota que la incorporacion
simultdnea tiene un impacto importante, probablemente debido a la
intercalacidn simultanea de ambas moléculas en la bicapa lipidica de la
vesicula. La adiciéon de glicerol y/o hialuronato de sodio no modificé las
propiedades fisicoquimicas de las vesiculas. Por otra parte, las
nanovesiculas incorporaron la finasterida y baicalina en un porcentaje
adecuado (~ 80 %) y presentaron buena estabilidad a lo largo del tiempo,
ya que no se detectaron cambios significativos después de 30 dias de

almacenamiento a temperatura ambiente (25 °C).

La biocompatibilidad de las formulaciones propuestas se corrobord

mediante la incubacidn in vitro de células de la papila dérmica del foliculo



piloso con diferentes concentraciones de las formulaciones seleccionadas,
de 800 a 0.39 pg/mL en el caso de finasterida y de 3200 a 1.56 ug/mL en

el caso de baicalina.

Los resultados (Figura 3 del Capitulo 3) muestran como el tratamiento con
finasterida o con baicalina, de manera individual o combinada, produjo un
efecto dependiente de la concentracion utilizada, ya sean administradas
en solucidén o incorporadas en los sistemas nanovesiculares propuestos;
pues en todos los casos, la viabilidad celular obtenida tras la incubacidn
con las formulaciones a concentraciones elevadas fue inferior al 50 %,
mientras que las concentraciones mas bajas (inferior a 12.5 pg/mL de
finasterida y a 50 pg/mL de baicalina) no produjeron muerte celular, la
viabilidad obtenida fue del 100 %. Las concentraciones no citotodxicas se

utilizaron para ensayos de efectividad in vitro posteriores.

Un gran nimero de pacientes estan afectados por la caida del cabello, sin
embargo, se observa una baja adherencia terapéutica a los farmacos
utilizados para la alopecia, como la finasterida oral, debido a los efectos
secundarios asociados al tratamiento. La administracién de finasterida por
via tdpica, mediante su incorporacidon en vesiculas fosfolipidicas, se
plantea como una alternativa prometedora capaz de asegurar su eficacia
y evitar los efectos secundarios asociados a su administracion por via oral,
ya que los liposomas son capaces de dirigir las moléculas activas al area
folicular. Por otro lado, la eficacia terapéutica de la finasterida puede verse
potenciada por su asociacién con productos naturales que ejerzan
acciones complementarias, como por ejemplo la baicalina, un flavonoide

capaz de estimular el crecimiento capilar. Por ello, se ha analizado el



efecto de glicerosomas, hialurosomas y glicerohialurosomas disefiados
especificamente para la encapsulacion de finasterida y baicalina, en la
estimulacion del crecimiento del cabello. Asimismo, la finasterida y la
baicalina incorporadas de manera individual o simultdnea en liposomas y
en suspension, se utilizaron como control para evaluar los efectos de la
incorporacidn del glicerol y del hialuronato de sodio en las vesiculas

fosfolipidicas.

Estudio in vitro del potencial estimulante del crecimiento del cabello.

La capacidad de las formulaciones nanovesiculares de baicalina y
finasterida de estimular el crecimiento del cabello se determiné mediante
el andlisis de la proliferacion in vitro de las células de la papila dérmica del
foliculo piloso, consideradas como las principales responsables del control
del crecimiento del cabello, tras su incubacidon con concentraciones no
citotdxicas de las formulaciones propuestas. Como se muestra en la Figura
4 del Capitulo 3, se compard la capacidad de estimular la proliferacion
celular de las nanovesiculas que incorporan baicalina y finasterida de
manera simultdanea con los liposomas que las encapsulan de manera
individual y con las dispersiones control, con el objetivo de evaluar la
posible influencia del tipo de vehiculo utilizado y de la cantidad

encapsulada de cada sustancia, sola o conjuntamente.

Los resultados muestran como el tratamiento con baicalina y finasterida
produce un aumento en la proliferacién de las células del foliculo piloso,
pues la viabilidad celular obtenida tras el tratamiento de las células con
finasterida, incorporada en liposomas o en suspension de manera
individual, fue del 120 % aproximadamente y mediante el tratamiento con
baicalina, libre en solucién o en liposomas, se logré un 115 % de viabilidad

celular. Sin embargo, laincorporacién simultanea de baicalinay finasterida



en las vesiculas produjo un aumento mayor de la proliferacidn celular, en
comparacion tanto con las vesiculas que contenian estos productos de
forma individual, como con las suspensiones de las mismos; en concreto,
los glicerohialurosomas que incorporan baicalina y finasterida de manera
combinada fueron los sistemas que estimularon en mayor medida la
proliferacién de las células, logrando un 180 % de viabilidad celular. Estos
resultados ponen de manifiesto el sinergismo de la finasterida con la
baicalina sobre la proliferacidn celular, asi como la influencia del vehiculo
utilizado, pues la presencia de glicerol y hialuronato de sodio en los
sistemas vesiculares parece potenciar la capacidad de la finasterida y

baicalina de estimular el crecimiento del cabello.

Estudio in vivo del efecto estimulante del crecimiento del cabello.

Los estudios in vivo se llevaron a cabo utilizando ratones C57BL/6, ya que
representan un modelo estandarizado para evitar alteraciones en los

resultados.

Se realizé una inspeccion visual del crecimiento del pelo y el color de la
piel de los ratones en los dias 12, 16 y 21 post-tratamiento, ya que la
pigmentacion de la piel se considera un factor clave que determina el
crecimiento del cabello, pues presenta color rosa en la fase telégena
(reposo) y se vuelve gris o negro en la fase andgena (crecimiento); asi pues,
como se muestra en la Figura 5 del Capitulo 3, en el dia 0 de tratamiento
la piel depilada de cada ratdn presentaba color rosa y en el dia 21 se
observé de manera clara como la piel presentaba color negro y se hizo

evidente el crecimiento de pelo.

Tras 12 dias de tratamiento, se corrobord la capacidad de la baicalinay la

finasterida de estimular el crecimiento del pelo, pues los ratones a los que



se les administré tanto baicalina como finasterida en suspension
presentaron la piel con pigmentacion gris-negra, significativo de que se
indujo la fase andgena mas rapidamente que en el caso de los ratones no
tratados, que presentaron pigmentacion rosacea; sin embargo, se
demostré como la incorporacion de dichas moléculas activas en sistemas
nanovesiculares adecuados aumenta su efectividad, ya que el crecimiento
de pelo resultd notable en los ratones a los que se les administré baicalina
o finasterida incorporadas en liposomas; a su vez, el tratamiento con las
vesiculas cargadas simultaneamente con finasterida y baicalina resulté ser
el tratamiento mas eficaz, pues mejord de manera alin mas significativa el
crecimiento capilar, mostrandose mds visible cuando se emplearon
hialurosomasy glicerohialurosomas. En los dias 16 y 21 de tratamiento, no
pudieron observarse diferencias a nivel visual entre los ratones tratados
con las diferentes formulaciones, ya que la zona de tratamiento se

encontré cubierta de pelo en todos los casos.

Asimismo, se determind la longitud alcanzada por los pelos de los ratones
de cada grupo con el fin de evaluar las diferencias entre los tratamientos
con las diferentes formulaciones (Tabla 1 del Capitulo 3). En el dia 16 post-
tratamiento, solo los ratones tratados con glicerosomas, hialurosomas y
glicerohialurosomas cargados con baicalina y finasterida simultdaneamente
mostraron una longitud de pelo significativamente superior a los ratones

no tratados (p < 0.01).

En el dia 21 se observd como todos los tratamientos propuestos lograron
provocar un aumento en la longitud del pelo, determinado mediante el
parametro EE (efecto estimulante), un indicador de la capacidad de las
formulaciones de estimular el crecimiento del pelo, en comparacién con

el grupo de ratones no tratados. Los resultados obtenidos revelan como el



tratamiento combinado de finasterida y baicalina incorporadas en
nanovesiculas es una estrategia prometedora para estimular el
crecimiento del pelo, pues en todos los casos se logrd un ratio de efecto
estimulante superior al 1.5 respecto al grupo de ratones no tratados, mas
evidente en el caso del tratamiento con glicerohialurosomas de baicalina
y finasterida, ya que el ratio de efecto estimulante fue el doble al de los

ratones no tratados.

Los foliculos pilosos estan intimamente relacionados con los desérdenes
capilares, un mayor namero de foliculos pilosos suponen una mejor
estimulacion del crecimiento del cabello. Es por ello que se determind el
numero y didmetro de los foliculos pilosos tras 21 dias de tratamiento. El
diametro de los foliculos de los ratones de los diferentes grupos de
tratamiento no presentaron diferencias estadisticamente significativas
respecto al grupo control de ratones no tratados (p > 0.05). Sin embargo,
se observd un aumento significativo en el nimero de foliculos en los
ratones que fueron tratados con las nanovesiculas que incorporan
baicalina y finasterida simultdaneamente, tanto liposomas, como
glicerosomas, hialurosomas y glicerohialurosomas, tal como se muestra en
la Figura 6 del capitulo 3. El tratamiento con finasterida o baicalina
incorporadas de manera individual en liposomas produjo un incremento
menos notable en el nimero de foliculos, lo que apunta a que la
incorporacién simultdnea de baicalina y finasterida refuerza la accidn

estimulante de la génesis de foliculos pilosos.

Para confirmar la eficacia estimulante del crecimiento capilar de las
diferentes nanovesiculas de baicalinay finasterida propuestas, se procedio
al analisis histoldgico de la piel de los ratones tratados con las diferentes

formulaciones a ensayar, tras su aislamiento y tincion con



Hematoxilina/Eosina (Figura 7 del Capitulo 3). Los resultados histoldgicos
confirman la capacidad las nanovesiculas que incorporan baicalina y
finasterida de estimular el crecimiento del cabello, ya que el tratamiento
con las mismas supone un incremento en el nimero de foliculos pilosos

en ratones C57BL/6.

En consecuencia, los resultados in vitro demuestran que la encapsulacion
combinada de finasterida y baicalina en sistemas nanovesiculares
adecuados (liposomas, glicerosomas, hialurosomas y glicerohialurosomas)
supone el desarrollo de un nuevo tratamiento capaz de estimular la
proliferacién de las células de la papila dérmica y del foliculo piloso, y los
resultados in vivo confirman su capacidad de acelerar la fase andgenay la
tasa de crecimiento del cabello, asi como de aumentar la cantidad de
foliculos pilosos. Por ello, se puede afirmar que las formulaciones de
finasterida suplementadas con baicalina en liposomas, glicerosomas,
hialurosomas o glicerohialurosomas supone un tratamiento eficaz vy

alternativo a los existentes en la actualidad frente a la caida del cabello.
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Las principales conclusiones obtenidas del trabajo desarrollado se

exponen a continuacién:

1. Todos los sistemas liposomales desarrollados presentaron un
tamafio nanométrico (inferior a 150 nm), con una distribucion de
tamafios homogénea (inferior a 0.3) y un potencial Z negativo
(superior a - 10 mV); asi como una elevada capacidad de
encapsulacion de las moléculas activas propuestas (superior al 80
%). Ademas mostraron una elevada estabilidad a lo largo del
tiempo.

2. Los liposomas ultradeformables son capaces de promover la
permeacién de baicalina y berberina a través de la piel.

3. Las formulaciones propuestas son biocompatibles en los
diferentes modelos celulares utilizados:  fibroblastos,
gueratinocitos, melanocitos y células de la papila dérmica del
foliculo piloso.

4. Los liposomas de baicalina suponen una buena estrategia
terapéutica como coadyuvantes en el tratamiento de la psoriasis
independientemente de la concentraciéon utilizada, ya que
reducen la inflamacion inducida por TPA asociada a psoriasis.

5. La asociacién de liposomas de baicalina y de berberina puede
representar una estrategia prometedora para frenar la progresion
del vitiligo, ya que las vesiculas de baicalina aportan una
proteccién frente a la radiacion UV y al estrés oxidativo
importante y su asociacién con las vesiculas de berberina
garantizan la repigmentacion de la piel.

6. La combinacion de finasterida y baicalina encapsuladas en los

liposomas propuestos puede considerarse un tratamiento eficaz



frente a la caida del cabello, pues los resultados in vitro
demuestran que son capaces de estimular la proliferacion de las
células de la papila dérmica y del foliculo y los resultados in vivo
confirman que son capaces de acelerar la fase anagena y la tasa
de crecimiento del cabello, asi como de aumentar la cantidad de

foliculos pilosos.
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The topical efficacy of baicalin, a natural flavonoid isolated from Scutellaria baicalensis Georgi, which has
several beneficial properties, such as antioxidative, antiviral, anti-inflammatory and antiproliferative, is
hindered by its poor aqueous solubility and low skin permeability. Therefore, its incorporation into
appropriate phospholipid vesicles could be a useful tool to improve its local activity. To this purpose,
baicalin at increasing concentrations up to saturation, was incorporated in ultradeformable vesicles,

Keywords: which were small in size (~67 nm), monodispersed (PI<0.19) and biocompatible, regardless of the
Baicalin ) concentration of baicalin, as confirmed by in vitro studies using fibroblasts. On the other hand,
Ultradeformable vesicles transdermal flux through human epidermis was concentration dependent. The in vivo results showed the
]S\/ll(il:e significant anti-inflammatory activity of baicalin loaded nanovesicles irrespective of the concentration

used, as they were able to reduce the skin damage induced by the phorbol ester (TPA) application, even in
comparison with dexamethasone, a synthetic drug with anti-inflammatory properties. Overall results
indicate that ultradeformable vesicles are promising nanosystems for the improvement of cutaneous
delivery of baicalin in the treatment of skin inflammation.

Topical delivery

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Baicalin (7-glucuronic acid 5, 6-dihydroxyflavone), is one of the
most abundant flavonoid in the root of Scutellaria baicalensis
Georgi, used as medical agent in traditional Chinese medicine
thanks to its multiple therapeutic benefits. Indeed, it has shown
strong anti-inflammatory (Chen et al., 2001) and anti-oxidant
properties (Shi et al., 2015), as well as antimicrobial and antifungal
activities (Shi et al., 2014) and a great potential to prevent and
inhibit tumor (Chen et al., 2016). Further, baicalin is able to protect
the skin from damages caused by exposure to solar ultraviolet (UV)
radiations. Considering all the protective and beneficial effects and
its low toxicity, baicalin can be considered a suitable molecule for
eliminating causes and effects of skin aging and injuries, including
UV radiation damages, wounds and burns (Zhang et al., 2014a,b).
Despite these promising properties, baicalin efficacy and actual use
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http://dx.doi.org/10.1016/j.ijpharm.2016.06.136
0378-5173/© 2016 Elsevier B.V. All rights reserved.

in topical formulations are hampered by its lipophilic nature and
consequent low water solubility, which account for a poor
bioavailability (Xing et al., 2005). To overcome this problem,
baicalin has been loaded in different nanocarriers (Shi-Ying et al.,
2014; Zhang et al., 2014a,b) for systemic, brain, corneal delivery
and tumor targeting (Chen et al., 2016). In other studies,
nanocarriers have been used to achieve effective transdermal
delivery. Unfortunately, the barrier nature of the stratum corneum
represents an important obstacle to drug accumulation into and
passage through the skin, not only for conventional dosage forms,
but also for some innovative dosage systems. To this purpose,
several techniques or systems have been tested and the most
widely studied approach in the last decades is the use of lipid
nanocarriers, such as phospholipid vesicles and derived systems:
ethosomes, glycerosomes and hyalurosomes (Manca et al., 2015;
Castangia et al., 2013). Their use for skin delivery can offer some
advantages over classical topical dosage forms, and some specially
designed vesicular carriers can be able to efficiently increase drug
penetration and permeation through the skin. Although there are
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several studies on the incorporation of baicalin in liposomes (Wei
et al, 2014), only a few studies specifically addressed the
enhancement of baicalin efficacy following application on the
skin. Hence, alternative phospholipid vesicles can result in a
greater improvement of its therapeutic index and effectiveness in
skin protection.

In light of this, in the present study, baicalin was incorporated in
ultradeformable liposomes made with a mixture of soy lecithin
and polysorbate 80, used as edge activator to improve bilayer
fluidity. Thanks to this property, vesicles can squeeze themselves
between the cells in the stratum corneum driven by the hydration
gradient and reaching deeper skin strata. In addition, considering
that drug saturation may improve its thermodynamic activity,
maximizing the flux through biological membranes, irrespective of
the selected vehicle and the drug solubility, baicalin was
incorporated into ultradeformable vesicles at increasing amounts
up to the maximum possible concentration (2.5, 5 and 10 mg/mL)
which is supposed to saturate the system. Vesicle morphology, size
distribution, zeta potential, and entrapment efficiency were
evaluated, as well as the ability of the vesicles to promote in vitro
baicalin skin delivery. The cytotoxic effect of empty and baicalin
loaded vesicles was evaluated in 3T3 mouse fibroblasts. The drug
and carrier performances and their ability to reduce oxidative
inflammation and neutrophil infiltration induced by TPA in mice
were studied, as well. To detect the damages induced by TPA on the
skin and the effect provided by the tested formulations, a
histological evaluation was also carried out.

2. Materials and methods
2.1. Materials

Lipoid® S75, a mixture of soybean lecithin containing
phosphatidylcholine (70%) and phosphatidylethanolamine (10%),
lysophosphatidylcholine (3% maximum), triglycerides (3% maxi-
mum), fatty acids (0.5% maximum), tocopherol (0.1-0.2%) was a
gift from Lipoid GmbH (Ludwigshafen, Germany). Polysorbate 80
and disodium phosphate were purchased from Scharlab S.L.
(Barcelona, Spain). Monosodium phosphate was purchased from
Panreac quimica S.A. (Barcelona, Spain). Dexamethasone 21-
sodium phosphate (DEX) was from Acofarma S.A. (Madrid, Spain)
and the DEX solution (2 pg/mL) was prepared in buffer solution
(pH 7.4). Baicalin (BA) was purchased by Cymit quimica S.L.
(Barcelona, Spain) and saturated solution was prepared.

2.2. Vesicle preparation

Samples were prepared weighing Lipoid® S75 (180 mg/mL),
polysorbate 80 (2.5 mg/mL) and BA (2.5, 5 and 10 mg/mL) in a glass
vial and hydrating them overnight with a buffer solution (pH 7.4)
composed by a mixture of monosodium phosphate (0.3%) and
disodium phosphate (2.9%). Then, the dispersion was sonicated for
3min with a CY-500 ultrasonic disintegrator (Optic Ivymen
system, Barcelona, Spain) to obtain clear opalescent dispersions.
To achieve a uniform particle size distribution, the liposomal
suspension was extruded with an Avanti® Mini-Extruder (Avanti
Polar Lipids, Alabaster, Alabama) through a 200 nm membrane
(Whatman, GE Healthcare, Fairfield, Connecticut, US) (Manconi
et al.,, 2003). Empty liposomes were prepared as reference.

2.3. Analytical method

The BA content was quantified using a PerkinElmer® Series 200
HPLC equipped with a UV detector and a column Teknokroma™
Brisa “LC2” C18, 5.0 wum (150cm x 4.6 mm). The mobile phase
consisted of a mixture of water and methanol (30:70), delivered at

a flow rate of 1 mL/min. BA content was measured at 278 nm. The
limit of detection and quantification for the BA was 0.45 g/mL and
1.36 pwg/mL, respectively.

2.4. Vesicle characterization

The formation and morphology of ultradeformable liposomes
were checked by transmission electron microscopy (TEM) using a
JEM-1010 microscope (Jeol Europe, Croissy-sur-Seine, France),
equipped with a digital camera MegaView III at an accelerating
voltage of 80 kV. Vesicles were examined using a negative staining
technique: non-diluted dispersions were stained with 1% phos-
photungstic acid on a carbon grid and examined/visualized.

The average diameter and polydispersity index (PI) of non-
diluted samples were determined by Photon Correlation Spectros-
copy using a Zetasizer nano-S (Malvern Instruments, Worcester-
shire, United Kingdom). Zeta potential was estimated using the
Zetasizer nano-S by electrophoretic light scattering, which
measures the particle electrophoretic mobility in a thermostated
cell. Vesicles were purified from non-incorporated BA by dialysis.
Each sample (1mL) was loaded into Spectra/Por™ tubing (12-
14kDa MW cut-off; Spectrum Laboratories Inc., DG Breda, The
Netherlands) and dialyzed against buffer (1L) for 2h, at room
temperature. Both non-dialyzed and dialyzed samples were
disrupted with methanol (1:100) and assayed by HPLC to quantify
the BA content in the vesicular systems. The drug entrapment
efficiency (EE%) of the three systems was calculated as follows
(Eq. (1)):

oy _ (actualBA
EE(%) = (initialBA X100 )

where actual BA is the amount of BA in vesicles after dialysis, and
initial BA is the amount of drug before dialysis, as calculated by
HPLC.

2.5. Cell culture

3T3 mouse fibroblasts (ATCC, Manassas, VA, USA) were cultured
in Dulbecco’s modified Eagle’s medium (Sigma Aldrich, Spain),
supplemented with 10% (v/v) foetal bovine serum, penicillin
(100 U/mL), and streptomycin (100 pg/mL) (Sigma Aldrich, Spain)
in 5% CO, incubator at 37 °C to maintain exponential cell growth.

2.6. Cell viability studies

3T3 cells were seeded in 96-well plates with cell density being
approximately 5 x 10° cells/well, at passages 11-12. After 24 h of
incubation, 3T3 cells were treated for 2, 4, 8 and 24h with
ultradeformable vesicles, empty or loaded with BA at different
concentrations: 2.5 BA (2.5mg/mL), 5 BA (5mg/mL) and 10 BA
(10 mg/mL) or BA saturated solution (25uL of formulation in
250 L of medium). Cell viability was determined by the MTT [3
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide] col-
orimetric assay. Briefly, 200 p.L of MTT reagent (0.5 mg/mL in PBS)
was added to each well and after 2 h the formed formazan crystals
were dissolved in DMSO. The reaction was spectrophotometrically
measured at 570nm with a microplate reader (Multiskan EX,
Thermo Fisher Scientific, Inc.,, Waltham, Massachusetts, United
States). All experiments were repeated at least three times, each
time in triplicate. Results are shown as percentage of cell viability
in comparison with non-treated control cells (100% viability)
(Eq. (2)):

Absorbancesample> <100 )

CellViability(%) = <Absorbance -
contro
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Fig. 1. Chemical structure of Baicalin (BA).

where Absorbancesampre is the absorbance of fibroblasts treated
with the vesicular formulation and Absorbanceconso is the
absorbance of non-treated cells, at 570 nm.

2.7. Skin permeation studies

Permeation experiments were performed on Caucasian ab-
dominal skin samples obtained from three randomly assigned
female donors aged 38-48 years who had undergone cosmetic
surgical procedures in the Hospital Clinico Universitario (Valencia,
Spain). Informed consent was previously obtained from the
patients, and their identity was masked to the researchers to
guarantee their anonymity. Excess of fatty and connective tissues
was removed, and the samples (full thickness skin) were stored at
—40°C for no more than 1 month.

Experiments were performed non-occlusively by means of
vertical Franz cells (effective diffusion area of 0.784 cm?), using
epidermis from human skin (Diez-Sales et al., 2005). Epidermis
was sandwiched securely between donor and receptor compart-
ments of the Franz cells, with the stratum corneum side facing the
donor compartment (Manconi et al., 2012). The receptor compart-
ment was filled with 6 mL of buffer solution (pH 7.4), which was
continuously stirred with a small magnetic bar and thermostated
(~37°C) throughout the experiments to reach the physiological
skin temperature (~32°C). The different formulations (200 L)
were applied on the epidermis surface and at different time
intervals, over 24h, receptor solutions were withdrawn and
analysed for BA content by HPLC (as described in Section 2.3).
Finally, in order to check the integrity of the epidermis, 1 mL of
phenol red solution (0.5mg/mL) was applied in the donor
compartment.

The cumulative amounts (Q) of drug permeated per cm? of skin
were plotted against time, and the equation derived from the
application of the Fick’s Second Law to the diffusion process was
fitted to the data (Eq. (4)):

% 2,42

Qu=A-P-LC D'é—%—é~;'5xp<%>} 4)
where Q (t) is the quantity of BA passing across the skin and
reaching the receptor solution at a given time, t; A is the actual
diffusion surface area (0.784 cm?); P is the partition coefficient of
the permeant between the skin and the donor vehicle; L is the
diffusion pathway; D is the diffusion coefficient of the permeant in
the membrane; and C is the concentration of the permeant in the
donor solution. The fitting procedures were carried out by means
of nonlinear regression using Sigma Plot 10.0 (Pharsight corp, USA).

By fitting the Eq. (4), lag time (t;, h) corresponding to [?/6D and
the permeability coefficient (Kp =P-D/L) were calculated. The flux
values (J) were obtained by employing the expression: J=Kp-C.

Fig. 2. Representative TEM micrographs of ultradeformable vesicles loading BA: 2.5 BA (A and D), 5 BA (B) and 10 BA (C). Each bar corresponds to 100 nm.
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Table 1

Average size, polydispersity index (PI), zeta potential (ZP) and BA entrapment efficiency (EE, %) of empty ultradeformable vesicles and the same vesicles loading BA 2.5, 5 and

10mg/ml (2.5 BA, 5 BA, 10 BA). Each value is the mean +SD (n=4).

Sample Sample size (nm) PI Z Potential (mV) EE (%)
Initial 30 days Initial 30 days Initial 30 days

Empty vesicles 82.50 + 1.03 79.89 + 1.09 0.183 0.25 -311+05 -23.8+09 -

2.5BA vesicles 74.84 + 0.61 78.84 + 1.27 0.137 0.27 -270 +£ 11 -228 +15 82.75+0.42

5BA vesicles 70.59 + 0.07 87.73 £ 0.78 0.154 0.35 -304 + 1.3 —24.8 + 0.6 81.72+0.23

10BA vesicles 67.58 + 1.45 89.84 + 1.58 0.132 0.38 -30.8 + 19 —24.3 + 1.99 80.86+0.13

2.8. In vivo experimental design

Female CD-1 mice (5-6 weeks old, 25-35g) were bred in the
animal facility of the Faculty of Pharmacy of the University of
Valencia. All studies were performed in accordance with European
Union regulations for the handling and use of laboratory animals
and the protocols were approved by the Institutional Animal Care
and Use Committee of the University of Valencia (code
A1456917886577). The back skin of mice was shaved one day
before the experiment, and only animals showing no hair re-
growth were selected for tests. On day 1, cutaneous inflammation
was induced by applying on the shaved dorsal area (~2 cm?) 20 pL
of TPA dissolved in acetone (243 wM). After 3 h, empty or BA (2.5, 5
and 10 mg/mL) loaded liposomes, or BA saturated solution, or DEX
solution (100 L each) were topically smeared over the same
dorsal site (non-occlusive conditions). The procedure was repeated
on day 2 and 3. On day 4, mice were sacrificed by cervical
dislocation. Each group comprised four mice.

2.9. In vivo inflammatory: myeloperoxidase determination

After 72 h of treatment (on day 4), mice were sacrificed and the
treated skin area was excised and immediately stored at —80°C (De
Young et al., 1989; Caddeo et al.,, 2013). The myeloperoxidase
(MPO) activity was measured. The biopsies were dispersed in
750 L of sodium phosphate buffer 80 mM (pH 5.4) containing
0.5% hexadecyltrimethylammonium bromide and homogenized in
ice bath with an Ultra-Turrax® T25 homogenizer (IKA™ Werke
GmbH & Co. KG, Staufen, Germany). The dispersions were
centrifuged at 10.000rpm for 15min at 1°C and the obtained
supernatant (25 L) was added to 75 L saline phosphate buffer
(pH 7.4), 10 p.L sodium phosphate buffer (pH 5.4), 10 wL of 0.026%
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Fig. 3. In vitro 3T3 fibroblast viability after incubation with BA saturated solution,
empty ultradeformable vesicles and the same vesicles loading 2.5, 5 and 10 mg/ml
(2.5 BA, 5 BA, 10 BA) at different incubation times (2, 4, 8 and 24h). Mean
values + standard deviations (error bars) are reported.

hydrogen peroxide and incubated at 37 °C for 5 min. Then, 10 pL of
18 mM 3,3',5,5'-tetramethylbenzidine dihydrochloride hydrate in
8% aqueous N,N-dimethylformamide was added to start the
reaction. After 10 min of incubation, the reaction was stopped
with the addition of 15 p.L of 1.5 M sodium acetate (pH 3.0), and the
absorbance recorded at 620nm using a microplate reader
(Multiskan EX, Thermo Fisher Scientific, Inc., Waltham, Massa-
chusetts, United States). The MPO activity was calculated from the
linear portion of a standard curve.

2.10. Histological examination

Mice skin treated with the tested formulations was excised,
fixed and stored in formaldehyde (10%). Tissue specimens were
processed routinely and embedded in paraffin wax. Longitudinal
sections (5 wm) were stained with haematoxylin and eosin (H&E)
and observed by light microscope (DMD 108 DIGITAL Micro-
imaging Device, Leica, Wetzlar, Germany).

2.11. Statistical analysis of data

Data are shown as meand=standard deviation. Statistical
differences were determined by using one-way ANOVA test and
Tukey’s test for multiple comparisons with a significance level of
P <0.05. All statistical analyses were performed using IBM SPSS
statistics 22 for Windows (Valencia, Spain).

3. Results and discussion
BA is a flavonoid isolated from the dried roots of Scutellaria

baicalensis Georgi. More precisely, it is a glycoside flavones formed
by a benzene ring condensed with a six-member pyrone ring,

BA saturated solution
2.5BA \esicles

5BA \esicles

10BA \esicles

o
4ponm

Cumulative amount (Q, %)

Fig. 4. Amount of BA accumulated in receptor compartment after 24 h treatment
with different formulations: BA saturated solution (- (] -) and ultradeformable
vesicles loading different concentrations of BA: 2.5BA (- O -), 5BA(- /A -)and 10 BA
(- V -) (n=4). Mean values + standard deviations (error bars) are reported (n=4).
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Fig.5. Macroscopic appearance of mice skin lesions inducted with TPA and treated with acetone (untreated skin), DEX solution, BA saturated solution, empty liposomes or the

same vesicles loading BA 2.5, 5 and 10 mg/ml (2.5 BA, 5 BA, 10 BA).

which in the 2-position carries a phenyl benzene ring as a
substituent (Fig. 1). Taking into account its low skin bioavailability
along with the beneficial effects on skin protection, and the lack of
studies focusing on its topical delivery using innovative phospho-
lipid vesicles, in the present work BA was incorporated in
ultradeformable vesicles at increasing concentrations. Aiming at
optimizing the formulation of ultradeformable vesicles, a pre-
formulation study was carried out increasing the amount of BA
loaded, so as to reach the critical/maximum concentration (10 mg/
mL) without affecting the main physico-chemical characteristics of
the vesicles: small, homogenous size, and high stability. It was
found that above such concentration, the vesicles were large and
highly polydispersed, and aggregation and BA precipitation
occurred in a short time. Hence, 2.5, 5 and 10mg/mL were
selected as the concentrations to be used for further studies.

3.1. Vesicle characterization

TEM images provided evidence of vesicle formation, and
showed that they were small, fairly spherical and multilamellar

MPO concentration (ng/ml)/biopsy

0

. TPA B Empty vesicles

5550 BA saturated solution
[ 2.58A vesicles BN 58A vesicles Bl 10BA vesicles Il DEX solution

Fig. 6. MPO activity in skin mice inflamed with TPA and treated with DEX solution,
BA saturated solution, empty ultradeformable vesicles or the same vesicles loading
BA 2.5, 5 and 10mg/ml (2.5 BA, 5 BA, 10 BA). Mean values =+ standard deviations
(error bars) are reported (n=4).

vesicles, regardless of the BA concentration (Fig. 2). Empty
ultradeformable vesicles were small in size, around 82nm
(Table 1), and the incorporation of BA, whatever the concentration,
led to a slight decrease of the mean diameter, from ~82 to ~67 nm,
probably because the lipophilic BA interacts with the phospholipid
chains, modifying their packing and permitting a reduction of the
bilayer curvature. All the formulations were monodispersed
(PI<0.19) and Photon Correlation Spectroscopy results were
always repeatable, as indicated by the small standard deviations
obtained from at least three repetitions (Table 1). The zeta
potential was highly negative (~-30mV), irrespective of BA
concentration. Ultradeformable vesicles were purified from the
non-incorporated drug by dialysis for 2 h, which was long enough
to eliminate the free drug. Ultradeformable vesicles were able to
incorporate BA in good yields, as the entrapment efficiency value
was ~80%, without differences among the groups (P>0.05).
Physico-chemical properties of vesicles were very similar and
were not affected by the different concentrations of BA, confirming
that even at the highest concentration (10 mg/mL), the flavonoid
was optimally incorporated in vesicle structure ensuring the
system saturation.

3.2. Toxicity studies on 3T3 cells

When a new pharmaceutical formulation is designed, it is
important to evaluate its safety, especially on the target tissue. In
vitro toxicity study on cells represents a good and reliable method
to select the formulations that will be used for further in vivo
studies, so as to avoid the useless sacrifice of a high number of
animals. 3T3 fibroblasts were used as a representative cell line of
the dermis, and they were incubated with non-diluted formula-
tions: empty or BA loaded vesicles and BA saturated solution.

The cytotoxicity was evaluated by the MTT assay. As shown in
Fig. 3, all the vesicular formulations did not show a significant
cytotoxic effect in the first 8h of incubation (80% viability),
compared to untreated control cells (100% viability), while BA
saturated solution exhibited greater cytotoxicity, as the viability
was less than 70%. At longer incubation time (24 h), an increase in
cell mortality was observed, especially for the fibroblasts treated
with BA saturated solution (20% viability), while a ~50% viability
was found when BA loaded ultradeformable vesicles were used,
thus confirming the higher biocompatibility of the vesicles.
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Fig. 7. Representative histological sections of mouse skin: untreated skin (A); TPA-inflamed skin (B); TPA-inflamed and treated with BA saturated solution (C); inflamed and
treated with empty ultradeformable vesicles (D); inflamed and treated with BA loaded ultradeformable vesicles (E) or inflamed and treated with DEX solution (F).

3.3. Skin diffusion studies

Ultradeformable vesicles contain an edge activator which is
reported to make the bilayer flexible and the vesicles able to
squeeze through the skin channels, improving the transdermal flux
of the loaded molecules. To confirm this assumption, permeation
study using human epidermis was carried out applying on the skin
ultradeformable vesicles loaded with BA (2.5, 5 and 10 mg/mL) or
BA saturated solution. The permeation profiles obtained from the
different formulations are shown in Fig. 4. The ultradeformable
vesicles provided the greatest penetration rate of BA at 24h, as
compared to that obtained with the BA saturated solution. In
particular, the vesicles loading the highest amount of BA (10 mg/
mL) showed the best results in term of penetration (~5%) and flux
(270.2 +16.2 wg/cm?/h). By decreasing the amount of BA, the
amount permeated and the flux of the drug decreased as well,
being 2.5% and 117.3 + 9.7 pug/cm?/h for the vesicles loading 5 mg/
mL, and 1.5% and 190.11£16.63 pg/cm?/h for vesicles loading
2.5mg/mL of BA. In all cases, the lag time (t;) was around 9h.
Significant differences between the flux values and the amount of
permeated BA provided by the three vesicles and saturated
solution were detected (P<0.05), disclosing the concentration-
dependent ability of the vesicles to deliver BA on the skin.

3.4. In vivo inflammatory response: myeloperoxidase assay

The application of TPA in mice to induce inflammatory response
is one of the most common model for the evaluation of the anti-
inflammatory activity of drugs. TPA induces a variety of histological
and biochemical changes in the skin, including neutrophil
infiltration in epidermis and dermis, epidermal hyperplasia,
activation of protein kinase C, induction of ornithine decarboxylase
activity, and enhancement of IL-1 levels. In this work, TPA was daily
applied on mouse dorsal skin for 3 days, inducing skin damages at
the macroscopic level, such as skin ulceration, loss of epidermis
integrity and crust formation, as well as biological alterations, such
as neutrophil infiltration, as previously reported (Caddeo et al.,
2013). The MPO activity was quantified as a marker of the
inflammatory process, since it is proportional to the neutrophil
concentration in the inflamed tissue. The efficacy of BA loaded
ultradeformable vesicles was tested and compared with that of
DEX solution and BA saturated solution. The photographs of the
treated mice clearly showed the therapeutic potential of BA loaded
ultradeformable vesicles, as an amelioration of the TPA cutaneous
damage was visible (Fig. 5). The treatment with DEX solution
reduced TPA skin lesion, but to a lesser extent: skin appeared
diffusely dry, flaky, and crusted. These effects were much severe in
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mice treated with the BA saturated solution. The macroscopic
observations are in agreement with the MPO values. The vesicles
displayed a superior ability to reduce MPO activity in the injured
tissue, and its inhibition was higher than that provided by both
DEX solution and BA saturated solution (Fig. 6). No significant
differences were observed (P> 0.05) among the results provided by
the three vesicular formulations containing different amounts of
BA, which indicates that, in spite of the system saturation,
ultradeformable vesicles can ensure a higher beneficial activity of
BA than that obtained using the saturated solution. Differently to
the in vitro transdermal delivery results, the in vivo treatment of
damaged skin was not affected by the BA concentration in vesicles,
probably because in this model the stratum corneum was thinner
or disrupted, thus facilitating the vesicle passage and allowing a
therapeutic effect even at the lower concentration. The importance
of the vesicle saturation effect was underlined in transdermal
studies, where the BA needs to overcome the intact skin barrier and
transdermal flux was concentration-dependent.

3.5. Histological evaluation

Morphological alterations of mouse skin exposed to TPA were
assessed by H&E staining, in comparison with untreated skin
(Fig. 7B and A, respectively). As already demonstrated with the
biomarker, the skin treated with acetone only showed a regular
structure, epidermis and dermis had a normal appearance, as well
as the tissues directly underneath (i.e., subcutaneous cellular
tissue, skeletal muscle and adipose tissue), with only some
mononuclear and polymorphonuclear cells in the muscular region
(Fig. 7A). Mouse skin treated with TPA displayed severe dermal and
subcutaneous alteration, with a large number of leukocytes
infiltrating these regions, as well as muscle and adipose tissues,
also showing pathological features of inflammatory damage, such
as vascular congestion (Fig. 7B). Similar results of injured skin were
obtained using the BA saturated solution and DEX solution (Fig. 7C
and F). On the other hand, the application of the BA loaded
ultradeformable vesicles reduced TPA-induced lesions, along with
mild to moderate inflammatory infiltrates of mononuclear cells,
eosinophils and neutrophils (Fig. 7E). The in vivo findings disclosed
a great therapeutic efficacy of BA loaded ultradeformable vesicles,
which unlike the transdermal flux, was not BA concentration/
saturation dependent, probably because the transdermal flux
depended on the passage of BA through the skin while, in the TPA
model, the epidermis is disrupted, the skin’s barrier function is
impaired and BA can easily diffuse, whatever the concentration in
the vesicles.

4. Conclusions

Bearing in mind the few data reporting the design of baicalin
loaded innovative phospholipid vesicles and their possible
improvement of transdermal delivery, in the present work new,
suitable and biocompatible ultradeformable vesicles loading
baicalin were developed. We demonstrated that the ultradeform-
able vesicles play a key role in facilitating baicalin skin delivery and
showed a great potential as anti-inflammatory systems and were
more effective than dexamethasone in counteracting TPA inflam-
mation and skin injury. Moreover, in vivo studies on damaged skin
underlined that the efficacy of baicalin was not affected by the

concentration, while in vitro studies performed using human intact
skin, indicated that using BA vesicles (10 mg/mL) the highest
penetration was obtained.
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ARTICLE INFO ABSTRACT

Keywords: 0.5-1% of the world’s population is affected by vitiligo, a disease characterized by a gradual depigmentation of
Ultradeformable vesicles the skin. Baicalin and berberine are natural compounds with beneficial activities, such as antioxidant, anti-
Vitiligo inflammatory and proliferative effects. These polyphenols could be useful for the treatment of vitiligo symptoms,
Antioxidant and their efficacy can be improved by loading in suitable carriers. The aim of this work was to formulate and
i?;:oeirtzt;;:‘m characterize baicalin or berberine loaded ultradeformable vesicles, and demonstrate their potential as adjuvants

in the treatment of vitiligo. The vesicles were produced using a previously reported simple, scalable method.
Their morphology, size distribution, surface charge and entrapment efficiency were assessed. The ability of the
vesicles to promote the permeation of the polyphenols was evaluated. The antioxidant and photoprotective
effects were investigated in vitro using keratinocytes and fibroblasts. Further, the stimulation of melanin pro-
duction and tyrosinase activity in melanocytes after treatment with the vesicles were assessed. Ultradeformable
vesicles were small in size, homogeneously dispersed, and negatively charged. They were able to incorporate
high amounts of baicalin and berberine, and promote their skin permeation. In fact, the polyphenols con-
centration in the epidermis was higher than 10%, which could be indicative of the formation of a depot in the
epidermis. The vesicles showed remarkable antioxidant and photoprotective capabilities, presumably correlated
with the stimulation of melanin production and tyrosinase activity. In conclusion, baicalin or berberine ultra-
deformable vesicles, and particularly their combination, may represent promising nanosystem-based adjuvants
for the treatment of vitiligo symptoms.

1. Introduction ultraviolet light B, which unfortunately cause important side effects [5].

In traditional Chinese medicine, different natural molecules and

Vitiligo is an autoimmune disease of the skin affecting 0.5-1% of the
world’s population [1]. It is clinically characterized by the appearance
of disfiguring white patches caused by the loss of melanin pigment,
which often negatively affects patients' self-esteem and quality of life
[2]. Multiple mechanisms are involved in this disease: early factors
include activation of innate immunity, inflammation, and oxidative
stress [3]. Despite its occurrence, therapeutic options for patients are
still limited. Current therapies exhibit considerable efficacy, but often
the total repigmentation is not achieved [4]. One of the most common
treatments involves the application of psoralens associated with ultra-
violet (UV) light A exposure, topical corticosteroids, narrowband

extracts have been successfully applied for the treatment of vitiligo [6].
The exact mechanism of action of these compounds is still unknown,
but it seems to be related to their anti-inflammatory, im-
munomodulatory and antioxidant properties. Given that, antioxidant
and anti-inflammatory natural molecules could be potential candidates
for the vitiligo therapy, due to their efficacy and safety. Bearing in mind
our previous results [7-9], baicalin and berberine were selected for this
study. The former is a flavonoid with strong anti-inflammatory and
antioxidant properties [10], antimicrobial and antifungal activities
[11], a great potential in preventing and inhibiting tumours [12], and
protecting the skin from the damages caused by intense exposure to
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solar UV radiations [13]; the latter is a quaternary isoquinoline alkaloid
with several pharmacological effects, including anticarcinogenic [14],
antioxidant, anti-inflammatory [15] and pigmenting [16]. Both poly-
phenols have been used for the skin protection and the treatment of
common dermatological disorders.

Despite the promising properties of baicalin and berberine, there are
some limitations in their clinical applications, the most important being
poor aqueous solubility and poor absorption after topical administra-
tion [17,18]. To overcome these problems and taking into consideration
previous results obtained for the skin delivery of baicalin, in the present
work, baicalin and berberine were incorporated in ultradeformable
vesicles. Elastic and flexible phospholipid vesicles have been developed
by using different phospholipids and a surfactant that acts as edge ac-
tivator, enhancing the fluidity and deformability of the vesicle bilayer
[19]. In this work, ultradeformable vesicles were prepared with a
mixture of phospholipids and polysorbate 80, and their ability to im-
prove the vitiligo symptoms was evaluated. An extensive physico-che-
mical characterization of the vesicles was accomplished by in-
vestigating their ability to promote the passage of baicalin and
berberine into/through the skin. The cytotoxicity of the formulations
was evaluated in vitro using keratinocytes and fibroblasts, as well as
their ability to promote the antioxidant and photoprotective activities
of baicalin and berberine. Further, melanocytes were used to evaluate
the ability of the formulations to promote melanogenesis and tyrosinase
activity.

2. Material and methods
2.1. Materials

Lipoid S75, a mixture of soybean lecithin with phosphatidylcholine
("70%) and phosphatidylethanolamine ("10%), non-polar lipids and
fatty acids ("20%), was a gift from Lipoid GmbH (Ludwigshafen,
Germany). Disodium phosphate and polysorbate 80 were purchased
from Scharlab S.L. (Barcelona, Spain). Monosodium phosphate was
purchased from Panreac quimica S.A. (Barcelona, Spain). Sorbitol was
from Guinama SL (Valencia, Spain). Baicalin was purchased from Cymit
quimica S.L. (Barcelona, Spain), and berberine from Sigma-Aldrich
(Madrid, Spain).

2.2. Vesicle preparation

Baicalin ultradeformable vesicles were prepared by dispersing bai-
calin (2.5mg/mL), Lipoid S75 (60mg/mL), and polysorbate 80
(2.5mg/mL) in a buffered aqueous solution of monosodium phosphate
and disodium phosphate (PBS, pH 7.4). Berberine ultradeformable ve-
sicles were prepared by dispersing berberine (2.5 mg/mL), Lipoid S75
(120 mg/mL), and polysorbate 80 (2.5mg/mL) with a solution of sor-
bitol (5% v/v) in water. The phospholipid was left swelling overnight,
and then the dispersions were sonicated for 3 min with a CY-500 ul-
trasonic disintegrator (Optic Ivymen system, Barcelona, Spain) to ob-
tain transparent dispersions. Further, in order to achieve a homo-
geneous system, the dispersions were extruded with an Avanti® Mini-
Extruder (Avanti Polar Lipids, Alabaster, Alabama) through a 200 nm
membrane (Whatman, GE Healthcare, Fairfield, Connecticut, US).
Empty vesicles were also prepared and compared with polyphenol
loaded vesicles.

2.3. Analytical methods

The baicalin and berberine content was quantified by using a Perkin
Elmer® Series 200 HPLC equipped with a UV detector and a column
Teknokroma® Brisa “LC2” C18, 5.0 um (150 x 4.6 mm). Baicalin was
detected at 278 nm by using a mixture of water and methanol (30:70) as
mobile phase, delivered at a flow rate of 1 mL/min. Berberine de-
termination was carried out at 346 nm by using a mixture of water and
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methanol (50:50) as mobile phase, delivered at a flow rate of 1.2mL/
min.

2.4. Vesicle characterization

Vesicle formation and morphology were evaluated by Transmission
Electron Microscopy (TEM), by using a JEM-1010 microscope (Jeol
Europe, Croissy-sur-Seine, France), equipped with a digital camera
MegaView III, at an accelerating voltage of 100 kV. The vesicles were
examined by using a negative staining technique: non-diluted samples
were stained with 1% phosphotungstic acid on a carbon grid and vi-
sualized.

The mean diameter and the Polydispersity Index (PI, a dimension-
less measure of the broadness of the size distribution) of empty, baicalin
or berberine ultradeformable vesicles were measured by Photon
Correlation Spectroscopy (PCS) using a Zetasizer nano-ZS® (Malvern
Instruments, Worcestershire, UK). Zeta potential was measured by
using the Zetasizer nano-ZS by means of the M3-PALS (Mixed Mode
Measurement-Phase Analysis Light Scattering) technique, which mea-
sures the particle electrophoretic mobility.

The stability of the vesicles was evaluated for 30 days at 25 °C.
During this period, size, size distribution and surface charge were
measured.

The vesicles were purified from the non-incorporated berberine or
baicalin by dialysis. Each sample (1 mL) was loaded into Spectra/Por®
tubing (12-14 kDa MW cut-off; Spectrum Laboratories Inc., DG Breda,
The Netherlands) and dialyzed against 1 L of buffered solution (pH 7.4)
for 4h, at room temperature. Both non-dialyzed and dialyzed samples
were disrupted with Triton X-100 (10%) and assayed by HPLC to
quantify the amount of baicalin and berberine (Section 2.3). The en-
trapment efficiency (EE%) was calculated as percentage as follows (Eq.

)
)-100

where actual active agent is the amount of baicalin or berberine de-
tected in the vesicles after dialysis, and initial active agent is the
amount of baicalin or berberine detected before dialysis.

actualactiveagent
initialactiveagent

EE (%) = (
1)

2.5. Skin permeation studies

Permeation experiments were performed by using static vertical
Franz diffusion cells and newborn pig skin provided by a local
slaughterhouse. Excess of fatty and connective tissues were removed,
and the specimens (full-thickness skin) were stored at —80 °C until use.
For the experiments, only the epidermis (thickness “200 pm) was used:
it was securely clamped between the donor and receiver compartments
of the Franz cells (effective diffusion area of 0.784cm?), with the
stratum corneum side facing the donor compartment. The receptor
compartment was filled with buffered solution (pH 7.4). The Franz cells
were immersed in a bath system at 37 = 2°C and maintained under
stirring in order to mimic physiological skin conditions. The different
formulations (500 uL) were applied onto the epidermis surface, and at
regular time intervals, up to 24h, the receiving solution was with-
drawn, replaced with pre-thermostated, fresh PBS, and analysed by
HPLC for baicalin or berberine content (as described in Section 2.3). In
addition, in order to verify the integrity of the epidermis, 1 mL of
phenol red solution (0.5 mg/mL) was applied onto the skin surface in
the donor compartment and quantified in the receptor compartment by
spectrophotometry. When the values of phenol red were < 1%, the
epidermis was considered intact.

The cumulative amounts (Q, pg/cm?) of baicalin or berberine per-
meated through the epidermis were plotted against time, and the
equation derived from the application of the Fick’s Second Law to the
diffusion process was fitted to the data (Eq. (2)):
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where Q (t) is the amount of active agent passing across the skin and
reaching the receptor solution at a given time t; A is the actual diffusion
surface area (0.784 cm?); P is the partition coefficient of the permeant
between the skin and the donor vehicle; L is the diffusion pathway; D is
the diffusion coefficient of the permeant in the skin; and C is the con-
centration of the permeant in the donor vehicle. The fitting procedures
were carried out by means of non-linear regression using Sigma Plot
10.0 (Pharsight corp, USA). By fitting the equation 2, lag time (t;, h)
corresponding to L?/6D and the permeability coefficient (Kp = P-D/L)
were calculated.

2.6. Cell culture

Human immortalized keratinocytes (HaCaT) (Thermo Fisher
Scientific Inc, Waltham, MA, USA) and 3T3 mouse fibroblasts (ATCC,
Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle’s
medium (Sigma Aldrich, Spain), supplemented with 10% (v/v) foetal
bovine serum, penicillin (100 U/mL), and streptomycin (100 pg/mL)
(Sigma Aldrich, Spain) in 5% CO, incubator at 37°C to allow ex-
ponential cell growth. Highly pigmented adult human epidermal mel-
anocytes (HEMa) were purchased from Thermo Fisher Scientific Inc
(Waltham, MA, USA). Cells were maintained in Medium 254 with the
addition of Human Melanocyte Growth Supplement-2, PMA-Free
(HMGS™®) and 1% (V/V) gentamicin/amphothericin (Thermo Fisher
Scientific Inc, Waltham, MA, USA) in a humidified incubator at 37 °C
with 5% CO,.

2.7. Cell viability studies

Cytotoxicity studies were carried out using HaCaT keratinocytes at
passages 31-32, 3T3 fibroblasts at passages 22-23 and HEMa melano-
cytes at passages 4-5. The cells were seeded into 96-well plates with a
density of approximately 2.5, 2.9, and 1.4 x-10° cells/well, for HaCaT,
3T3 and HEMa, respectively. After 24 h of incubation, when confluence
was reached, the cells were exposed for 24h to baicalin in PBS or
berberine in 5%sorbitol water solution, or empty vesicles, or baicalin or
berberine loaded vesicles, at different concentrations (200, 100, 50, 25,
12.5, 1.56 ug/mL) of baicalin or berberine. Cell viability was de-
termined by the MTT [3(4,5-dimethylthiazolyl-2)-2,5-diphenylte-
trazolium bromide] colorimetric assay. MTT reagent (100 pL, 0.5 mg/
mL) was added to each well, and after 3 h the formed formazan crystals
were dissolved in DMSO (100pL). The reaction was spectro-
photometrically measured at 570nm with a microplate reader
(Multiskan EX, Thermo Fisher Scientific, Inc., Waltham, MA, US). The
experiments were performed in triplicate and repeated at least three
times. Results are shown as percentage of cell viability in comparison
with untreated control cells (100% viability) (Eq. 3):

Absorbance,
Cell Viability (%) = (J)x 00

Absorbance ool

3)

where Absorbancegqnp. is the absorbance of cells treated with the for-
mulations and Absorbanceon. is the absorbance of non-treated cells, at
570 nm.

2.8. Dose-response curves for different intensities of UV radiation

In order to define the intensity of radiation that caused 50% cell
death (LCsp), HaCaT and 3T3 were seeded into 96-well plates with a
cell density of 1.7 and 2.0-x 10° cells/well, respectively. When con-
fluence was reached, the cells were irradiated with different intensities
of UVB rays (100, 200, 400, 600, 800 and 1000 mJ/cm?) using a
Crosslinker Bio-Link BLX 254 camera (5 X 8 W; Peglab Biotechnologie
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GmbH, Erlangen, Germany) at a wavelength of 310 nm. After 24 h, the
MTT assay was performed as described in Section 2.7. Results are
shown as percentage of cell viability in comparison with untreated
control cells (100% viability).

2.9. Photoprotective effect of formulations against UV radiation

The photoprotective effect of the different formulations was assayed
using the intensity of radiation that caused 50% cell death. HaCaT
keratinocytes and 3T3 fibroblasts were seeded into 96-well plates, and
after 24 h, were treated with baicalin in PBS or berberine in 5%sorbitol
water solution, or empty vesicles, or baicalin or berberine loaded ve-
sicles, at different concentrations of both polyphenols (12.5, 6.25, 3.12
and 1.56 pg/mL). In addition, the cells were treated simultaneously
with both baicalin in PBS and berberine in 5%sorbitol water solution, or
in the vesicles, at the above concentrations. 24 h after the treatment,
the cells were irradiated with the appropriate intensity of UVB radia-
tion, and incubated for 24 h at 37 °C with CO, (5%), then the cell via-
bility was measured by MTT assay (as described in Section 2.7). Results
are shown as percentage of photoprotection in comparison with un-
treated control cells (0% photoprotection): the percentage of photo-
protection represents the percentage of live cells before and after
treatment (Eq. (4)).

% Photoprotection
_ Absorbance of treated cells — Absorbance of non treated cells 1
Absorbance of treated cells

00

4

2.10. Efficacy of the formulations against oxidative stress in cells

HaCaT cells were seeded into 96-well plates (3.1 x 10° cells/well)
and incubated until confluence was reached. The cells were treated
simultaneously with hydrogen peroxide and the formulations: baicalin
in PBS or berberine in 5%sorbitol water solution, or empty vesicles, or
baicalin or berberine loaded vesicles, at non-cytotoxic concentrations of
the polyphenols of 12.5, 6.25, 3.12, and 1.56 pg/mL. In addition, the
cells were treated simultaneously with both baicalin in PBS and ber-
berine in 5%sorbitol water solution, or in vesicles, at the above con-
centrations. After 4 h of treatment, the cells were washed with PBS, and
the MTT assay was performed to measure the cell viability (as decribed
in Section 2.7). Untreated cells were used as a negative control, and
cells treated with hydrogen peroxide without formulations were used as
a positive control. Results are shown as percentage of antioxidant
capability in comparison with untreated cells (0% antioxidant cap-
ability).

2.11. Melanin content determination

HEMa cells at passages 5-6 were cultured on 6-well plates
(2.2 x 10° cells/well) and incubated until confluence was reached. The
cells were treated with baicalin in PBS or berberine in 5%sorbitol water
solution, or empty vesicles, or baicalin or berberine loaded vesicles
using non-cytotoxic concentrations (12.5, 6.25, 3.12 and 1.56 ug/mL)
of baicalin or berberine. In addition, baicalin in PBS and berberine in
5%sorbitol water solution, or in vesicles were applied simultaneously,
at the above concentrations. After 48 of incubation, the medium was
removed, the cells were washed twice with PBS and harvested using
trypsin (0.05%) and EDTA (0.02%). The harvested cells were cen-
trifuged, the pellet was dissolved in NaOH solution (1 N) and incubated
at 60 °C for 1 h. The amount of melanin in solution was determined by
measuring the absorbance at 470nm using a microplate reader
(Multiskan EX, Thermo Fisher Scientific, Inc., Waltham, MA, US).
Results are shown as a percentage of melanin content in comparison
with untreated cells (100% viability).
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2.12. Tyrosinase activity assay

Tyrosinase activity was estimated spectrophotometrically by using
L-DOPA as substrate. HEMa cells at passages 5-6 were seeded into 6-
well plates (approximately 2.0 x-10° cells/well) and incubated until
confluence was reached. The cells were treated for 48 h with baicalin in
PBS or berberine in 5%sorbitol water solution, or empty vesicles, or
baicalin or berberine vesicles at different concentrations of baicalin or
berberine (12.5, 6.25, 3.125, and 1.56 pg/mL). A combined treatment
of baicalin in PBS and berberine in 5%sorbitol water solution, or in
vesicles at the above concentrations was also tested. At the end of each
experiment, the cells were treated with sodium phosphate buffer
(0.1 M, pH 6.8) containing 1% Triton X-100 and disrupted by repeated
freeze/thaw cycles at —20 °C for 30 min. The lysates were clarified by
centrifugation at 10,000 g for 15min, then 90 pL of each lysate was
seeded into a 96-well plate, and 1-DOPA (10 uL, 10 mM) was added to
each well. After incubation at 37 °C in the dark for 90 min, the end-
point absorbance was measured spectrophotometrically at 475nm
using a microplate reader (Multiskan EX, Thermo Fisher Scientific, Inc.,
Waltham, MA, US). Results are shown as a percentage of tyrosinase
activity in comparison with untreated cells (100% viability).

2.13. Statistical analysis of data

Data are shown as means + standard deviation. Statistical differ-
ences were determined by using one-way ANOVA test and Tukey s test
for multiple comparisons with a significance level of p < 0.05. All
statistical analyses were performed using IBM SPSS statistics 22 for
Windows (University of Valencia, Spain).

3. Results
3.1. Vesicle characterization

Based on our previous results [7], in the present study baicalin was
incorporated in ultradeformable vesicles prepared with Lipoid S75
(60 mg/mL) and tween 80 (2.5mg/mL) in PBS. To obtain berberine
ultradeformable vesicles with size and polydispersity index comparable
to those of baicalin vesicles, a higher amount of Lipoid S75 (120 mg/
mL) was needed, as well as the addition of sorbitol (5% v/v in water).
TEM images provided evidence of vesicle formation (Fig. 1). Baicalin
ultradeformable vesicles were irregularly shaped and multilamellar,
while berberine vesicles were mostly unilamellar, spherical in shape,
and homogeneously dispersed. The size of the vesicles was measured by
PCS, which provides a global value of mean size and size distribution as
a function of the ability of the particles to scatter the incident light
(Table 1). Empty formulations were also prepared and characterized to
elucidate the effect of both active agents on bilayer-assembling fea-
tures. Both baicalin and berberine vesicles were small in size, and the
former were more monodispersed. All the vesicles were negatively
charged, with berberine vesicles showing more negative values. The
empty vesicles were larger than the corresponding baicalin or berberine
loaded vesicles. This behaviour may be correlated with the intercala-
tion of the polyphenols in the bilayer, which affected its assembly. Both
baicalin and berberine were incorporated in high amounts in the ve-
sicles. All the formulations were highly stable, since no significant
changes were detected after 30 days on storage at room temperature
(25°0).

3.2. Skin permeation studies

In order to evaluate the ability of ultradeformable vesicles to en-
hance the permeation of baicalin and berberine through the skin, in
vitro studies were performed by applying the polyphenols in PBS or in
5%sorbitol water solution, or loaded in vesicles onto newborn pig skin.
The permeation profiles are presented in Fig. 2. The vesicles loaded
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with baicalin gave the best results in terms of penetration. The total
amount of baicalin and berberine penetrated was 2% and 1%, re-
spectively, which may be indicative of the formation of a depot in the
epidermis. The permeability coefficients were 7.25 X 10™° cm/s and
1.08 x 10~ ° cm/s, respectively. Hence, the penetration of baicalin was
7-fold higher than berberine. These values are in accordance with the
physico-chemical properties of the two polyphenols. The lag time (t)
values for baicalin and berberine vesicles were around 6 and 4 h, re-
spectively, which are favourable when a local effect is desired, de-
creasing the passage of the polyphenols into the bloodstream.

3.3. Cell viability studies

The cytotoxicity of baicalin and berberine formulations was eval-
uated using the main cells present in human skin: 3T3 fibroblasts,
HaCaT keratinocytes and HEMa melanocytes (Fig. 3). After incubation
with empty vesicles, the viability of the three cell lines was always
"100%, regardless of the concentration tested. After incubation with
baicalin in PBS or loaded vesicles, the viability values for HaCaT and
HEMa were similar: "100% using the lower concentrations (from
3.12-50 ug/mL), "80% using 100 pg/mL of baicalin (regardless of the
sample used) and “70% (p < 0.05) with 200 pg/mL of baicalin. The
viability of 3T3 fibroblasts was always =100%, regardless of the tested
sample or concentration.

A different behaviour was found incubating the cells with berberine
in 5%sorbitol water solution or loaded in vesicles: the viability values
were similar, irrespective of the cell type used. When the higher con-
centrations were used (from 200 to 25 ug/mL), the cell viability was
between “50 and “75%, while at the lower concentrations (from 12.5 to
1.56 ug/mL) a 100% viability was reached. The non-cytotoxic con-
centrations were chosen to evaluate the efficacy of baicalin and ber-
berine ultradeformable vesicles as antioxidants and photoprotectants of
cells.

3.4. Dose-response curves for different intensities of UV radiation

The effect of UV radiation at different intensities on cell viability
was evaluated in HaCaT keratinocytes and 3T3 fibroblasts. In a pre-
liminary study, the cell viability was measured as a function of the
radiation intensity (Fig. 4). Cell viability decreased as the radiation
intensity increased, causing 50% cell death at 500 mJ/cm? for kerati-
nocytes and at 400 mJ/cm? for fibroblasts. These UV intensities were
chosen to evaluate the ability of baicalin and berberine vesicles to
counteract the damaging effects of UV radiation.

3.5. Photoprotective effect of the formulations against UV radiation

The ability of the formulations to counteract the deleterious effects
of UV radiation was measured in keratinocytes and fibroblasts, because
the UV radiation is able to penetrate the skin and reach the dermis
(Fig. 5). The photoprotective activity was calculated as a percentage of
viability of treated versus untreated cells. Using the keratinocytes, the
photoprotection provided by the baicalin in PBS or berberine in 5%
sorbitol water solution at the different non-cytotoxic concentrations
was very low ("7%). The efficacy increased up to “34% thanks to the
loading of baicalin in the ultradeformable vesicles, while the in-
corporation of berberine into the vesicles did not provide an important
increase in the photoprotective activity ("13%). When the keratinocytes
were treated simultaneously with baicalin vesicles and berberine ve-
sicles, the photoprotective activity was similar to that provided by
baicalin vesicles alone ("34%). In the fibroblasts, the photoprotective
activity was similar to that obtained in keratinocytes: “13% with bai-
calin in PBS, “27% with baicalin vesicles at the three higher non-cyto-
toxic concentrations (from 12.5 to 3.12 pug/mL), and "14% at the lower
non-cytotoxic concentration (1.56 pig/mL), “8% with berberine in 5%
sorbitol water solution, and “18% with berberine vesicles. The
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Fig. 1. Representative TEM micrographs of ultradeformable vesicles loaded with baicalin (A and B) and berberine (C and D).

association of baicalin vesicles and berberine vesicles provided values
similar to those obtained with baicalin vesicles alone ("28% at the three
higher concentrations, 12.5, 6.25 and 3.12pg/mL, and "16% at the
lower concentration, 1.56 pg/mL). Overall results indicated that bai-
calin loaded vesicles showed a stronger photoprotective activity, which
was not reinforced by the association with berberine.

3.6. Efficacy of the formulations against oxidative stress damage in cells

The ability of baicalin and berberine loaded vesicles to counteract
the damages induced by oxidative stress was evaluated by using kera-
tinocytes, which are the predominant cells in the outermost layer of the
skin, thus more exposed to environmental contaminants and aggressors
(Fig. 6). The cells were stressed with hydrogen peroxide and treated
with baicalin in PBS or berberine in 5%sorbitol water solution, or in
vesicles at the different non-cytotoxic concentrations (12.5-1.56 ug/
mL). Additionally, the cells were treated with empty vesicles or baicalin
vesicles together with berberine vesicles. The exposure of the cells to
hydrogen peroxide, which was indicated as 0% antioxidant capability,
led to a significant reduction in cell viability ("65%). The antioxidant
capability of the empty vesicles was around 30%, and increased using
the polyphenols in PBS or in 5%sorbitol water solution, reaching “38%
at the lower concentration (1.56ug/mL) and “56% at the higher

Table 1
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Fig. 2. Amount of baicalin and berberine accumulated in the receptor com-
partment after a 24 h application of the polyphenols in PBS or in 5%sorbitol
water solution, and vesicular formulations. Mean values and standard devia-
tions (error bars) are reported (n = 3).

Mean diameter (MD), polydispersity index (PI), zeta potential (ZP) and entrapment efficiency (EE) of baicalin or berberine loaded ultradeformable vesicles and the
corresponding empty vesicles. Empty vesicles A and empty vesicles B were obtained by dispersing the phospholipid in PBS and 5%sorbitol water solution, re-

spectively. Each value is the mean + standard deviation (n = 3).

Vesicle size (nm) PI Z Potential (mV) EE (%)
Day 0 Day 30 Day 0 Day 30 Day 0 Day 30
Baicalin vesicles 64.8 + 1.3 69.9 + 1.6 0.14 + 0.03 0.27 + 0.03 -27.0 + 1.1 -228 + 15 82.7 + 0.4
Empty vesicles A 80.4 + 1.8 879 + 1.1 0.18 + 0.03 0.25 + 0.03 -31.1 £ 1.6 -23.8 + 28 -
Berberine vesicles 61.1 + 1.4 69.7 + 1.1 0.24 + 0.01 0.34 + 0.04 -381 * 14 -20.7 + 2.2 87.1 £ 1.2
Empty vesicles B 859 + 0.8 90.7 + 2.4 0.16 + 0.02 0.32 + 0.01 —333 + 3.8 -137 £ 1.6 -
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Fig. 3. Viability of HaCaT, 3T3 and HEMa cells incubated with ultradeformable vesicles loaded with baicalin (1) or berberine (2). The viability of cells treated with
the corresponding empty vesicles or the polyphenols in PBS or 5%sorbitol water solution was reported as a reference. Empty vesicles A and empty vesicles B were
obtained by dispersing the phospholipid in PBS and 5%sorbitol water solution, respectively. Mean values + standard deviations (error bars) are reported (n = 16).

concentration (12.5pg/mL) of baicalin in PBS, and "42% at all the
concentrations of berberine in 5%sorbitol water solution. The anti-
oxidant capability of baicalin or berberine ultradeformable vesicles
further increased to "59% at the higher concentration (12.5ug/mL),
“55% at 6.25ug/mL, and "47% at the other non-cytotoxic concentra-
tions. Comparable results were obtained by treating the cells simulta-
neously with the baicalin vesicles and berberine vesicles, as the anti-
oxidant activity reached “55% at the higher concentration (12.5 pg/mL)
and "47% at the other non-cytotoxic concentrations. The same values
were obtained using baicalin in PBS together with berberine in 5%
sorbitol water solution.

3.7. Melanin content determination

The ability of baicalin and berberine vesicles to facilitate melano-
genesis and skin pigmentation was evaluated in melanocytes. The cells

HaCat
150+

100+

50+

Cell viability (%)

0 200 400 600 800 1000
Intensity (mJIcmz)

were treated for 48 h with the formulations, the amount of melanin was
measured, and the melanogenetic activity was calculated as a percen-
tage of untreated cells (Table 2). The melanogenetic activity was
around 90% in cells treated with baicalin in PBS, and slightly increased
to "106% when the polyphenol was loaded in the vesicles. The mela-
nogenetic activity increased especially using berberine vesicles at 12.5
and 6.25 pg/mlL, reaching "133%. The higher melanogenetic activity
was achieved when the cells were treated with the combination of
baicalin vesicles and berberine vesicles, reaching “145% with the higher
concentrations (12.5 and 6.25 pg/mL). The obtained data indicated that
berberine vesicles stimulated the melanogenesis more than baicalin
vesicles, and their combination further improved this activity, sug-
gesting a possible use of these vesicles as adjuvants in repigmentation of
skin affected by vitiligo.

3T3
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o
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Fig. 4. Effect of UVB (A = 310 nm) at different intensities on the viability of 3T3 fibroblasts and HaCaT keratinocytes. Values are given as means *+ standard

deviations (n = 16).
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Fig. 5. Effect of baicalin and berberine formulations against UVB-induced phototoxicity in 3T3 fibroblasts (A) and HaCaT keratinocytes (B). Empty vesicles and
polyphenols in PBS or 5%sorbitol water solution were tested as controls. Empty vesicles A and empty vesicles B were obtained by dispersing the phospholipid in PBS
and 5%sorbitol water solution, respectively. Each bar represents the mean + standard deviation (n = 16). *p < 0.05 versus irradiated and untreated controls.

3.8. Tyrosinase activity assay

To corroborate the pathway involved in the stimulation of melanin
production, the tyrosinase activity was measured, as it is the key en-
zyme involved in melanin synthesis. Results were expressed as a per-
centage of untreated cells (Table 2).

Similarly, to the melanogenetic activity, the tyrosinase activity was
less stimulated by baicalin in PBS ("95%) or loaded in vesicles ("100%),
and more by berberine in 5%sorbitol water solution ("110%) or loaded
in vesicles ("130%). The tyrosinase activity was markedly stimulated by

a2 @ @ B
5 8 g 8

Antioxidant capability (%)
8

Antioxidant capability (%)

°

the combination of baicalin vesicles and berberine vesicles, especially
at the lower concentrations (136%). This combination may represent a
potential strategy to stimulate both tyrosinase enzyme activity and
melanin production.

4. Discussion

Vitiligo is a common skin disorder characterised by patchy areas of
depigmentation due to the loss of melanin-forming cells, melanocytes,
in the epidermis. Topical monotherapy is indicated for mild-to-
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Fig. 6. Protective effect of the different baicalin and berberine formulations against H,0,-induced oxidative stress in HaCaT keratinocytes. Empty vesicles A and
empty vesicles B were obtained by dispersing the phospholipid in PBS or 5%sorbitol water solution, respectively. Each bar represents a mean + standard deviation

(n = 16). *p < 0.05 versus untreated control.
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Table 2

Colloids and Surfaces B: Biointerfaces 175 (2019) 654-662

Melanogenetic activity (%) and tyrosinase activity (%) of melanocytes after a 48 h treatment with baicalin or berberine in PBS or in 5%sorbitol water solution, or
loaded in vesicles, at different concentrations (12.5, 6.25, 3.12 and 1.56 pg/mL). Baicalin and berberine were used alone or in association. Each value is the

mean * standard deviation (n = 16).

Melanogenic activity (%)

Tyrosinase activity (%)

12.5pg/mL 6.25 ug/mL 3.12 pg/mL 1.56 pg/mL 12.5pg/mL 6.25 pg/mL 3.12ug/mL 1.56 pg/mL
Baicalin in PBS 91 £ 3 94 + 2 93 £ 3 93 £ 6 95 + 2 97 + 4 98 + 3 9% + 5
Baicalin vesicles 106 = 1 109 = 6 105 £ 5 105 * 6 101 + 4 101 = 3 100 = 5 9 +5
Berberine in 5%sorbitol water solution 115 £ 3 116 + 4 103 £ 5 101 + 4 110 * 2 107 = 4 106 + 4 112 £ 3
Berberine vesicles 135 = 3 130 = 3 110 = 6 113 = 5 129 = 3 121 = 4 119 = 3 116 = 4
Baicalin + Berberine dispersion 103 = 3 99 =3 93 £ 3 97 =5 119 + 2 115 = 3 114 + 2 97 =5
Baicalin + Berberine vesicles 153 + 4 138 £ 6 110 £ 5 115 £ 5 136 + 4 132 + 2 125 + 4 122 £ 6

* p < 0.05 versus untreated control cells (100%).

moderate vitiligo [20]. Adequate modifications and innovations are still
required to improve the local efficacy of active molecules, and phos-
pholipid vesicles might represent the vehicle of choice for local treat-
ments, as they can enhance the skin accumulation and efficacy of active
molecules, such as baicalin and berberine. Taking into account previous
results on the delivery of baicalin for the treatment of skin inflamma-
tion, elastic, ultradeformable vesicles, the so-called transfersomes, were
chosen for this study [7,19]. Baicalin was loaded in vesicles containing
60 mg/ml of Lipoid S75, and 2.5 mg/mL of tween 80. To load berberine
into vesicles with characteristics comparable to those loading baicalin,
120 mg/mL of the same phospholipid was needed, along with the ad-
dition of sorbitol (5%) in water as a stabilizer. The prepared ultra-
deformable vesicles were fairly spherical, small in size, homogeneously
dispersed, negatively charged, capable of incorporating high amounts
of baicalin or berberine. The incorporation of the polyphenols into the
vesicles led to a reduction of the mean diameter, in comparison with
that of empty vesicles (p < 0.05), probably due to the intercalation of
baicalin or berberine in the phospholipid bilayer, and the consequent
modification of the vesicle assembly [7,21,22]. Size distribution and
surface charge were monitored for 30 days at 25°C: no significant
variations were detected (Table 1), irrespective of the sample tested.
Skin permeation of baicalin and berberine was improved by their in-
corporation in the ultradeformable vesicles. The concentration of the
polyphenols in the receptor compartment was less than 2%, which can
be indicative of the formation of a depot in the epidermis. No cytotoxic
effects were detected upon treatment with empty vesicles (viability
>100%), irrespective of the cells used. A high biocompatibility was
also detected using baicalin in PBS or in vesicles, as the viability was
always around 100% even using high concentrations (i.e., 100, 50 and
25pg/mL). A different behaviour was observed for berberine in 5%
sorbitol water solution or loaded in vesicles, as the viability was high
("100%) only using the lower concentrations (12.5-1.56 pg/mL). Taking
into account these results, only the lower concentrations were chosen
for further studies. Under these conditions, the polyphenols in PBS or in
5%sorbitol water solution were able to counteract the oxidative stress
induced by H,0,, and this effect was slightly improved ("15%) using
the vesicles. Baicalin vesicles provided the highest antioxidant activity,
which was not significantly improved by the association with berberine
vesicles. The antioxidant effect can be useful against vitiligo symptoms,
which are correlated with the accumulation of reactive oxygen species
in the skin [23]. Additionally, the photoprotective effect of the for-
mulations was evaluated. The highest photoprotective activity was
achieved by using baicalin vesicles or when baicalin and berberine
vesicles were used in combination. Vitiligo is phenotypically char-
acterized by acquired depigmented spots in the skin. It is often neces-
sary to use rotational therapy to decrease side effects and to achieve
better repigmentation response [24]. Berberine vesicles, mostly when
combined with baicalin vesicles, induced a significant increase in
melanin production and tyrosinase activity. The latter is considered as
the key determinant of pigmentation and the rate-limiting enzyme for
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melanin synthesis. The improved melanin production can ensure a
suitable repigmentation of skin white spots. Currently, the main pur-
pose of clinical treatment of vitiligo is to increase the melanogenesis
and uniform skin colour. The findings of this study suggest that the
association of baicalin vesicles with berberine vesicles may represent a
promising strategy to counteract vitiligo progression, because the pre-
sence of baicalin vesicles ensures the antioxidant protection, and the
presence of berberine vesicles ensures photoprotection and skin re-
pigmentation. The delivery of bioactive molecules by ultradeformable
vesicles capable of squeezing through the skin channels, facilitates the
accumulation of the payload into the skin and the interaction with cells.
Therefore, the association of these vesicles may represent a valid ad-
juvant to the generally used treatments of vitiligo.

5. Conclusion

The association of baicalin and berberine ultradeformable vesicles
showed a great potential as adjuvant therapy of vitiligo, because the
baicalin vesicles exhibited good antioxidant and photoprotective abil-
ities that were reinforced by repigmentation provided by the berberine
vesicles.
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Hair loss affects a large number of people worldwide and it has a negative impact on the quality of life.
Despite the availability of different drugs for the treatment of hair disorders, therapeutic options are still
limited and scarcely effective. An innovative strategy to improve the efficacy of alopecia treatment is pre-
sented in this work. Finasteride, the only oral synthetic drug approved by Unites States Federal Drug
Administration, was loaded in phospholipid vesicles. In addition, baicalin was co-loaded as an adjuvant.
Their effect on hair growth was evaluated in vitro and in vivo. Liposomes, hyalurosomes, glycerosomes
and glycerol-hyalurosomes were manufactured by using a simple method that avoids the use of organic
solvents. All the vesicles were small in size (~100 nm), homogeneously dispersed (polydispersity index
<0.27) and negatively charged (~—16 mV). The formulations were able to stimulate the proliferation of
human dermal papilla cells, which are widely used in hair physiology studies. The analysis of hair growth
and hair follicles of C57BL/6 mice, treated with the formulations for 21 days, underlined the ability of the
vesicles to improve hair growth by the simultaneous follicular delivery of finasteride and baicalin.
Therefore, the developed nanosystems can represent a promising tool to ensure the efficacy of the local
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Introduction

Hair loss is a common dermatological disorder that can affect
the quality of life of patients, as it has a relevant impact on
their psychology." The aetiology and subsequent development
of hair loss or alopecia is not fully understood, but it is com-
monly accepted that it can be caused by a combination of
genetic and environmental stimuli.?

Hair follicles control hair growth, which is a regenerating
system that undergoes a cyclic process divided into different
phases: hair generation and growth (anagen phase), regression
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(catagen phase) and rest (telogen phase). Moreover, hair fol-
licles are supported by the dermal papilla cells, which play a
crucial role in hair growth cycle and seem to be responsible for
the key signals controlling hair follicle cycle during mammals
life.>*

The incorrect or slowed cyclic process of growth can cause
hair loss, which is very common, especially in adults. Despite
the high incidence of alopecia, the therapeutic treatments are
still limited. Among those currently available, the majority of
treatments exhibit low efficacy and important side effects.>®
Therefore, alternative treatment options, more effective and
safer, are urgently needed.

Among the different drugs available for the treatment of
alopecia, finasteride is one of the most used. It is the only oral
synthetic drug approved by Unites States Federal Drug
Administration and is especially recommended for the treat-
ment of hair loss connected to androgenic alopecia.
Finasteride inhibits human 5a-reductase, which converts tes-
tosterone into the more potent 5a-dihydrotestosterone,”
induces the passage of hair follicles from telogen to anagen
phase, and inhibits miniaturization of hair follicles.®

In spite of its benefits, the chronic oral treatment with
finasteride is associated with different side effects, such as
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gynecomastia, decreased libido, ejaculation disorder and
others, which lead to a low treatment adherence. A significant
reduction of the abovementioned side effects can be achieved
by topical application, especially if the drug is locally delivered
by ad hoc formulated nanocarriers.’ The latter are nanoparticu-
late systems able to facilitate the passage of their cargo
through the stratum corneum to the viable epidermis and
dermis.

An additional strategy to improve the efficacy of topical
finasteride could be its combination with natural active ingre-
dients with complementary activity.'"” Among others, baicalin"*
has attracted the attention of the scientific community due to
its potential ability to promote hair growth."*”** In addition, it
possesses other beneficial properties, such as antioxidant,'®
antitumor,® anti-inflammatory,'”” and antibiofilm activity
against S. saprophyticus infections.'® Baicalin is extracted from
the roots of Scutellaria baicalensis Georgi, which has been
officially listed in the Chinese Pharmacopeia and was intro-
duced in European Pharmacopoeia (9th Edition). Thanks to its
high biocompatibility and promising activity on hair growth,
baicalin can be considered a potential adjuvant to finasteride
in the local treatment of hair loss and alopecia. Both finaster-
ide and baicalin belong to Class II in the biopharmaceutical
classification system,'® as they show low aqueous solubility
and permeability,>® which may limit their topical application.
The loading of finasteride and baicalin in ad hoc formulated
phospholipid vesicles can help to overcome these drawbacks
by improving their local bioavailability.>' Phospholipid vesicles
are regarded as the most promising nanosystems for the deliv-
ery of a wide range of drugs. Thanks to their peculiar structure
and versatility, they are able to incorporate both hydrophilic
and lipophilic molecules, ensuring an efficient co-delivery of
different molecules. Moreover, phospholipid vesicles are
highly biocompatible, safe, and capable of facilitating the
passage of the payload through the stratum corneum, improv-
ing the accumulation in the deeper skin strata and the delivery
at follicular level.”* In addition, due to their composition
similar to that of cellular membranes, the phospholipid vesi-
cles are able to promote the interaction with cells and the
release of the payload in the cytoplasm where the beneficial
activity is exerted.

Recently, many authors have underlined the importance of
the composition of phospholipid vesicles to their performance
as topical delivery systems. New vesicles have been developed,
such as transfersomes, also called ultradeformable liposomes,
capable of squeezing through the intercellular spaces of the
stratum corneum;*>*® ethosomes, elastic vesicles containing
high amounts of ethanol;>"** penetration enhancer-containing
vesicles (PEVs);**?” glycerosomes, containing high amounts of
glycerol,”® capable, as well as PEVSs, of enhancing the delivery
of drugs to the skin;*® and hyalurosomes, vesicles immobilized
in a sodium hyaluronate network.*®*'

In the present study, finasteride and baicalin were co-
loaded in liposomes, hyalurosomes, glycerosomes and gly-
cerol-hyalurosomes, while liposomes loaded with finasteride
or baicalin individually were used as references. The vesicles
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were characterized and their ability to promote hair growth
was evaluated both in vitro, by using human hair follicle
dermal papilla cells, and in vivo, by applying the vesicle formu-
lations on the shaved back skin of C57BL/6 mice.*

Experimental
Materials

Lipoid® S75, a mixture of soybean lecithin, was a gift from
Lipoid GmbH (Ludwigshafen, Germany). Disodium phosphate
was purchased from Scharlab S.L. (Barcelona, Spain).
Monosodium phosphate was obtained from Panreac quimica
S.A. (Barcelona, Spain). Baicalin was purchased from Cymit
quimica S.L. (Barcelona, Spain). Finasteride was purchased
from Farmalabor Srl (Canosa di Puglia, Italy). Sodium hyaluro-
nate was purchased from DSM Nutritional Products AG Branch
Pentapharm (Switzerland). Tetrazolium salt, 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT), glycerol
and all the other reagents of analytical grade were purchased
from Sigma-Aldrich (Milan, Italy).

Vesicle preparation

The phospholipid vesicles were prepared by hydration of lipid
components, sonication and extrusion (when necessary),
avoiding the use of organic solvents.*® Briefly, Lipoid® S75
(210 mg mL™"), baicalin (10 mg mL™") and finasteride (2.5 mg
mL™") were weighed in a glass vial and hydrated overnight
with PBS (pH 7.4) to obtain liposomes, with glycerol and PBS
(1:1 v/v) to obtain glycerosomes, with an aqueous solution of
sodium hyaluronate (0.1% w/v) to obtain hyalurosomes, or
with a mixture of glycerol and 0.2% sodium hyaluronate solu-
tion (1:1 v/v) to obtain glycerol-hyalurosomes. Empty lipo-
somes and liposomes loaded with finasteride or baicalin indi-
vidually were prepared and used as references, to evaluate the
effect of the payloads on vesicle assembly. All the dispersions
were sonicated (25 cycles, 5 seconds on and 5 seconds off)
with a Soniprep 150 ultrasonic disintegrator (MSE Crowley,
London, UK) in order to obtain small and homogeneous vesi-
cles. Liposomes loaded with finasteride or baicalin individu-
ally were then extruded through a 200 nm membrane
(Whatman, GE Healthcare, Fairfield, Connecticut, US) by using
an Avanti® Mini-Extruder (Avanti Polar Lipids, Alabaster, AL,
US) to improve the homogeneity of the dispersions.

Analytical methods

Finasteride and baicalin were quantified by HPLC using a
PerkinElmer® Series 200 equipped with a UV detector and a
column Teknokroma® Brisa “LC2” C18, 5.0 pm (150 x
4.6 mm). Finasteride was quantified at 245 nm by using a
mixture of water and methanol (75:25) as mobile phase,
delivered at a flow rate of 1 mL min~". The limit of detection
for finasteride was 5 pg and the limit of quantification was
15 pg mL ™",

Baicalin content was measured at 278 nm by using a
mixture of water and methanol (30: 70) as mobile phase, deli-

This journal is © The Royal Society of Chemistry 2020
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vered at a flow rate of 1 mL min~". The limit of detection for
baicalin was 0.45 pg and the limit of quantification was
1.36 pg mL ™",

Vesicle characterization

Vesicle formation and morphology were evaluated by cryo-TEM
observation. A thin film of each sample was formed on a holey
carbon grid and vitrified by plunging (kept at 100% humidity
and room temperature) into ethane maintained at its melting
point, using a Vitrobot (FEI Company, Eindhoven,
Netherlands). The vitreous films were transferred to a Tecnai
F20 TEM (FEI Company), and the samples were observed in a
low-dose mode. Images were acquired at 200 kV at a tempera-
ture of ~—173 °C, using a CCD Eagle camera (FEI Company).

The average diameter and polydispersity index of the vesicle
dispersions were determined by Photon Correlation
Spectroscopy using a Zetasizer nano-ZS (Malvern Instruments,
Worcestershire, UK). Zeta potential was estimated by using the
Zetasizer nano-ZS by electrophoretic light scattering, which
measures the particle electrophoretic mobility in a thermo-
stated cell. All the measurements were performed after
dilution (1:100) of the samples with PBS.**

The stability of vesicles was evaluated for 30 days at room
temperature (25 °C). During this period, size, size distribution
and surface charge were measured.

To evaluate the amount of finasteride and baicalin loaded
into the vesicles, the samples (2 mL) were transferred into
Spectra/Por® membranes (12-14 kDa MW cut-off; Spectrum
Laboratories Inc., DG Breda, The Netherlands) and dialyzed
against buffer (2 L) for 4 h, at room temperature (~25 °C) with
water refreshed every hour to allow the complete removal of
the non-entrapped molecules. Both non-dialyzed and dialyzed
vesicles were disrupted with methanol (1:100) and analysed
by HPLC (see analytical methods section) to quantify finaster-
ide and baicalin contents. The entrapment efficiency (EE) was
calculated as a percentage as follows (eqn (1)):

EE (%) = [(actual drug)/(initial drug)] x 100 (1)

where actual drug is the amount of finasteride or baicalin
detected in vesicles after dialysis, and initial drug is the
amount detected before dialysis.

In vitro evaluation of cytotoxicity and cell proliferation

Hair follicle dermal papilla cells (HFDPC, Cell Applications
Inc., San Diego, CA, US) were grown as monolayers in 75 cm®
flasks and incubated at 37 °C in a controlled atmosphere con-
taining 5% CO, and 100% humidity. The growth medium (Cell
Applications Inc., San Diego, CA, US) specific for hair follicle
dermal papilla cells, supplemented with penicillin (100 U
mL™") and streptomycin (100 mg mL™") (Sigma Aldrich,
Spain), was used to culture them.

In order to evaluate the cytotoxicity of the formulations, the
cells (5.5 x 10* cell per mL), at passage 2, were seeded in
96-well plates with 250 pL of culture medium. After 24 h, the
cells were treated with the formulations at different dilutions

This journal is © The Royal Society of Chemistry 2020
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(corresponding to concentrations of finasteride ranging from
800 to 0.390 pg mL™" and baicalin ranging from 3200 to
1.56 pg mL™") for 48 h (n = 8). Untreated cells were used as a
negative control.

Non-cytotoxic concentrations (finasteride from 6.25 to
0.390 pg mL™" and baicalin from 25 to 1.56 pg mL™") were
then used to evaluate the effect of the formulations on the pro-
motion of cell proliferation. The cells were treated with the for-
mulations for 48 h (n = 8). Untreated cells were used as a nega-
tive control.

At the end of each experiment (cytotoxicity and prolifer-
ation), the cells were washed three times with PBS and their
viability was determined by means of the MTT [3(4,5-dimethyl-
thiazolyl-2)-2,5-diphenyltetrazolium  bromide] colorimetric
assay, adding 100 pL of MTT reagent (0.5 mg mL™" in PBS,
final concentration) to each well. After 3 h, the formed forma-
zan crystals were dissolved in dimethyl sulfoxide. The reaction
was spectrophotometrically measured at 570 nm with a micro-
plate reader (Multiskan EX, Thermo Fisher Scientific, Inc.,
Waltham, MA, US).

Results were reported as a percentage of cell proliferation in
comparison with untreated control cells (100% viability)
according to eqn (2):

Ab b sample
Cell proliferation(%) = (w

x 100 2
Absorbancecontml) 2)
where Absorbanceg,mpie is the absorbance of treated cells and
Absorbance onol i the absorbance of untreated cells (100%

viability), measured at 570 nm.

In vivo study design

Healthy six-week-old C57BL/6 female mice (18-20 g) were used
for the in vivo experiments. All studies were performed in
accordance with European Union regulations for the handling
and use of laboratory animals and the protocols were approved
by the Institutional Animal Care and Use Committee of the
University of Valencia (Code 2019/VSC/PA/0113 type 2). The
number and suffering of the animals were kept to the
minimum.

In C57BL/6 mice, hair follicle morphogenesis and growth
cycle follow a rather precise time-scale. However, the process is
dependent on various factors, such as genetic background
(mice strain) and sex (female mice show a prolonged telogen),
among others. To avoid fluctuations in the results, in vivo
experiments were based on the highly standardized C57BL/
6 model of depilation-induced hair follicle cycling."

Mice were divided into 10 groups (7 = 5 per group) and the
hairs, in telogen phase, on the dorsal area were gently shaved
24 h before treatment. On day 1, 100 pL of sample was
topically smeared over the shaved dorsal site under non-occlu-
sive conditions. The tested samples were finasteride and baica-
lin co-loaded liposomes, glycerosomes, hyalurosomes and gly-
cerol-hyalurosomes, along with finasteride dispersion, baicalin
dispersion, finasteride loaded liposomes and baicalin loaded
liposomes used as references. The procedure was repeated
once per day during 21 days of experiment. On the final day,
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the mice were sacrificed by cervical dislocation. During the
application period, differences between treated and non-
treated groups in terms of average body weight or presence of
abnormalities were checked.

Evaluation of in vivo hair growth. Skin pigmentation was
taken as evidence of hair growth, as it is bright pink in the
telogen phase and turns into grey or black in the anagen
phase.’® Hair length was determined on days 12, 16 and 21
from the same shaved area of all mice, by choosing 10 hairs to
measure and calculate the mean length. The results were shown
as average length + standard deviation. The cyclic phase of hair
follicles (anagen and telogen), along with the anagen percen-
tage (eqn (3)) were determined by using an ocular micrometer:

% anagen = (Hailynagen/Hailoar) X 100 (3)

where Hairypagen is the number of hairs in anagen phase and
Hair is the total number of hairs.

The enhancing effect of the different treatments was also
estimated (eqn (4)) as an indicator of the ability of the nanofor-
mulations to improve hair growth in comparison with
untreated group.

Enhancing effect = Hair lengthyeaea/Hair lenghteongor  (4)

where Hair lenght,eaeeq is the hair length of treated mice and
hair lengthconeror is the hair length of non-treated mice.

Histological observation of hair follicles. Mice skin treated
with the tested formulations was excised, fixed and stored in
10% formaldehyde until use. Tissue specimens were processed
routinely and embedded in paraffin. Transversal sections
(5 pm) were stained with haematoxylin and eosin and observed
under a light microscope (Leica DM3000, Leica-Microsystems,
Wetzlar, Germany). Number and diameter of follicles in the
different groups were also measured through Image Pro plus
7.0, Media Cybernetics.

Statistical analysis of data

Data are shown as means + standard deviations. Statistical
differences were determined by using one-way ANOVA test and
Tukey’s test for multiple comparisons with a significance level
of p < 0.05. All statistical analyses were performed using IBM
SPSS statistics 22 for Windows (Valencia, Spain).

Results
Vesicle characterization

Cryo-TEM images disclosed that liposomes, used as a refer-
ence, were spherical and unilamellar (Fig. 1A). The addition of
glycerol and/or hyaluronan led to the formation of spherical,
oligo-multilamellar vesicles (Fig. 1B-D). Multivesicular struc-
tures were detected in glycerosomes and glycerol-hyalurosomes
(Fig. 1B and D).

The size of the nanovesicles plays an important role,
especially when they are specifically tailored for topical or fol-
licular application. Indeed, it has been reported that follicular
penetration of nanovesicles increases as their size decreases.*®
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Fig. 1 Representative cryo-TEM photographs of finasteride and baicalin
co-loaded liposomes (A), glycerosomes (B), hyalurosomes (C) and gly-
cerol-hyalurosomes (D). Bars correspond to 200 nm.

Given that, and aiming at achieving a deep follicular pene-
tration, small-sized vesicles, ranging from 65 to 110 nm, were
prepared (Fig. 2). The mean diameter of empty liposomes
(used as a reference) was ~80 nm, with a low polydispersity
index (0.18) and a negative zeta potential (~—31 mvV). The
loading of finasteride did not affect the mean diameter of lipo-
somes, but led to an increase in the polydispersity index. The
loading of baicalin led to a decrease in the mean diameter and
the polydispersity index (Fig. 2). The simultaneous loading of
finasteride and baicalin caused an increase in mean diameter
and polydispersity index, and the zeta potential was much less
negative (—13 mV), denoting an important impact of the co-
loading, probably due to the distribution of both molecules in
the vesicle bilayer and on the surface. The addition of glycerol
and/or hyaluronan did not affect the physico-chemical features
of the vesicles. Indeed, no significant differences were detected
in comparison with co-loaded liposomes and between the
samples (p > 0.05). Glycerosomes, hyalurosomes and glycerol-
hyalurosomes were able to incorporate finasteride and baicalin
in the same amounts, similarly to co-loaded liposomes (refer-
ence), as the entrapment efficiency was ~80% for both mole-
cules. The entrapment efficiency decreased when using finas-
teride alone or baicalin alone (~65%). The nanovesicles
showed a good stability at room temperature, as no significant
changes were detected after 30 days on storage at room temp-
erature (~25 °C).

In vitro cytotoxicity assay

The biocompatibility of the formulations was evaluated by
incubating hair follicle dermal papilla cells with samples at
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different dilutions (corresponding to concentrations of finas-
teride ranging from 800 to 0.390 pg mL ™" and baicalin ranging
from 3200 to 1.56 pg mL™") for 48 h (Fig. 3). The effect of finas-
teride or baicalin in dispersion or loaded individually in lipo-
somes on the viability of papilla cells was concentration depen-
dent: the viability was less than 50% when the lower dilutions
(i.e., higher concentrations) were used, while the viability was
always >100% when using higher dilutions (i.e., lower concen-
trations: <12.5 pg mL ™" of finasteride and <50 pg mL™" of bai-
calin). The effect of finasteride and baicalin co-loaded glycero-
somes and hyalurosomes was very similar to that of liposomes,

This journal is © The Royal Society of Chemistry 2020

while it was found that glycerol-hyalurosomes, at dilutions
corresponding to finasteride concentrations >6.3 pg mL ™" and
baicalin >25 pug mL™", stimulated cell proliferation leading to
~179% viability.

In vitro cell proliferation assay

Dermal papilla cells are considered the main responsible for
controlling hair growth, and their proliferation can positively
affect the process. Given that, the ability of the formulations to
promote the proliferation of these cells, as a growth-related
parameter, was investigated by using only non-cytotoxic

Nanoscale, 2020, 12,16143-16152 | 16147
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dilutions (Fig. 4). At these dilutions, finasteride and baicalin
co-loaded into glycerol-hyalurosomes were able to stimulate
cell growth to a greater extent (~179% viability) than the dis-
persions or the other vesicles, and irrespective of the concen-
tration used (p < 0.05 versus untreated cells). The efficacy of
both finasteride and baicalin co-loaded in phospholipid vesi-
cles was compared with that of these molecules in dispersion
or loaded individually in liposomes, in order to understand
the positive contribution provided by both carrier and co-
loading. The viability of the cells treated with the dispersions
was ~122% using finasteride in dispersion or loaded in lipo-
somes, and ~115% using baicalin in dispersion or loaded in
liposomes. The co-loading in liposomes, glycerosomes and
hyalurosomes led to a slight increase in cell proliferation
(~132% viability without significant differences between these
formulations), while the co-loading in glycerol-hyalurosomes
significantly promoted the proliferation, as the cell viability
reached ~179%. These results underline a synergistic effect of
finasteride and baicalin on cell proliferation and an additional
contribution of the glycerol-hyalurosomes on the achievement
of the therapeutic efficacy. This can be mainly connected with
their optimal carrier ability, which seems to be potentiated by
the simultaneous presence of glycerol and sodium hyaluronate
in phospholipid vesicles.

In vivo determination of hair length and anagen percentage

In vivo studies were performed by using C57BL/6 mice, which
represent an ideal model to avoid fluctuations of results. The
differences in hair growth and colour for each treated group
was evaluated by visual inspection on days 12, 16 and 21 of
treatment. The shaved area of all mice appeared pink on day
0, and the re-growth of dark hair was clearly visible on day
21 (Fig. 5). After 12 days, the finasteride or the baicalin in
dispersion stimulated a moderate hair growth, which was
more evident than that observed in untreated mice, but less

16148 | Nanoscale, 2020, 12, 16143-16152

than that provided by finasteride and baicalin loaded indivi-
dually in liposomes. The co-loading of finasteride and
baicalin in hyalurosomes and glycerol-hyalurosomes further
improved the hair growth. On days 16 and 21, there were no
significant differences between the treatments (p > 0.05), as
the shaved area of all treated mice was completely covered by
new hairs.

The length of the hair was also measured during the
experiment to better evaluate the differences among the treat-
ments (Table 1). On day 16, only finasteride and baicalin co-
loaded glycerosomes, hyalurosomes and glycerol-hyaluro-
somes led to a significant improvement of the growth of
hairs, with respect to untreated mice (p < 0.01). On day 21, all
the treatments provided an increase in hair length
(Enhancing effect, EE), especially using glycerol-hyalurosomes,
which doubled the growth rate as compared to control
untreated mice (EE = 2.1; Table 1). In addition, the anagen
phase of hair follicles was immediately induced in the shaved
area by using these formulations (Table 1).*® After the com-
pletion of the anagen phase, the other phases (catagen and
telogen phases) started spontaneously in a fairly homo-
geneous manner. The growth stages of hairs can be also
detected by the colour of the skin, which became darker
during the anagen phase because of the presence of melano-
cytes in hair follicles and the production of melanin, which in
turn has an important role in controlling the cycle of hair
growth. At the beginning of the experiment, immediately after
the shaving procedure, the skin was pinkish, which is the
characteristic colour of the telogen phase; during the treat-
ment with the formulations, the colour of the skin surface
turned to grey, which is the colour of the anagen phase.'” The
anagen phase started sooner when the mice were treated with
the nanovesicles, as confirmed by visual inspection: the
colour of the skin changed from pinkish to black due to an
acceleration in hair growth rate.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Representative images of dorsal skin of C57BL/6 shaved mice on day 0 and after 12, 16 and 21 days of topical treatment with finasteride
(FNS) and baicalin (BA) co-loaded in phospholipid nanovesicles or finasteride dispersion or baicalin dispersion or finasteride loaded liposomes and

baicalin loaded liposomes used as references.

Table 1 Hair length on days 12, 16 and 21, enhancing effect (EE) and hair anagen percentage (% anagen) on day 21 (n = 10), recorded for each
group of mice treated with finasteride (FNS) or baicalin (BA) co-loaded vesicles or finasteride dispersion and baicalin dispersion or finasteride loaded
liposomes and baicalin loaded liposomes. The results are shown as means + standard deviations (n = 5)

Hair length (mm) EE % anagen
Treatment Day 12 Day 16 Day 21 Day 21 Day 21
Control/no treatment — 3.6+0.4 5.7+0.7 1 45
FNS dispersion — 51+0.4 6.5+0.9 1.1 55
BA dispersion — 42+0.5 72+11 1.3 70
FNS liposomes 2.4+09 52+0.8 81+1.1 1.4 55
BA liposomes 2.6 +0.9 41+04 71+1.3 1.2 40
FNS-BA liposomes 3.4+04 5.0£0.7 10.1+0.9 1.7 90
FNS-BA glycerosomes 3.7+0.8 5.7+0.7 9.8+1.8 1.7 80
FNS-BA hyalurosomes 4.3+0.4 8.6 0.7 9.9+1.4 1.7 75
FNS-BA glycerol-hyalurosomes 3.6+0.5 74+1.1 12.1+1.6 2.1 80

Measurement of the number and diameter of follicles

Hair follicles are intimately connected with hair disorders: the
higher the hair follicle number, the better the hair growth pro-
motion. For this reason, the number and diameter of hair fol-
licles were measured after 21 days of treatment. No significant
differences were detected for the diameter of the follicles
among the different groups versus control (p > 0.05). This para-
meter was not affected by the treatments with the formulations
(data not shown). On the contrary, the number of follicles was
significantly increased when the mice were treated with finas-
teride and baicalin co-loaded in the nanovesicles (Fig. 6). The
treatment with finasteride or baicalin loaded individually in

This journal is © The Royal Society of Chemistry 2020

liposomes led to a slight increase in the number of follicles,
which points to a crucial contribution provided by the co-
loading.

Histological observation of hair follicles

In order to confirm the efficacy of the phospholipid vesicles in
promoting hair growth, the dorsal skin of mice treated with
the different formulations was excised, stained with haema-
toxylin and eosin, and observed under a light microscope. The
morphological differences of the skin treated with finasteride
and baicalin co-loaded vesicles were evaluated and compared
with untreated skin and skin treated with finasteride in dis-

Nanoscale, 2020, 12,16143-16152 | 16149
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Fig. 7 Representative images of histological sections of mouse skin: untreated skin (A); skin treated with finasteride dispersion (B), baicalin dis-
persion (C), baicalin loaded liposomes (D), finasteride loaded liposomes (E), finasteride and baicalin co-loaded liposomes (F), glycerosomes (G), hya-
lurosomes (H) and glycerol-hyalurosomes (I). All images were taken at 10x magnification.

persion or loaded in liposomes and baicalin in dispersion or
loaded in liposomes (Fig. 7). Histological results confirmed
the promoting effect of the co-loading of finasteride and baica-
lin in all the vesicles in increasing the number of follicles in
C57BL/6 mice.

Discussion

Considering the great number of patients affected by hair
loss and alopecia and the lack of effective therapies, often
associated with undesired side effects, in this work, glycero-
somes, hyalurosomes and glycerol-hyalurosomes specifically
tailored for the simultaneous delivery of finasteride and bai-

16150 | Nanoscale, 2020, 12, 16143-16152

calin were developed and tested.’”*® The use of phospholipid
vesicles for the treatment of skin disorders seems to be a
good strategy, as these nanocarriers can enhance skin bio-
availability, penetration depth, and prolong the residence
time of the payload.*' Nanocarriers are also considered good
candidates for the treatment of follicle diseases, such as hair
loss or alopecia, as they may deliver the therapeutic agents
specifically to the follicular area, improving their efficacy.>>
Finasteride and baicalin co-loaded liposomes, finasteride
loaded liposomes and baicalin loaded liposomes were used
as references to better evaluate the effect of additives (i.e., gly-
cerol and/or sodium hyaluronate) in phospholipid vesicles
and the efficacy of the single therapeutic agents (i.e., finaster-
ide and baicalin).

This journal is © The Royal Society of Chemistry 2020
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Among the newest phospholipid vesicles developed in the
last years, glycerosomes and hyalurosomes seemed to be the
most appropriate for skin delivery.**° Moreover, in this work,
for the first time, sodium hyaluronate and glycerol were com-
bined to obtain the so-called glycerol-hyalurosomes.

The combination of the co-solvent and the polymer
strengthened the effectiveness of the single components, pre-
sumably because glycerol-hyalurosomes, by being highly
viscous, were capable of staying in the application site for a
prolonged time during which glycerol can modify the ordered
structure of the stratum corneum allowing the diffusion of the
vesicles, while sodium hyaluronate, by interacting with dermal
papilla cells, can stimulate their proliferation and the hair
growth cycle. Further, the ability of these vesicles to interact
with cells ensures the entry of the payloads in the cytoplasm,
where the therapeutic activity is exerted.

Finasteride is a drug widely used for the treatment of
androgenetic alopecia but, because of the numerous side
effects associated with the oral use, the long-term treatment is
generally avoided, thus resulting in an ineffective therapeutic
response.* In particular, the oral administration of finasteride
(1 mg day™") resulted to be effective in men*' and less in
women.*” The use of higher doses in women represents a poss-
ible alternative, which still is controversial and deserves
further investigation.*® The delivery of finasteride by phospho-
lipid vesicles can represent a valuable alternative to ensure
topical efficacy and avoid the side effects associated with oral
administration.** In addition, the therapeutic efficacy of drugs
can be potentiated by their association with natural adjuvants
with complementary properties. Baicalin is a natural and safe
active molecule capable of controlling and promoting hair
growth,' thus it can be used to improve the local efficacy of
finasteride. Our results confirmed that the co-loading of finas-
teride and baicalin accelerated the anagen phase and hair
growth rate, as well as the number of follicles in treated mice,
as compared to finasteride or baicalin loaded individually in
liposomes. On the other hand, the co-loading was not as rele-
vant to stimulating the proliferation of papilla cells in vitro.

The use of modified phospholipid vesicles (glycerosomes,
hyalurosomes and glycerol-hyalurosomes) was expected to
improve the skin and follicular delivery of the payloads.**
Previous works reported the importance of the lamellarity and
size of vesicles as key factors for the improvement of both bio-
availability at skin and follicular levels and therapeutic efficacy
of loaded drugs.*® According to this, the mean diameter of the
prepared vesicles was around 100 nm. Liposomes and hyaluro-
somes were mainly unilamellar and oligomellar and the
number of lamellae increased in glycerosomes and glycerol-
hyalurosomes, probably due to the presence of glycerol.*®
Previous studies disclosed optimal performances of ethosomes
in favouring percutaneous absorption of finasteride, especially
into the dermis layer,"”*® thanks to the moisturizing pro-
perties of ethanol. In the present study, the phospholipid vesi-
cles were modified with glycerol and/or sodium hyaluronate.
The former is a trihydroxy alcohol widely used in dermatologi-
cal preparations for its hydrating and moisturizing pro-

This journal is © The Royal Society of Chemistry 2020
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perties,* which can induce significant changes in the
mechanical properties of human skin in vivo, even after a
10 min application.”® Sodium hyaluronate is a naturally-occur-
ring polyanionic polysaccharide present in the intercellular
matrix of vertebrate connective tissues. It is present in the skin
where it plays protective, stabilizing and shock-absorbing func-
tions.”* The combination of these components in phospholi-
pid vesicles can improve skin hydration, facilitating the
passage of intact vesicles to the dermis and follicles. In
addition, they made the dispersions more viscous, facilitating
the topical application, avoiding the loss of material and
prolonging its residence time on the application site. Our
results demonstrate that glycerol-hyalurosomes were able to
promote the complete growth of hair in the shaved area of
C57BL/6 mice at a faster rate than the other vesicles, besides
providing a significant increase in hair length (12.1 + 1.6 mm
on day 21) and number of follicles. Therefore, the association
of phospholipid, glycerol and sodium hyaluronate maximized
the performances of the nanovesicles in the in vivo co-delivery
of finasteride and baicalin. Moreover, glycerol-hyalurosomes
were also the most effective formulation in promoting the
growth of dermal papilla cells in vitro, which can positively
affect hair growth process.

Conclusions

The results suggest that the co-loading of finasteride and bai-
calin in phospholipid vesicles can improve their efficacy
against hair loss, but only if the vesicles are properly formu-
lated. Indeed, when finasteride and baicalin were co-loaded in
glycerol-hyalurosomes, hair follicle dermal papilla cells were
stimulated to proliferate, hair growth was accelerated, and the
number of follicles was increased in treated mice. These
effects seem to be adequate to ensure the efficacy of the local
treatment of hair loss and androgenetic alopecia.
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