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“It’s not about winning, but it’s about not giving up. It’s not about how many times
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RESUMEN

Los sistemas nanoestructurados lipidicos (NLC) han surgido como una
herramienta prometedora en la nanomedicina, ofreciendo una gran
versatilidad para la administracion dirigida de farmacos. Su biocompatibilidad,
capacidad de carga y liberacién prolongada los hacen ideales para

aplicaciones terapéuticas.

En el tratamiento del cancer, los NLC pueden encapsular multiples farmacos,
mejorando su eficacia y reduciendo sus efectos secundarios. Compuestos
como la Apigenina (APG) y la Melatonina (MEL) han demostrado propiedades
anticancerigenas y pueden beneficiarse de la proteccién y liberacién
controlada que ofrecen los NLC. La APG, un flavonoide con propiedades
antioxidantes y antiinflamatorias ha mostrado potencial en la prevencién y
tratamiento de diversos tipos de cancer. La MEL, una neurohormona con
propiedades antioxidantes y antitumorales, ademas de demostrar su potencial
en diferentes estudios clinicos, también puede complementar la accion de la
APG.

En el campo de la oftalmologia, los NLC también ofrecen grandes ventajas. Su
capacidad para penetrar barreras oculares, prolongar el tiempo de residencia
de los farmacos y de hidratar epitelios, los convierte en sistemas de liberacién
potenciales para el tratamiento de enfermedades como el sindrome del ojo
seco, enfermedades inflamatoriasy elcancerocular. Tanto la APG como la MEL
han mostrado propiedades beneficiosas para la salud ocular, como la
reduccioén de la inflamacién y la proteccidon contra el dafio oxidativo.

El objetivo de esta investigacion es optimizar y evaluar seis sistemas de
liberaciéon de farmacos basados en NLC, encapsulando APG y MEL, donde tres
formulaciones presentaron carga superficial negativa para el tratamiento de
enfermedades proliferativas y tres se formularon con carga superficial positiva
para su uso en oftalmologia. Todas las formulaciones evaluadas exhibieron
propiedades fisicoquimicas adecuadas y un perfil de liberacién sostenido de
APG y MEL. En los ensayos in vitro para explorar el potencial antitumoral de las
formulaciones, mostraron una citotoxicidad elevada en todas las lineas

celulares tumorales, siendo capaces de internalizarse en solo 5 minutos,



Resumen — Abstract

manteniéndose en su interior hasta 4 horas. Por otra parte, los sistemas
oftalmicos evaluados demostraron una excelente biocompatibilidad, segun los
ensayos de MTTy HET-CAM, y no indujeron irritacién ocular en el test de Draize.
Ademas, los ensayos de eficacia, que incluyeron modelos celularesy animales,
confirmaron su potencial terapéutico en los tratamientos del ojo seco, del
melanoma uveal y de la inflamacién ocular del segmento anterior. Los
resultados presentados en este estudio respaldan la hipdtesis de que los
sistemas nanoestructurados a base de APG y MEL constituyen una alternativa
terapéutica segura y eficaz para el tratamiento de las enfermedades

oncoldgicas y oftalmicas.

ABSTRACT

Nanostructured lipid carriers (NLC) have emerged as a promising tool in
nanomedicine, offering a versatile platform for drug target delivery. Their
biocompatibility, high loading capacity, and prolonged release makes them an

excellent potential therapeutic tool.

In cancer treatment, NLC can encapsulate multiple drugs, improving their
efficacy and reducing side effects. Compounds such as Apigenin (APG) and
Melatonin (MEL) have demonstrated antitumoral properties, and they can be
protected and released in a sustained manner due to NLC loading capacity.
APG, a flavonoid with antioxidant and anti-inflammatory properties, has shown
potential in the prevention and treatment of various types of cancer. MEL, a
neurohormone with antioxidant and antitumor properties, in addition to
demonstrating its potential in different clinical trials, can also complement the
action of APG.

In the field of ophthalmology, NLC also offer great advantages. Their ability to
penetrate ocular barriers, prolong the residence time of drugs, as well as their
ability to hydrate epithelia, turns them into potential delivery systems for the
treatment of diseases such as dry eye syndrome, inflammatory pathologies,
and ocular cancer. Both APG and MEL, have shown beneficial properties for
ocular health, such as reducing inflammation and protecting against oxidative
damage.

Vi
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The objective of this research is to optimize and evaluate six drug delivery
systems based on NLC, encapsulating APG and MEL, in which three
formulations presented a negative surface charge for the treatment of
proliferative diseases and three were formulated with a positive surface charge
to be used in ophthalmology. All formulations evaluated exhibited adequate
physicochemical properties and a sustained release profile of APG and MEL. In
vitro assays were performed to explore the antitumoral potential of NLC,
showing enhanced cytotoxicity in all tumoral cell lines and also, being able to
be internalize after 5 minutes and remaining inside the cells up to 4 hours after
administration. On the other hand, the evaluated ophthalmic systems
demonstrated excellent biocompatibility, according to MTT and HET-CAM
assays, and did not induce ocular irritation in vivo. Additionally, efficacy assays
performed in cellular and animal models, confirmed their therapeutic potential
in the treatment of dry eye, uveal melanoma and anterior segment
inflammation. The results presented in this study support the hypothesis that
APG and MEL-based nanostructured systems constitute a safe and effective
therapeutic alternative for the treatment of oncological and ophthalmic
diseases.
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Introduccion

1. Introduccion

La nanomedicina es una disciplina relativamente reciente que surge como una
necesidad para los pacientes, con el objetivo de mejorar y revolucionar los
tratamientos farmacoldgicos. Esta se basa en la capacidad de modificar
diferentes materiales a escala nanométrica para crear nanomateriales,
dispositivos y sistemas de liberacidon de farmacos. Esto ha supuesto un gran
avance para la farmacologia, gracias a su capacidad de mejorar propiedades
de los farmacos encapsulados en estos sistemas, como la difusién, el tiempo
de semivida, la liberacion de farmacos y los perfiles de distribucion [1]. Estas
propiedades, como el elevado ratio superficie/volumen, la capacidad de
transportar farmacos y la capacidad de interactuar con las biomoléculas,
permiten a los nanomateriales realizar funciones que no son posibles con las
tecnologias tradicionales [2].

Histéricamente su progreso puede dividirse en tres etapas. En su inicio,
aproximadamente en los afios 60, se descubrieron los liposomas, que no
fueron aprobados hasta el 1995 como sistemas de liberacién de farmacos,
siendo los liposomas encapsulando doxorrubicina el primer sistema liposomal
en el mercado. En una segunda etapa comenzaron a validarse clinicamente y
comercializarse diferentes nanotratamientos, y simultdneamente, surgieron
nuevos sistemas de liberacion como el DepoDur® (morfina liposomal) o el
Onyvide® (irinotecan liposomal) [3]. Finalmente, en la etapa actual, la
nanofarmacoterapia ha experimentado una gran expansion para la prevencion
y tratamiento de diferentes patologias [4], existiendo mas de 50 formulaciones

aprobadas para uso clinico [5].

Elinterés de la nanotecnologia en la comunidad cientifica ha ido aumentando
desde su descubrimiento gracias a sus multiples caracteristicas, tales como la
mejora en la liberacién de farmacos con baja solubilidad en agua, su capacidad
de dirigir farmacos a células o tejidos de manera especifica, la liberacion de
combinaciones de agentes terapéuticos, la posible visualizacion del vehiculo
in vivo, y la capacidad de proteger principios activos [6]. Con el objetivo de

cumplirtodas las caracteristicas mencionadas, durante las ultimas décadas se
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han desarrollado una gran variedad de nanosistemas organicos e inorganicos.
Los nanosistemas inorganicos, tales como las nanoparticulas (NPs) metalicas
o los quantum dots, se consideran generalmente mas téxicos que los organicos
debido a que éstos ultimos pueden ser mayoritariamente digeridos por el tracto
gastrointestinal humano y no se acumulan en el organismo [7,8]. Por otro lado,
los nanosistemas organicos, formados por proteinas, carbohidratos, lipidos o
polimeros, se caracterizan generalmente, por tener una baja toxicidad y ser
biodegradables. Ademas, normalmente su matriz se genera por interacciones
intermoleculares no covalentes, de manera que suelen ser mas labiles invivoy

tienen rutas de eliminacion establecidas en el cuerpo [9].

En el afo 1990, M.R. Gasco y R.H. Miiller desarrollaron las NPs lipidicas como
alternativa a los diferentes nanosistemas organicos ya conocidos, tales como
las NPs poliméricas, cuya produccidn a gran escala era mas costosa [10,11].
La idea del desarrollo de estos nuevos sistemas surgié debido a que el uso de
los lipidos para liberaciéon de farmacos era conocido, ya que existian en el
mercado diferentes medicamentos a base de estos, como los liposomas [11].
Asimismo, los lipidos son muy bien tolerados por el cuerpo como por ejemplo,
los glicéridos que se encuentran en soluciones para la nutricién parenteral o
las cremas a base de acidos grasos que se usan para hidratar la piel [11]. Las
primeras NPs lipidicas que se desarrollaron fueron las NPs de lipidos sdlidos o
solid lipid nanoparticles (SLN) y posteriormente en el ano 1999 se introdujo una
segunda generacion de éstas primeras, los sistemas lipidicos
nanoestructurados o nanostructured lipid carriers (NLC) [12]. Sin embargo, no
fue hasta unos 20 afios después (2018) cuando se aprobd el primer
medicamento, Onpattro®, conteniendo el farmaco patisiran para el tratamiento
de la amiloidosis hereditaria por transtiretina, y ganaron visibilidad en el 2020,
con la llegada de las vacunas contra la COVID-19, cuando fueron utilizadas las
NPs lipidicas como vectores no viricos para administrar cadenas de ARNm al
organismo [13].

nNo
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1.1. Nanoparticulas lipidicas: SLNy NLC

La primera generaciéon de NPs lipidicas desarrolladas, las SLN, fueron ideadas
para combinar las ventajas generales de las NPs con las de las emulsiones a
base de lipidos, creando un sistema de liberacién de farmacos natural y
biocompatible [14]. Las SLN son particulas de tamano submicrénico,
constituidas por lipidos biocompatibles y biodegradables soélidos a
temperatura ambiente y a temperatura corporal [15]. Las ventajas de las SLN
son diversas, como su capacidad de liberar de manera controlada los farmacos
encapsulados, tanto hidrofilicos como hidrofébicos, la posibilidad de dirigirlas
de manera activa o pasiva a diferentes dianas, la proteccién ante la
degradacién del farmaco incorporado, el incremento en la biodisponibilidad
del activo, su baja toxicidad junto a su elevada afinidad por las barreras
biolégicas aumentando asi su penetraciéon en tejidos mas internos, su
capacidad de modificar los parametros farmacocinéticos y de distribucion del
farmaco encapsulado y la facilidad de su produccién a gran escala [15,16]. A
pesar de todas sus ventajas como sistema de liberacién de farmacos, las SLN
presentan algunos inconvenientes. Debido a su matriz formada Unicamente a
base de lipidos sdlidos y tensioactivos, éstas poseen una estructura que
cristaliza rapidamente, de manera que tienen una baja capacidad de cargar
farmacos ya que estos pueden ser expulsados de la matriz durante su
almacenamiento y tienen problemas de estabilidad a largo plazo, como la
agregacion y degradacion de los componentes (Figura 1) [15,17].

Conelobjetivo de mejorar los inconvenientes de las SLN, casi 10 afios después,
Miller desarrolld la segunda generacién de NPs lipidicas, los NLC, en las
cuales se incorporé un lipido liquido, es decir un aceite, modificando asi la
estructura cristalina de las SLN. La incorporacién de un aceite en su estructura
condujo a una disminucion de la cristalinidad de la muestra, volviéndola mas
amorfa. Este cambio mejoré las caracteristicas de las NPs lipidicas,
aumentando la capacidad de carga de farmaco en el interior de la matriz,
previniendo y modulando la liberacién del activo y aumentando su estabilidad
[18].
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Figura 1. Diferencias estructurales y capacidad de carga de farmaco entre las matrices de
SLN y NLC almacenados a largo plazo. Basado en [19].

La variaciéon del contenido de lipidos y los diferentes pardmetros de la

formulacién provocan un cambio en la matriz lipidica y en la disposicién de los

lipidos sélidos y liquidos dentro de los NLC. Miiller et al. clasificaron los NLC en

tres tipos segln estas posibles variaciones [12,20]:

/|

Tipo 1 (Cristal imperfecto): se forman con un contenido bajo de lipido
liquido que deforma la estructura cristalina del lipido sélido. Dado que
los farmacos lipofilicos son mas solubles en los lipidos liquidos, un
aumento en la concentracién lipidica total se traduce en una mayor
incorporacion del farmaco [12,20].

Tipo 2 (Multiples tipos): contienen una alta cantidad de aceite, lo que
da lugar a la formacién de compartimentos nanométricos de aceite
dentro de la nanoparticula, donde se acumula el farmaco solubilizado.
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La elevada liposolubilidad conduce a una baja expulsion del activo y
una liberacién lenta del mismo [12,20].

e Tipo 3 (Amorfo): se forma mediante la mezcla de lipidos sdélidos y
liquidos de manera especifica para evitar la cristalizaciéon del nucleo.
Este enfoque da como resultado una menor expulsiéon del farmaco
debido a la cristalizacién del ntcleo sélido [12,20].

Por otro lado, la estabilidad estructural de los NLC esta asociada
principalmente a su composicién y la concentracién de tensioactivo. Por lo
tanto, estos pardmetros deben tenerse en cuenta para garantizar su estabilidad
y almacenamiento. Durante la preparacién y almacenamiento, los triglicéridos

sufren modificaciones cristalinas a, By B' (Figura 2) [21].

Triacilglicérido Transicién exotérmica
liquido «— Transicién endotérmica

080 XX
33

H
a B B
Inestable Metaestable Estable
Tiempo de vida corto Tiempo de vida de corto a

Tiempo de vida infinito
Suele existir durante el procesado infinito 3

Figura 2. Formas polimérficas de cristales de triacilglicéridos, donde aparecen
representadas las posibles transiciones polimoérficas, las estructuras de empaquetamiento
de subceldas y las caracteristicas de estabilidad. Basado en [22].

La forma a (hexagonal) de los triglicéridos es la menos estable con un punto de

fusiény calor latente mas bajos. En contraposicién, la forma B (triclinica) es la



Introduccion

mas estable con un punto de fusion y calor latente mas elevados [23]. Estas
formas polimérficas pueden estudiarse a través de estudios de interacciéon
tales como la difraccidon de rayos X (X-ray diffraction o XRD) y calorimetria
diferencial de barrido (differential scanning calorimetry o DSC), con el objetivo
de entender y predecir el estado cristalino de la muestra y con ello su
estabilidad [24].

Por lo tanto, la composicién de los NLC es un parametro importante en su
fabricacidon puesto que tanto los lipidos que la componen como sus
proporciones afectan a los parametros fisicoquimicos de la formulacién final
[25].

1.1.1. Composicion de los sistemas lipidicos

nanoestructurados

Los NLC estan formados por lipidos sélidos y liquidos en una proporcién que
varia de 70:30 a 99,9:0,1. Esta mezcla provoca una estructura amorfa, creando
espacios adicionales donde pueden incorporarse farmacos. Como las
moléculas lipofilicas suelen ser mas solubles en lipidos liquidos, esta

"imperfecciéon" favorece la carga de farmacos en los NLC [26].

Ademas, los materiales utilizados en la formulacién de NLC deben ser
biocompatibles y no presentar toxicidad, ya que actuarian como excipientes en
la formulacidn final. La Administracion de Alimentos y Medicamentos de los
Estados Unidos (FDA) clasifica estos materiales como generalmente
reconocidos como seguros (Generally Recognized as Safe, GRAS) y la Agencia
Europea del Medicamento (EMA) les da una numeracidon segun cémo se
clasifican [27,28]. La eleccién de los excipientes juega un papel crucial en la
determinacién del tamano de particulay las propiedades fisicoquimicas de los
NLC [29].

Los lipidos son el componente principal de los NLC y juegan un papel clave en
la capacidad de carga de farmacos, en la accién prolongaday en la estabilidad

de las formulaciones. Se han utilizado diferentes tipos de lipidos sélidos para

O
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la fabricacion de NLC, como acidos grasos, triglicéridos, diglicéridos,
monoglicéridos y ceras [30]. Entre los diferentes lipidos sélidos, las mezclas de
éstos son los mas interesantes para la fabricacién de NLC, debido a que la
mezcla de diferentes tipos puede crear una matriz lipidica mas imperfecta [24].
Por ejemplo, el behenato de glicerilo, mas conocido como Compritol® 888 ATO,
es una mezcla de glicéridos de acidos grasos, predominantemente el acido
behénico. Este es un excipiente lipidico que se utiliza generalmente en
industria cosmética como tensioactivo, agente emulsionante y agente inductor
de viscosidad en emulsiones o en cremas. Este lipido es muy utilizado en la
fabricacién tanto de SLN como de NLC, debido a sus caracteristicas
favorables, como su apolaridad, menor citotoxicidad que otros lipidos, su
elevada capacidad de disolver farmacos gracias a la presencia de mono-, di-y
triglicéridos y los espacios adicionales que se crean por su mezcla de

acilgliceroles [31].

En cuanto a los lipidos liquidos, también juegan un papel importante en las
propiedades fisicoquimicas de las NPs, como el tamafo, la viscosidad y la
distribucion del farmaco. Se han usado diferentes lipidos liquidos para la
preparacién de NLC, principalmente aceites que contienen diferentes acidos
grasos, como el acido oleico [12]. Una estrategia muy interesante es el uso de
aceites naturales que ademas de ayudar a crear una matriz mas amorfa
aportan caracteristicas farmacoldgicas a ésta [32]. Un claro ejemplo es el
aceite de rosa mosqueta (RHO), que destaca por su alto contenido en
compuestos bioactivos, lo que le confiere interesantes propiedades
funcionales y cosméticas [33]. EL RHO se extrae de las semillas del fruto de la
rosa silvestre (Rosa canina) [34] y contiene una gran concentracion de acidos
grasos poliinsaturados como el acido linoleico, el acido alfa-linolénico y el
acido oleico [35], que participan en la estructura de las membranas celulares
y desempefan un papel fundamental en la respuesta inflamatoria [36].
Ademas, contiene otros compuestos bioactivos como los tocoferoles, los
carotenoides (precursores de la vitamina A que actian como antioxidantes y
estimulan la regeneracion celular), los fitoesteroles, que poseen propiedades
antiinflamatorias [37,38], y el acido trans-retinoico, un derivado de la vitamina

A responsable de promover la renovacion celular epitelial, siendo uno de los
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componentes al que se le atribuye sus propiedades cicatrizantes, ademas de
tener propiedades antiproliferativas [39-41]. Debido a su composicion con gran
potencial farmacéutico, el RHO se ha utilizado durante décadas en el campo
médico para tratar heridas y cicatrices. Ademas de su uso tradicional, tiene un
gran potencial para tratar otras afecciones, como las enfermedades

proliferativas u oculares [35,42].

Finalmente, el tipo y nimero de tensioactivos también es un pardmetro de
formulacién importante. Se emplean uno o una combinacién de tensioactivos
(entre el 1,5y el 5 % p/v) para estabilizar el nanosistema, formando una capa a
su alrededor. Utilizar mas de un tensioactivo puede conducir a un menor
tamafo de particula y menor cristalinidad que un sistema con un solo
tensioactivo [29]. Durante la formulacion de los NLC, la cristalizacién de las
particulas coloidales y su solidificacidon, son procesos que se producen
simultdneamente, y a su vez, el area superficial de éstas aumenta, de modo
que todo el sistema se vuelve inestable. Por tanto, el uso de uno o mas
tensioactivos es un requisito para mejorar la estabilidad de los NLC, dado que
éstos se adsorben en la interfaz entre las fases lipidicay acuosa, reduciendo la
tensioén superficial gracias a su naturaleza anfipatica [30,43]. Los polisorbatos,
concretamente el polisorbato 80 (Tween® 80), son tensioactivos no idnicos
conocidos por su capacidad de aumentar la penetracion de las NPs en tejidos
muy restrictivos, como la barrera hematoencefalica o la barrera
hematorretiniana [44]. Por lo tanto, su uso en NPs para que puedan acceder a
tejidos diana muy protegidos puede suponer una estrategia para aumentar la
biodisponibilidad del fArmaco en estos tejidos. Por otro lado, la adicién de un
co-tensioactivo a la formulacién de otra naturaleza al usado, por ejemplo, uno
de naturaleza catiénica e hidréfoba si se usa el polisorbato 80, el cual es no
ionico e hidrofilico, puede aumentar la estabilidad de los NLC y aportar alguna
caracteristica adicional, como carga positiva [45]. La carga positiva de las NPs
puede suponer unaventaja para aumentar su tiempo de residencia en un tejido
especifico que posea carga negativa, como el cartilago, el menisco, los
tendones y ligamentos, el nucleo pulposo, el epitelio ocular, el vitreo y la piel
[46,47].
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En conclusién, la eleccién de la composicién de los NLC no tan solo afecta a
sus propiedades fisicoquimicas, sino que también es relevante para su efecto
terapéutico.

1.1.2. Caracteristicas fisicoquimicas de los NLC

Las caracteristicas fisicoquimicas de los NLC son parametros clave que
determinaran diferentes aspectos de las mismas [48]. Los cambios que sufren
las NPs tras la exposicion a los fluidos bioldgicos pueden ser tanto ventajosos
como altamente perjudiciales para su funcionalidad esperada en el sitio diana,
lo que debe tenerse en cuenta durante su disefio (Tabla 1). Las NPs pueden
penetrar las membranas de los sistemas celulares (organulos o nucleos) e
interactuar con dianas naturales debido a sus caracteristicas fisicoquimicas.
Por otra parte, los métodos de fabricaciéon de los NLC pueden modificar estas
caracteristicas. Los diferentes procedimientos de formulaciéon incluyen
meétodos de alta (homogeneizacion de alta presion y ultrasonidos) o baja
energia (emulsificacidn/evaporacion de solventes o microemulsién). Las
caracteristicas mas importantes que influyen en la interaccion de las NPs con
los sistemas biolégicos incluyen su tamafio y carga, sus propiedades
hidréfilas/hidréfobas, y la composicion del recubrimiento superficial o su
funcionalizacién [49].

El tamano reducido de las NPs constituye una de sus principales
caracteristicas, permitiéndoles atravesar barreras biolégicas, penetrar
facilmente en células y desplazarse a través de ellas, llegando a los tejidos y
organos diana. Esto influye significativamente en su valor terapéutico y
diagnéstico. Diversos factores, como la captacién celular y la eliminacion, el
trafico intracelular, la citotoxicidad, la penetracién tumoral y el tiempo de
circulacion en sangre se ven afectados por el tamafio de las NPs [49,50].

La carga superficial de las NPs, determinada en base al potencial zeta (ZP),
también tiene un impacto significativo en sus interacciones con las células. El
ZP puede afectar el grado de captacion celulary la interaccion de las particulas
con las biomoléculas. Ademas, la carga superficial esta relacionada con la
estabilidad de las NPs, ya que ejerce una repulsién electrostatica entre ellas,

9
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lo que impide la agregacion. Generalmente, las NPs con un valor de ZP superior

a =20 mV se consideran estables y tienen menos tendencia a agregarse [51].

Las propiedades hidréfilas/hidrofobas de las NPs es otro de los factores clave
que juega un papel importante en su capacidad para interactuar con
biomoléculasy células. Generalmente, las NPs de caracter hidréfobo como los
NLC, por su naturaleza lipidica, tienden a ser captadas por las membranas

biolégicas, penetrando directamente en la membrana celular [52].

Tabla 1. Relacién entre las caracteristicas fisicoquimicas de las NPs y su toxicidad.

Adaptado de [53,54].

Caracteristicas
fisicoquimicas

Efecto en la toxicidad

Tamanoy area
superficial

Las NPs mas pequefas (<100 nm) son mas toxicas
debido a su capacidad para penetrar en el nucleo
celular. A mayor disminuciéon del tamafo, mayor
aumento del area superficial y mayor reactividad.
Influye en la distribucién y eliminacion del material en
el sistema biolégico.

Formay
morfologia

Las nanoparticulas no esféricas pueden fluir a través
de los capilares y causar consecuencias bioldgicas.
Las formas alargadas bloquean canales idnicos y son
mas toxicas que las esféricas.

Carga superficial

Las particulas cargadas positivamente suelen ser mas
téxicas, debido a la mayor captacién celular y/o su
efecto danino sobre las membranas celulares y
lisosomales.

Composiciény
estructura
cristalina

La composicion quimica y la estructura cristalina
influyen en la liberacién de iones téxicos y en la
formacion de radicales libres.

Recubrimiento
superficialy
rugosidad

El recubrimiento puede reducir la toxicidad

estabilizando las nanoparticulas y evitando la
liberacion de iones toxicos. La rugosidad afecta la

interaccioén célula-NP.
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El recubrimiento de las NPs es una estrategia que puede proporcionar
estabilidad, proteger contra la degradaciéon y optimizar la interaccién con
tejidos especificos [55]. Los recubrimientos mas utilizados para las NPs son
poliméricos, como el polietilenglicol (PEG), el chitosano o el acido hialurénico
(HA) entre otros [56]. Concretamente, el HA posee aplicaciones muy
prometedoras en la administracion topica debido a que se encuentra en la
matriz intercelular de la mayoria de los tejidos conectivos, especialmente en la
piel, donde tiene una funcién protectora y estabilizadora de la estructura [57].
A nivel ocular se ha demostrado que el HA aumenta la estabilidad de la pelicula
lagrimal, reduce la tensidn superficial, mejora la sensibilidad al contraste y la
calidad o6ptica de la superficie. EL HA demuestra propiedades viscoelasticas
que pueden lubricar la superficie ocular, reduciendo la fricciéon durante el
parpadeo y los movimientos oculares [58]. Por otra parte, aunque las NPs se
dirigen a ciertas dianas terapéuticas de manera pasiva, la liberacién dirigida es
una estrategia prometedora para mejorar la afinidad de uniény la especificidad
de las células diana [59]. Esta liberacion se basa en la unién covalente de
ligandos moleculares pequenos como carbohidratos, péptidos, anticuerpos o
aptameros, a la superficie de las NPs que pueden interactuar especificamente
con los receptores de las células diana [60].

1.1.3. Acciodn terapéutica dual de los sistemas lipidicos

nanoestructurados

Los NLC son sistemas nanoestructurados muy versatiles que surgieron de la
union de dos estrategias diferentes: las ventajas terapéuticas que aportan las
NPs para alcanzar o6rganos diana y transportar asi farmacos, y las
caracteristicas mas dermocosméticas de las emulsiones, aportando lipidos
capaces de hidratar, lubricar y ejercer una accion oclusiva a nivel topico
[61,62].

Estos sistemas han demostrado un potencial creciente como vehiculos para
transportar farmacos, particularmente al mejorar significativamente la
eficiencia de encapsulacion para farmacos labiles, tanto hidréfilos como

hidréfobos, protegiéndolos de la degradacién en el organismo y evitando la
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degradacién quimica, mejorando su biodisponibilidad y modulando su
liberacién. Los NLC se pueden utilizar para administrar farmacos por diversas
vias, como la parenteral, tépica, oral, oftdlmicay pulmonar, para el tratamiento
de enfermedades del sistema nervioso central, enfermedades inflamatorias,
tumores, afecciones de la piel, infecciones bacterianas, fungicas y viricas, asi

como para la administracion de anestésicos locales [63]:

e Administracion tépica: es un area de gran potencial para los NLC. Las
ventajas distintivas de los NLC en la administracién tépica de farmacos
son la capacidad de proteger ingredientes quimicamente labiles frente
a la descomposicién, la posibilidad de modular la liberacién del
farmaco vy la propiedad de formar peliculas lipidicas adhesivas sobre la
piel que pueden tener un efecto oclusivo [64].

e Administracion parenteral: los NLC se pueden utilizar para todas las
aplicaciones parenterales, desde intraarticulares e intramusculares
hasta subcutaneas e intravenosas, dependiendo de su tamafo de
particula, y el objetivo terapéutico, ya que pueden dirigir farmacos a
o6rganos especificos. Las NPs, al igual que todas las particulas
coloidales inyectadas por via intravenosa, suelen eliminarse de la
circulacion por el higado y el bazo [65].

e Administracion oral: su administracion es posible como una
dispersion acuosa o como una forma farmacéutica tradicional, es
decir, comprimidos, pellets, capsulas o polvos en capsulas. El efecto
protector de las NPs, junto con sus propiedades de liberacién sostenida
y controlada, previenen la degradacién prematura de los farmacos y
mejoran su estabilidad en el tracto gastrointestinal. La reduccién de
efectos secundarios y el enmascaramiento del sabor también son dos
objetivos relevantes para su administracién oral [66].

e Administracion pulmonar: los NLC protegen a los farmacos
encapsulados de las enzimas presentes en el epitelio bronquial y
alveolos, ademds de aumentar su biodisponibilidad y disminuir los
efectos sistémicos de éstos. Sucomposicidon reduce la probabilidad de
inducir una respuesta inmune, ya que los lipidos administrados son

biocompatibles y biosimilares [67].
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e Administracion ocular: los NLC tienen un gran potencial para tratar
enfermedades oftdlmicas ya que pueden mejorar la bioadhesién
corneal y la permeacién del farmaco, para tratar los tejidos mas
internos del ojo, como la retina y el nervio 6ptico [12].

e Administracion nasal: los NLC tienen un gran potencial para mejorar
la administraciéon de farmacos al cerebro después de su administracion
intranasal, principalmente debido a su capacidad para penetrar
membranas bioldgicas y promover la particiéon de gotas de tamano
nanométrico en la mucosa nasal, lo que resulta en un mayor tiempo de

residencia [68].

Por otro lado, los NLC poseen este perfil dual de accién, debido a que a nivel
tépico presentan diferentes caracteristicas como su capacidad para mejorar la
estabilidad quimica de los activos, protegiendo los ingredientes de la
degradacion por factores ambientales como la luz y el oxigeno. Asimismo,
mejoran la biodisponibilidad de los activos en la piel, facilitando su penetracién
y absorcién en las capas cutdneas, y aumentan la estabilidad fisica de las
formulaciones tépicas, evitando la agregacién de particulas y manteniendo la
uniformidad del producto [69]. Ademas, son capaces de proporcionar un efecto
oclusivo en la superficie de la piel, creando una pelicula protectora que reduce
la pérdida de agua transepidérmicay aumenta la hidratacién de la piel. Los NLC
proporcionan una mejor hidrataciéon y oclusién de la piel en comparacién con
los sistemas de administracion tradicionales (por ejemplo, las emulsiones)
debido a sutamanfno pequeno. El grado de oclusion depende del tamanio de las
particulas, donde las particulas méas pequefas permiten una menor

evaporacion de agua [69,70].

Debido a esta capacidad dual de los NLC, tanto como sistema de liberacion de
farmacos como de accién local hidratante, los NLC pueden aplicarse a una
gran variedad de patologias con diferentes fines terapéuticos, desde tratar
enfermedades como las enfermedades proliferativas que requieren un uso
dirigido de farmacos a los tejidos internos, hasta su aplicacion tépica con el fin
de mejorar superficies como la piel o el ojo.
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1.2. NLC para el tratamiento de enfermedades
proliferativas

El cancer es una enfermedad con una gran morbididad y mortalidad a nivel
mundial. Esta patologia se puede considerar como un conjunto de
enfermedades caracterizadas por el crecimiento descontrolado y la
proliferaciéon de células anormales en el cuerpo [71]. Estas células,
denominadas células cancerosas o tumorales, puedeninvadiry destruir tejidos
sanos y pueden diseminarse a otras partes del cuerpo a través del sistema
sanguineo o linfatico, un proceso conocido como metastasis [72]. Anualmente,
decenas de millones de personas son diagnosticadas con cancer en todo el
mundoy mas de la mitad de los pacientes fallecen. En muchos paises europeos
el cancer ocupa el segundo lugar como causa de muerte, solo superado por las
enfermedades cardiovasculares [73]. Segun el ultimo analisis a nivel mundial
(Figura 3), en el afo 2022 hubo una incidencia de alrededor de 20 millones de
casos, con una mortalidad de 10 millones de personas aproximadamente [74].
Debido a las mejoras significativas en el tratamiento y la prevencion de las
enfermedades cardiovasculares, el cancer se convertird préoximamente en la
principal causa de muerte en varias regiones del mundo. Dado que la poblacién
adulta de edad avanzada es la mas susceptible al cancer y el envejecimiento
poblacional continla aumentando en muchos paises, el cancer seguira siendo
un importante problema de salud global [75,76].

Los tratamientos terapéuticos convencionales utilizados para el tratamiento
del cancer son la cirugia, la quimioterapia, la radioterapia, la inmunoterapiay
la terapia hormonal. Aunque la quimioterapia y la radioterapia pueden ser
citostaticas y citotdxicas, estos métodos a menudo se asocian con efectos
secundarios agudos y un alto riesgo de recidivas. Los efectos secundarios mas
comunes inducidos por estos tratamientos incluyen neuropatias, supresién de
la médula 6sea, trastornos gastrointestinales y cutaneos, pérdida de cabelloy
fatiga [77].

I/l
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Figura 3. Incidencia estandarizada por edad de cancer en el 2022 segun la agencia
internacional de investigacion contra el cancer “Global Cancer Observatory” [74].

Ademads, los farmacos utilizados en la quimioterapia pueden acabar
presentando multiresistencia a farmacos (multidrug resistance o MDR), que
limitan su eficacia. Por otra parte, los agentes inmunoterapéuticos han
mostrado resultados prometedores no solo en el tratamiento del cancer
primario, sino también en la prevencién de las metéstasis y la reduccion de la
tasa derecurrencia. Sin embargo, la inmunoterapia puede acabar provocando,
como principal efecto secundario, una enfermedad autoinmunitaria. Ademas,
diferentes estudios sugieren que la inmunoterapia es menos efectiva frente a
tumores sélidos que linfomas [78]. Estos canceres generan una matriz
extracelular inusual que dificulta la infiltracién de las células inmunitarias.
Estas terapias e inmunoterapias interfieren con las vias de sefalizacidn
cruciales para los comportamientos malignos y las funciones homeostaticas
normales de la epidermis y la dermis, causando efectos adversos
dermatolégicos [79]. Otra estrategia novedosa es la medicina personalizada o
medicina de precisidon en oncologia, que es un enfoque emergente para el
tratamientoy la prevencion de tumores que tiene en cuenta la variabilidad inter
e intratumoral en los genes, el entorno inmunolégico tumoraly el estilo de vida

y las morbilidades de cada persona diagnosticada con cancer [80]. Sin
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embargo, su implementacién llevara tiempo y requerird inversiones
sustanciales en infraestructura. Se requieren modificaciones fundamentales
en la infraestructura y los métodos de recopilacién, intercambio y
almacenamiento de datos para lograr un tratamiento personalizado [81].

La demanda de desarrollar nuevas estrategias para buscar terapias precisas
contra el cancer sigue ganando impulso en estos ultimos anos. En las ultimas
décadas, las NPs estdn ganando interés para abordar las limitaciones de los
enfoques terapéuticos actuales. Los sistemas de administraciéon de farmacos
basados en NPs han demostrado beneficios en el tratamiento y control del
cancer al ofrecer una buena farmacocinética, una diana precisa, menos

efectos secundarios y menor efecto MDR [82].

Siguiendo los avances de la nanotecnologia, desde el afno 2010 se han
comercializado varios farmacos nanoterapéuticos y muchos otros han entrado
en la fase clinica. Estos farmacos han progresado en el campo de los sistemas
de administracién de farmacos y la MDR a farmacos antitumorales al brindar la
oportunidad de terapias combinadas y la inhibiciéon de los mecanismos de
resistencia a los farmacos [83]. Concretamente, las NPs han demostrado ser
capaces de penetrar profundamente en los tejidos, lo que potencia el efecto de
permeabilidad y retencién mejorada (EPR) (Figura 4). Ademas, las
caracteristicas de su superficie influyen en la biodisponibilidad y la vida media
al atravesar eficazmente las fenestraciones epiteliales. ELEPR se considerauna
razén importante para la focalizacidn pasiva de tumores por particulas

submicrénicas, como las NPs menores de 400 nm [84].

La ventaja mas importante de los NLC en la administracion de farmacos
guimioterapéuticos es la capacidad de este sistema nanoestructurado de
encapsular mas de un farmaco con diferentes propiedades fisicoquimicas
debido a la presencia de dos lipidos distintos [84,85]. Durante la preparacién
de los NLC, se puede controlar con precisién la proporciéon de dos
antineoplasicos diferentes con propiedades fisicoquimicas distintas para su
administraciéon conjunta a las células tumorales. Ademas, materiales
genéticos como ARN, ADN, etc.,, también pueden administrarse
conjuntamente con farmacos quimioterapéuticos lipofilicos. Los NLC poseen

[6
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una mayor capacidad de carga de farmacos lipofilicos debido a sucomposicion
de lipidos liquidos y proporcionan una mayor estabilidad de almacenamiento,
una expulsion de farmaco insignificante y una liberacion controlada del
farmaco en comparacién con otros sistemas nanoparticulados [84,86].

| Tejido tumoral
~

Tejido sano

Figura 4. Los tejidos normales carecen de espacios entre las células endoteliales
adyacentes, lo que permite que las NPs se extravasen de la vasculatura. Los tejidos
tumorales presentan espacios grandes (100-400 nm) entre las células endoteliales de la
vasculatura tumoral. El EPR permite que las nanoparticulas no dirigidas de tamafo
adecuado se unan, internalicen y liberen farmacos en el tumor. Basado en [87].

En la actualidad, los productos naturales juegan un papel crucial en la terapia
delcancer. Un numero considerable de agentes anticancerigenos utilizados en
la clinica son naturales o derivados de fuentes naturales como plantas,
animales y microorganismos (incluidos los de origen marino). Ejemplos
clasicos de compuestos derivados de plantas son la vincristina, la irinotecan,
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el etopdsido y el paclitaxel, los cuales son ampliamente utilizados en el
tratamiento del céncer [88,89]. Por este motivo la comunidad cientifica ha
buscado nuevos tratamientos contra los diferentes procesos tumorales, con
principios activos como la Apigenina (APG) y la Melatonina (MEL).

Ademas, se podria utilizar matrices activas como el RHO para potenciar la
actividad terapéutica de éstos. EL RHO ha demostrado en un estudio en el cual
usaron un sistema de liberacion nanométrico (nanocapculas) conteniendo el
RHO como excipiente, incrementaba dos veces el efecto antitumoral en una
linea celular de cancer de mama (MCF-7) y una de glioma, sin afectar a la
viabilidad de los astrocitos [90]. Por otro lado, el extracto del fruto y las semillas
de Rosa canina, que comparte cierta similitud con la composicién del RHO, ha
sido objeto de varias investigaciones que demuestran su eficacia en este
ambito (Tabla 4).

Tabla 2. Resumen de los estudios de la actividad antiproliferativa del rosa de mosqueta.

Extracto Linea celular Resultados Ref.
Extracto Cancer de mama Induccién de apoptosis tardia en [91]
etandlico MCF-7 y MDA- MCF-7 y apoptosis temprana en
MB-468 MDA-MB-468.
Extracto Céncer Alteraciones en el ciclo celular [92]
del fruto colorrectal Caco- (muerte celular por una via
2 apoptodtica).
Extracto Céancer Disminucién de la motilidad [93]
acuoso colorrectal HT-29 celular dosis-dependiente.
Extracto Glioblastoma A- Inhibicién de la proliferacién [94]
crudo 172, U-251 MG y celularaldisminuir la fosforilacion
U-1242 MG de AKT, MAPKy p70S6K.
Polifenoles Cancer Disminucion de la viabilidad [95]
acidicos colorrectal Caco- celular.
2
Tres Cancer cervical Los flavonoides mostraron la [96]
fracciones Hela, de mama actividad antirradical y mayor
del té MCF-7 y cancer inhibicién del crecimiento celular

colorrectal HT-29

en comparaciéon a las otras dos
fracciones (vitamina Cy fenoles).
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A pesar de que los mecanismos exactos por los cuales el extracto de Rosa
canina ejerce su efecto antiproliferativo no estdn completamente dilucidados,
se ha propuesto que la reduccion de las especies reactivas de oxigeno (ROS),
la modulacion del ciclo celular y la induccién de apoptosis podrian estar
involucrados [97]. Concretamente se ha descrito que el extracto regula el ciclo
celular, ralentizando el crecimiento de las células cancerosas en la fase Go/G;

o induciendo su apoptosis [91,94].

1.3. NLC para el tratamiento de enfermedades
oculares

El ojo humano es un érgano complejo con intrincadas barreras anatdmicas 'y
fisiologicas. Este tiene una estructura esférica de tres capas: la capa externay
fibrosa es la esclerdtica; la capa media y vascular se llama Uvea; y la capa mas
interna, formada por tejido nervioso, la retina. Ademas, el ojo se divide en el
segmento anterior y el segmento posterior. El segmento anterior contiene la
coérnea, la conjuntiva, el iris, los procesos ciliares, el cristalino, el aparato
lagrimal, los parpadosylas camaras anteriory posterior. EL segmento posterior,
gue se encuentra fisiolégicamente muy protegido por diferentes barreras, esta
detras del cristalino y contiene la esclerética, la coroides, la retina, el humor
vitreo y el nervio éptico (Figura 5) [12].

Las enfermedades mas comunes que afectan el segmento anterior del ojo son
el sindrome del ojo seco (dry eye disease o DED), el glaucoma, la conjuntivitis
alérgica, la uveitis anteriory las cataratas [99]. Las enfermedades prominentes
que afectan el segmento posterior del ojo incluyen la degeneracién macular
relacionada con la edad (age-related macular degeneration o AMD), el edema
macular diabético, la vitreoretinopatia proliferativa, la uveitis posterior y el
citomegalovirus [100]. A nivel global, la discapacidad visual es un problema de
salud publica significativo. Segun datos recientes, aproximadamente 258
millones de personas en el mundo presentan alguna discapacidad visual, y de
ellas, 39 millones son completamente ciegas [101]. Estos datos resaltan la
necesidad de intensificar lainvestigacion en el desarrollo de nuevas estrategias

terapéuticas para el tratamiento de las enfermedades oculares, con el objetivo
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de mejorar significativamente la calidad de vida y la funcion visual de los
pacientes.

/ Esclera
/ Coroides

Retina

Procesos ciliares

Iris
Cristalino

Pupila Nervio optico

Cérnea /

Camara anterior

Camara posterior

- N /

Segmento anterior Segmento posterior

Figura 5. Anatomia del ojo humano. Basado en [98].

La administracién tépica de medicamentos oftalmicos a través de gotas o
pomadas es el método mas comun para tratar afecciones oculares. Sin
embargo, la biodisponibilidad de estos farmacos en el ojo es limitada debido a
diversos factores fisiolégicos y anatdmicos [102]. La produccidn constante de
lagrimas por las glandulas lacrimales diluye los medicamentos, reduce su
tiempo de contacto con la superficie ocular y dificulta su penetracidon a través
del epitelio corneal. Ademas, el volumen administrado de las formulaciones
oftalmicas puede ser drenado rapidamente a través del conducto nasolacrimal
hacia la circulacién general, disminuyendo aun mas la cantidad de farmaco
que alcanza los tejidos oculares. Por ultimo, la circulacién sanguinea en la
conjuntiva también puede influir en la absorcién de los medicamentos tépicos
[103].

En conjunto, estas barreras fisiolégicas y anatdmicas resultan en una pérdida

significativa de farmaco durante la administracion tdpica, estimada en
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alrededor del 95 % [101]. Esto plantea un desafio para el desarrollo de
formulaciones oftalmicas mas efectivas que puedan superar estas
limitaciones y mejorar la eficacia terapéutica.

Debido a la complejidad anatémica del ojo, las NPs son un sistema de
liberacion de farmacos capaces de penetrar estas barreras para llegar a
cualquier tejido ocular [104]. En particular, los NLC poseen propiedades que
las hacen Unicas respecto al resto de sistemas nanoscépicos, posicionandolas
como un tratamiento prometedor para diferentes patologias oculares debido a
su potencial como sistemas de liberacién, pero también sus mecanismos con
los cuales hidratan la superficie ocular (Figura 6) [105]. La biocompatibilidad y
las propiedades mucoadhesivas de los NLC mejoran su interaccién con la
mucosa ocular, lo que contribuye a prolongar el tiempo de residencia corneal
del farmaco cargado, aumentando su biodisponibilidad ocular y reduciendo
tanto los efectos secundarios locales como sistémicos. Los NLC podrian
disenarse para tratar los trastornos oculares mas importantes, como la
inflamacién, el DED, procesos tumorales o incluso enfermedades que afectan

a estructuras del segmento posterior del ojo [106].

Los productos naturales se han utilizado en la medicina tradicional durante
siglos y siguen desempefiando un papel importante en el desarrollo de
tratamientos modernos y en la terapéutica clinica. Recientemente, ha habido
un aumento en la investigaciéon que explora la eficacia de los productos
naturales en el tratamiento de los trastornos oculares y sus mecanismos
fisioldgicos subyacentes [108]. La suplementacién con productos naturales ha
demostrado efectos preventivos y terapéuticos en personas con riesgo de
padecer o con enfermedades oculares relacionadas con la edad debido a su
capacidad para eliminar radicales libres, disminuir las moléculas
inflamatorias, neutralizar la reaccidon de oxidacidon que ocurre en las células
fotorreceptoras, disminuir el factor de crecimiento endotelial vascular y
aumentar el sistema de defensa antioxidante [109]. Por este motivo la
comunidad cientifica ha buscado nuevos tratamientos a base de productos
naturales, como la APGy la MEL.
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Capa lipidica
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Capa mucinica

Epitelio corneal

Figura 6. Mecanismos de accion propuestos de las NPs lipidicas cuando son administradas
en forma de colirio. (A) Internalizacién en el epitelio corneal. (B) Unién a la glicocalix del
epitelio y liberacion sostenida del farmaco encapsulado en el epitelio corneal. (C) Unién a
la capa lipidica de la pelicula lagrimal. (D) Fusién de los NLC con la capa lipidica, mejorando
la estabilidad de la pelicula lagrimal. Basado en [107].

Ademas, podria utilizarse un excipiente natural como el RHO para potenciar el
efecto de la APG y la MEL, debido a que es ampliamente conocido por sus
propiedades hidratantes y cicatrizantes a nivel topico. Sin embargo, el uso del
aceite como excipiente activo en afecciones oculares no ha sido investigado.
Por un lado, el efecto directo que podria aportar el RHO aplicado tédpicamente
en la superficie ocular es su capacidad regeneradora, necesario en
enfermedades como el DED. En piel se ha descrito que las lesiones cutaneas
tratadas con RHO exhiben una mejor reconstrucciéon y mayor formacién de
colageno, unincremento en la proliferacién de fibroblastos y menor infiltracién
de células inflamatorias [110]. Uno de los mecanismos que se han descrito
para su capacidad regenerativa es la modulacion de los macroéfagos, que
adoptan dos fenotipos principales: M1 (proinflamatorio) y M2
(antiinflamatorio). La transicion efectiva de M1 a M2 es esencial para una
cicatrizaciéon adecuada, donde el RHO promueve este cambio, favoreciendo la
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cicatrizacién [110]. Por otra parte, debido a sus propiedades antioxidantes y
antiinflamatorias, tendria potencial en muchas enfermedades oculares, como
el DED o cualquier otra afeccién que curse con inflamaciéon, como la uveitis o
elglaucoma. Se han realizado diferentes estudios en distintos tejidos utilizando
el extracto de rosa mosqueta, que han puesto en relieve una gran capacidad de
reducir la inflamacién a través de diversos mecanismos [111], como la
inhibicion del proceso de sefalizacidn factor nuclear kB (NF-kB), reduciendo la
produccidon de enzimas (MMP, COX-2) y citoquinas proinflamatorias (TNFa, IL-
18, IL-6, CCL5) [112,113]. Ademas, los galactolipidos juegan un papel
importante en sus efectos antiinflamatorios ya que son capaces de inhibir
especificamente la produccién de moléculas inflamatorias como las
prostaglandinas y el 6xido nitrico. Esto, a su vez, reduce la secrecion de

diversas citoquinas que alimentan la inflamacién [34].

1.3.1. Inflamacioén ocular

La inflamacién ocular se ha convertido en un tema clave en oftalmologia.
Existen numerosas enfermedades inflamatorias oculares que pueden afectar
distintas localizaciones, incluyendo la érbita, los anexos oculares, la superficie
ocular, la conjuntiva, la cérnea, la esclerética, la Uvea, los vasos retinianos y el
nervio Optico. El abordaje de la inflamaciéon ocular presenta desafios
diagndsticos y terapéuticos, considerando la etiologia y el prondstico
individual. Recientemente se ha evidenciado que algunas patologias
previamente consideradas no inflamatorias, como la AMD, el edema macular,
el glaucoma, los procesos tumorales y el sindrome del ojo seco dependen en
cierto grado de mediadores inflamatorios, por lo que su tratamiento deberia
abordarse, al menos parcialmente, como una condiciéon inflamatoria [114].
Para el tratamiento de la inflamacidn ocular, existen dos principales grupos de
farmacos con propiedades antiinflamatorias: los antiinflamatorios no
esteroideos (AINE) y los corticosteroides [115]. Sin embargo, los tratamientos
a largo plazo con éstos pueden inducir efectos adversos locales. En el caso de
los AINE, pueden provocar ulceras y perforaciones en la cérnea [116], y los
corticoides pueden producir muchas complicaciones, tales como la toxicidad
epitelial, hipertensién ocular o cataratas [117].
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Los NLC constituyen un sistema prometedor para tratar la inflamacién ocular,
debido a que pueden aumentar la biodisponibilidad de fArmacos con accién
antiinflamatoria y ademas, su matriz lipidica puede aportar propiedades
adicionales al farmaco encapsulado, ya que muchos lipidos tienen
propiedades antiinflamatorias y antioxidantes [118].

1.3.2. Sindrome del ojo seco (DED)

El DED es una patologia multifactorial que afecta la pelicula lagrimal y la
superficie ocular provocando sintomas de incomodidad, alteraciones visuales
y potencialmente dano en la superficie del ojo, pudiendo producir ulceras
corneales en los casos mas graves. Se caracteriza por una desestabilizacién de
la pelicula lagrimal, donde se produce un aumento de la osmolaridad del film
lagrimal, irritando la superficie oculary provocando inflamacién [119]. Ademas,
el estrés desecante, el oxidativo y el de hiperosmolaridad activan las vias de
senalizacion celular en la superficie ocular, lo que conduce a la produccion de
citocinas proinflamatorias (TNF-a, IL-1B e IL-6) y metaloproteinasa de matriz
(principalmente MMP9). Estos factores promueven la maduraciéon de las
células presentadoras de antigenos y permiten que las células presentadoras
de antigenos maduras migren a los ganglios linfaticos a través de los vasos
linfaticos aferentes. En los ganglios linfaticos, las células presentadoras de
antigeno (APC) inducen a las células T efectoras (Th1yTh17)y las reclutan para
migrar a la superficie ocular. Mientras tanto, las APC activan el inflamasoma
NLRP3, promoviendo la secrecion de IL-13 e IL-18 y agravando aun mas la

inflamacidn de la superficie ocular (Figura 7) [120].

La primera linea de tratamiento consiste en aplicar lagrimas artificiales en
forma de colirio, gel o pomada para lubricar el ojo, manteniendo asila humedad
de la superficie ocular. Estas lagrimas artificiales actian aliviando
instantdaneamente los sintomas al disminuir la osmolaridad de la lagrima y
diluir los marcadores inflamatorios. Sin embargo, las lagrimas artificiales
carecen de propiedades antiinflamatorias y no abordan la patogenia
fundamental de la enfermedad. Por otro lado, los tratamientos habituales para

la inflamacién ocular incluyen corticosteroides y AINE, pero su uso prolongado
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conlleva efectos secundarios severos [121,122]. En estos ultimos afos la
nanotecnologia ha ido ganando espacio en el mercado de DED. En particular,
los NLC debido a su composicién lipidica, pueden mejorary contribuir a formar
unrecubrimiento lipidico sobre la superficie ocular, evitando asi la evaporacién
de los componentes acuosos de la lagrima. Ademas, cuando se combinan con
excipientes acuosos como el HA o el PEG, los NLC mejoran las deficiencias
tanto acuosas como lipidicas de la pelicula lagrimal, contribuyendo a una
reduccién de las molestias oculares que experimentan los pacientes que

sufren esta enfermedad ocular [123].
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Figura 7. Respuesta inflamatoria de la superficie ocular en el ojo seco. Adaptado de [120].

1.3.3. Melanoma ocular

El cancer ocular es una enfermedad que se caracteriza por el crecimiento
descontrolado de células anormales en el ojo, que puede afectar a cualquier
parte del ojo, incluyendo la retina, la Uvea (principalmente iris y coroides) y el
parpado. Estudios epidemioldgicos previos en poblaciones occidentales

sugieren que los tumores oculares representan alrededor del 0,2 % de los
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diagnosticos de cancer y menos del 0,1 % de las muertes por cancer. Sin
embargo, a pesar de su baja incidencia, estos cénceres disminuyen
significativamente la calidad de vida y son mortales si no se tratan. El
melanoma uveal (uveal melanoma o UM) es el céancer intraocular mas
frecuente en adultos y también el mas letal, con una tasa de supervivencia del
50 % a 10 afos. En nifios, el cancer intraocular mas comun es el retinoblastoma
cuyo tratamiento de primera linea es la enucleacion, lo que conlleva a una
ceguera irreversible [124]. EL uso de NPs se ha investigado ampliamente en el
diagndstico y tratamiento de procesos tumorales oculares, dado que facilitan
una administraciéon de farmacos sostenida y dirigida con efectos secundarios
minimos. Su tamafo nanométrico, morfologia y caracteristicas superficiales
facilitan su entrada en el tejido ocular, superando las barreras oculares,
mejorando asi su biodisponibilidad y eficacia terapéutica. Son lo
suficientemente grandes para no filtrarse a través de la vasculatura y lo
suficientemente pequenas para ser eliminadas de la circulacion por fagocitosis
[125].
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1.4. Apigenina

La APG, también conocida como 4',5,7-trihidroxiflavona (Figura 8), es uno de
los flavonoides mas abundantes y estudiados. Se encuentra en cantidades
significativas en plantas como el tomillo y otras especies, pero principalmente
se encuentra en la manzanilla (Matricaria chamomilla). Es un metabolito
secundario vegetal, que suele encontrarse en la naturaleza en forma
glicosilada, siendo mas soluble que su forma pura, la cual es inestable y poco
soluble en agua [126]. Por esta razén, una estrategia para proteger y solubilizar
a la APG seria su encapsulacién en NLC.

Figura 8. Estructura quimica de la APG.

1.4.1. Apigenina como tratamiento antiproliferativo

La primera referencia cientifica de la APG se remonta a la década de 1950, pero
fue en los anos 80 cuando se establecié su conexion con los procesos
tumorales. Estudios pioneros revelaron sus propiedades terapéuticas,
destacando su capacidad para inhibir la mutagénesis y la promocién tumoral.
Desde entonces la APG ha sido objeto de una intensa investigacion,
posiciondndose como un prometedor agente quimiopreventivo del cancer en
una amplia gama de tumores [127,128]. Su mecanismo de accién es complejo
y multifactorial. La APG interactua con diversas vias moleculares, modulando
la expresion de genes supresores de tumores y alterando procesos clave como
la angiogénesis, la inflamacién (a través de la inhibicion del NF-kB) y la muerte
celular programada. Ademas, se ha observado que induce la autofagia, un
proceso celular fundamental en la eliminacién de componentes danados, lo

que contribuye a su efecto antitumoral [129]. Estos hallazgos sugieren que la
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APG podria actuar en multiples frentes, lo que la convierte en una molécula con
un gran potencial terapéutico en estos procesos [130].

1.4.2. Apigenina en patologias oculares

La manzanilla ha sido tradicionalmente una de las plantas mas usadas a nivel
ocular para tratar conjuntivitis y limpiar la zona ocular [131]. Uno de los
principales componentes de ésta es la APG, que ademas de sus prometedoras
propiedades antioxidantes, antinflamatorias y antibacterianas posee ciertas
propiedades protectoras a nivel ocular (Tabla 2) [132].

Porunlado, la APG destaca como antiinflamatorio debido a que ha demostrado
ser capaz de reducir citoquinas proinflamatorias, como las interleucinas 6 (IL-
6), IL- 1B y el TNF-a y aumentar las interleucinas antiinflamatorias como la IL-
10 [133]. Esto hace que la APG pueda resultar un farmaco muy util en
enfermedades que cursan con inflamacién ocular, como podria ser el DED. Por
otro lado en las capas mas internas del ojo, es decir retina y nervio 6ptico, la
APG ha demostrado tener capacidad neuroprotectora principalmente gracias a
su poder antioxidante, protegiendo estos tejidos del dafo oxidativo [134].
Debido a todas estas propiedades prometedoras, la APG es un activo con un
elevado potencial a nivel ocular, tanto para tratar afecciones que afectan a las
capas mas externas del ojo, como el DED, como para las que afectan a los

tejidos mas internos, como el glaucoma, la retinopatia diabética, o la AMD.
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Tabla 3. Evidencias cientificas de la APG para su uso oftalmico en diferentes modelos in vitro e in vivo.

Modelo Resultados Ref.
:2:;?2::5?:;52:";3&3 - Recuperacion de la funcidn de la superficie ocular. [133]
. - Disminucidn de los niveles de factor de TNF-q, IL-1B e IL-6.
gastrica.
Ratones C57BL/6 KO Nrf2, - Promocioén de latranslocacion nuclear de Nrf2. [134]
administracion intragastrica. - Incremento de los niveles de expresion de Nrf2.
- Aumento de las actividades del superéxido dismutasa y GSH-Px.
- Disminucidn de los niveles de ROS y malondialdehido.
Cultivo primario de células de - Disminucion de la viabilidad de las células ganglionares de la retina (RGC) [135]
ganglionares de retina de rata. inducida por el TNF-a.
- Inhibicidn de la apoptosis inducida por TNF-a.
- Aumento de la produccién de ATP y la captacién de oxigeno.
- Reduccién de la actividad de la caspasa-3.
- Disminucion de la activaciéon del NF-kB.
Células humanas endoteliales - Bloqueo de multiples citoquinas que inducen hiperpermeabilidad. [136]
microvasculares de la retina. - Estabilizacién de tres tipos de monocapas de células endoteliales
Ratones C57BL/6, vasculares primarias.
administracién intravitrea. - Mejora de la funcién de la barrera vascular retiniana in vivo.
Linea celular de retina de rata - Proteccion de la capa plexiforme interna de la retina y el complejo de [137]

(R28).
Ratas Wistar, administraciéon
intravitrea.

células ganglionares.

Reduccién de la apoptosis de las RGC y la liberacién de lactato
deshidrogenasa.

Aumento del potencial de membrana mitocondrial.

Disminucién de la produccién de las ROS extracelulares.
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Linea celular de microglia de - Supresion de la produccién de quimiocinas inducida por lipopolisacarido [138]
ratén (BV2). (LPS).
Ratones rd1, administracion - Inhibicién de la activacién M1 inducida por LPS.
intravitrea. - Reduccién de las quimiocinas inflamatorias en la retina.

- Supresion de la activacidon de microglia y glia de Muller.

- Aumento del grosor de la capa nuclear externa de la retina de los ratones.
Linea celular de microglia - Disminucion de la produccién de factores inflamatorios inducidos por LPS [139]
humana (HMC3). e IFN-y en la microglia in vitro.
Ratones C57BL/6J. - Reduccién de los puntajes clinicos y patolégicos de la uveitis autoinmune.

- Reduccién de los niveles de las citoquinas inflamatorias en la retina.

- Inhibicién de la transicion de microglia M1 en la retina.
Ratones C57BL/6J, - Supresidén de la neovascularizacion. [140]
administracion intravitrea o - Efectos antiapoptdticos y antioxidantes en la retinopatia inducida por
intraperitoneal. oxigeno.
Células human.a.s endoteliales - Inhibicién del desarrollo de la neovascularizacién coroidea. [141]
de la vena umbilical. .. . . . L. . .

- Modulacidn de la proliferacion y migracion de las células endoteliales.
Ratas pardas de Noruega.
Linea celular del epitelio - Aumento de la supervivencia de las células tratadas con peroéxido. [142]
pigmentario de la retina - Proteccién de las células ante la apoptosisinducida por perdxido.

humana (ARPE-19).

Aumento de la expresion de ARNm, de la proteina de Nrf2 y estimulacién de
su translocacion nuclear.

Incremento de la expresidn y actividad de enzimas antioxidantes.
Disminucién de los niveles de ROS y MDA.
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1.5. Melatonina

La MEL es una neurohormona producida principalmente por la glandula pineal
que regula el ritmo circadiano y los ciclos de sueno (Figura 9). La MEL se ha
identificado en todos los grupos principales de seres vivos, incluyendo
bacterias y otros microorganismos unicelulares, plantas y animales, asi como
en humanos [143]. En la actualidad, la MEL se prescribe para ayudar a conciliar
el suefio, aungue presenta muchos otros efectos beneficiosos. Por esta razén,
actualmente se acepta que la MEL no solo es una hormona, sino también un
protector celular, involucrado en la inmunomodulacién, los procesos
antioxidantes y la hematopoyesis. Ademas, numerosos estudios han
demostrado que posee importantes propiedades oncoestaticas, tanto a través

de mecanismos dependientes como independientes de receptores [144].

o}
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Figura 9. Estructura quimica de la MEL.

Sin embargo, la MEL tanto a nivel fisiolégico como quimico, se degrada
principalmente por la luz, aunque también le afecta la temperatura y se
desestabiliza en solucién acuosa [145]. Por esta razén, su encapsulacion en
NLC la protegeria de esta degradacion por factores externos, permitiendo

ejercer su accion.

1.5.1. Melatonina como tratamiento antiproliferativo

En la actualidad, muchas de las propiedades antitumorales de la MEL estan
bastante bien descritas y la evidencia de diferentes estudios clinicos (Tabla 3)
indican una relacion entre la MEL y la supresiéon tumoral. Los estudios in vitro

sugieren que tanto dosis farmacolédgicas como fisioldégicas son capaces de
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reducir el crecimiento de células malignas de mamay otras células tumorales.
En modelos de roedores, la pinealectomia (extirpacién de la glandula pineal)
estimula el crecimiento tumoral, mientras que la administraciéon exégena de
MEL ejerce actividad anti-iniciadora y oncoestatica en diversos canceres
inducidos quimicamente [146].

Tabla 4. Evidencia clinica de los efectos anticancerigenos de la MEL. Adaptado de [147].

Tipo de estudio Tipo de cancer Conclusion

Ensayo Mama La MEL mejoré el suefio y la calidad de

prospectivo de vida en pacientes con cancer.

fasell

Ensayo clinico Cabezaycuello La MEL redujo la mucositis y mejoré el

aleatorizado de dolor en pacientes tratados con

fasell radiacién concurrente.

Ensayo clinico Pulmén La administraciéon concomitante de la

aleatorizado metastasico MEL puede reducir la anemia inducida
por cisplatino en pacientes con cancer.

Estudio piloto Gastrointestinal La MEL puede producir un efecto

aleatorizado estabilizador del peso.

Estudio Colorrectal La IL-2 subcutdnea en dosis bajas y la

aleatorizado MEL se pueden utilizar como terapia de
segunda linea para el tratamiento.

Estudio piloto Mama La MEL indujo regresiones tumorales

de fase metastasico objetivas en pacientes con cancer de
mama metastasico refractario al
tamoxifeno.

Los mecanismos mas destacados propuestos para explicar la accidén
antitumoral de la MEL incluyen su actividad antimitética y antioxidante, y su
potencial modulacién de la duracién del ciclo celular a través del control de la
via p53-p21. Se cree que la MEL tiene actividad antimitética por su efecto
directo sobre la proliferaciéon dependiente de hormonas a través de la
interaccion con receptores nucleares. Otra explicacion es que esta hormona
aumenta la expresion del gen supresor tumoral p53. Se ha demostrado que las
células que carecen de p53 son genéticamente inestables y por lo tanto, mas
propensas a desarrollar tumores [148,149].

o8
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1.5.2. Melatonina en patologias oculares

Fisiolégicamente, la MEL se encuentra en los tejidos oculares, ya que tiene
diferentes receptores especificos en retina, cérnea, cuerpo ciliar, cristalino,
coroidesy esclera [150]. Aunque no se conoce exactamente el rol de la MEL en
el 0jo, se le han atribuido diferentes propiedades. La accion mas reconocida es
su relaciéon ritmica con la presion intraocular (intraocular pressure o 10P),
reduciéndola cuando la MEL se encuentra en su pico maximo deldia[151]. Otra
propiedad atribuida a la MEL debido a sus receptores en la cérnea, es su
capacidad de acelerar la epitelizacién de la cornea y regular su hidratacién
[150]. Sus receptores en el cristalino parecen estar relacionados con su posible
accion protectora frente a las cataratas [152]. A nivel de retina, se ha sugerido
que los receptores de la MEL participan en los cambios relacionados con el
envejecimiento. La disminucién fisiolégica de los niveles de MEL en las
personas mayores se ha relacionado con el inicio de la AMD, lo que sugiere la
participacion de estos receptores en la proteccién contra dicha degeneracion
[153].

Se ha demostrado que la MEL actua directamente como un captador de
radicales libres y ademadas, estimula diversas enzimas antioxidantes,
incluyendo la superéxido dismutasa, la glutation peroxidasa y la glutation
reductasa. Mediante estas acciones combinadas, esta hormona podria ser un
agente protector contra diversas enfermedades oculares en las que la
generacion de radicales libres y el estrés oxidativo se consideran factores
causales, como la AMD, las cataratas y el glaucoma [154]. Mas alla de su
accioén antioxidante, se estan acumulando evidencias que sugieren que los
eventos mediados por los receptores de la MEL son cruciales para el
mantenimiento de los ritmos oculares normales y que la alteracién de estos
ritmos podria conducir a una variedad de trastornos oculares, como el UM. Los
primeros estudios realizados en 1997 y 1998 demostraron que la MEL puede
inhibir el crecimiento de células de UM. Los precursores de la MEL, el triptéfano
y la serotonina no mostraron este efecto. Ademas, el UM podria expresar
receptores transmembrana para la MEL, haciendo que esta neurohormona

pueda ser un potencial tratamiento para este tipo de cancer [155].
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2. Hypothesis and objectives

The doctoral thesis hypothesis is the development of novel controlled drug
delivery systems containing APG, MEL, or both encapsulated in biocompatible
lipid NPs, which can provide an effective treatment to deliver these active
compounds either to tumors, or to act topically to improve the functionality of
the ocular surface. Therefore, our main hypothesis is that by incorporating APG
and MEL into NLC, it may improve both drugs delivery, enhance their
therapeutic efficacy, and potentially offer a new treatment for these

pathologies.

The main objective of this doctoral thesis is the development and evaluation of
a novel controlled drug delivery system based on NLC encapsulating APG and
MEL, either individually or in combination. This system aims to address the
limitations associated with the current therapies for ocular and proliferative

diseases, including poor solubility, bioavailability, and chemical instability.
Therefore, the specific objectives of this research are the following ones:

— To develop and optimize nanostructured lipid systems containing APG,
MEL and/or both drugs manufactured by using the hot high pressure
homogenization method.

— To characterize the physicochemical properties of the formulations in
terms of morphometry (average size and polydispersity index), surface
charge (zeta potential) and encapsulation efficiency.

- To study the interactions between the components and their
crystallinity, evaluate the stability, and demonstrate that NLC possess
a controlled drug release profile.

- To evaluate the anti-proliferative activity of negatively charged
formulations in different cancer cell lines, as well as their accumulation

into a selected cancer cell line.
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To corroborate that the positively charged formulations are suitable for
ocular administration using in vitro and in vivo models.

To determine the in vivo effectiveness of the positively charged APG-
NLC in a rabbit model of DED and its side effects such as inflammation.
To investigate the potential of the positively charged MEL-NLC to treat
uveal melanoma by using uveal melanoma cell line and to assess its

ocular biodistribution in a rabbit model.
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3. Resultados

El desarrollo de la presente investigacion dio lugar a seis publicaciones en

forma de articulos cientificos y una patente.

3.1. Dually active Apigenin-loaded nanostructured lipid carriers for cancer

treatment.
3.2. Antitumoral Melatonin-loaded nanostructured lipid carriers.

3.3. Novel nanostructured lipid carriers loading Apigenin for anterior segment

ocular pathologies

3.4. Melatonin loaded nanostructured lipid carriers for the treatment of uveal

melanoma

3.5. Nanostructured lipid carriers co-encapsulating Apigenin and Melatonin: an

innovative strategy against cancer

3.6. Combination of Apigenin and Melatonin loaded nanostructured lipid

carriers as a natural ocular inflammation treatment

ANEXO. Patent: Lipid nanoparticles for the treatment of ocular diseases.
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Purpose: Cancer is one of the major causes of death worldwide affecting more than 19 million people. Traditional cancer therapies
have many adverse effects and often result in unsatisfactory outcomes. Natural flavones, such as apigenin (APG), have demonstrated
excellent antitumoral properties. However, they have a low aqueous solubility. To overcome this drawback, APG can be encapsulated
in nanostructured lipid carriers (NLC). Therefore, we developed dual NLC encapsulating APG (APG-NLC) with a lipid matrix
containing roschip oil, which is known for its anti-inflammatory and antioxidant properties.

Methods: Optimisation, physicochemical characterisation, biopharmaceutical behaviour, and therapeutic efficacy of this nowel
nanostructured system were assessed.

Results: APG-NLC were optimized obtaining an average particle size below 200 nm, a surface charge of —20 mV, and an
encapsulation efficiency over 99%. The APG-NLC released APG in a sustained manner, and the results showed that the formulation
was stable for more than 10 months. In vitro studies showed that APG-NLC possess significant antiangiogenic activity in ovo and
selective antiproliferative activity in several cancer cell lines without exhibiting toxieity in healthy cells.

Condusion: APG-NLC containing rosehip oil were optimised. They exhibit suitable physicochemical parameters, storage stability
for more than 10 months, and prolonged APG release. Moreover, APG-NLC were internalised inside tumour cells, showing the
capacity to cause cytotoxicity in cancer cells without damaging healthy cells.

Keywords: antitumoral, lipid nanoparticles, apigenin, rosehip oil

Introduction
Cancer is one of the leading causes of death worldwide. In 2020, there were almost 19 million patients, and almost
10 million deaths were attributed to cancer.’* Traditional therapies such as chemotherapy and radiotherapy have many
adverse effects and unsatisfactory treatment outcomes.>” Particularly, it has been estimated that over 50% of cancer
patients usually receive chemotherapy at some stage of their disease.’ However, most existing cancer therapies
simultaneously affect healthy and tumour cells, resulting in significant adverse effects."® In addition, these therapies
can lead to chemoresistance. Therefore, the development of novel therapeutic strategies is an unmet medical need.*™!
Tn recent years, herbal medicines have gained wide attention owing to their beneficial effects against various diseases
such as cancer.'>'* Apigenin (APG) is a plant-derived flavone that possesses interesting properties, particularly potent
antitumour activity. Tt has been reported that APG possesses antitumour activity against different types of cancer by
triggering apoptosis, inducing autophagy, modulating the cell cycle, decreasing cell motility, inhibiting cancer cell
migration and evasion, and stimulating the immune response."*® Despite being a highly effective molecule that acts
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on many mechanisms inside the cell, its main problem is low biocavailability because of its poor water solubility and
metabolization in the intestine and liver *'”

In recent years, pharmaceutical research has focused on the development of nanotechnological systems applied in
different fields, with special relevance to drug delivery.'® Nanocarriers can be designed to deliver drugs into specific
tissues. These nanocarriers can overcome the limitations of conventional treatments by enhancing drug solubility,
improving pharmacokinetics, increasing efficacy, and reducing adverse effects. In particular, nanoparticles for cancer
therapy constitute a highly interesting alternative because of the possibility of establishing passive targeting, since
tumoural cell properties allow them to selectively accumulate in these cells due to their enhanced permeability and
retention.'®*° Among several nanocarriers, lipid nanoparticles and nanostructured lipid carriers (NLC) have gained
attention because of their ability to encapsulate both lipophilic and hydrophilic drugs, employment of biocompatible
lipids, prolonged drug release, and easy scale-up.**~?

To increase the solubility of APG promoting an improvement of its bioavailability, in the present work we developed
APG-loaded NLC for the treatment of different types of tumors. Moreover, rosehip oil, a natural compound extracted
from the seeds of wild roses, was chosen as the liquid lipid owing to its pharmaceutical properties. Rosehip oil has
traditionally been used for dermal applications as a skin regenerator and possesses anti-inflammatory and antioxidant
effects. Furthermore, recent studies indicate that rosehips contain active compounds with antitumoral activity.**** These
properties might result in a synergic way between the anticarcinogenic activity of APG and the promising activity of this
active liquid lipid.?%*”

A dual formulation of last-generation lipid nanoparticles was developed and optimised for administration of APG and
roschip oil. Physicochemical and morphological characterisation, compound interactions, and in vitro release profiles
were studied. Moreover, their antiangiogenic properties and cellular internalisation were evaluated. Furthermore, the
antiproliferative activity in different tumour cell lines was assesed.

Materials and Methods

Materials

APG was obtained from Apollo Scientific (Cheshire, UK). Compritol® 888 ATO was kindly gifted by Gattefossé
(Madrid, Spain). Tween® 80 (polysorbate 80) and Nile Red (NR) were purchased from Sigma—Aldrich (Madrid,
Spain). Rosehip oil was purchased from Acofarma Formulas Magistrales (Barcelona, Spain). All the other reagents
were of analytical grade. A Millipore Milli-Q Plus system was used to obtain purified water.

Preparation of APG-NLC
The production of APG-NLC was carried out using the hot high-pressure homogenisation method (Homogeniser FPG
12800, Stansted, United Kingdom). Firstly, a primary emulsion with a mixture of an aqueous phase containing the
surfactant, and a lipid phase containing the lipids and the drug, was prepared using an Ultraturrax® T10 basic (IKA,
Germany) at 8.000 rpm for 30 s. The production conditions were 85°C, three homogenisation cycles, and 900 bar of
pressure.*®

The production of APG-NLC labelled with NR (APG-NLC-NR) was carried out following the same procedure as
APG-NLC, but with the addition of a 0.0375 % of NR to the formulation.”®

Optimization of APG-NLC

Design of Experiments (DoE) was used to optimise the formulation parameters because of its ability to acquire
information by decreasing the number of experiments.®®*" A central composite factorial design (which contained 2
replicated centre points, 16 factorial points, and 8 axial points) was prepared using Statgraphics Centurion® 18 version
18.1.12 software (Virginia, USA). Four independent variables, APG concentration, surfactant concentration, lipid phase
concentration, and solid lipid concentration (LS/lipid phase), were analyzed to determine their effect on NLC physico-
chemical properties. The dependent variables studied were the mean particle size (Z,), polydispersity index (PDI), zeta
potential (ZP), and encapsulation efficiency (EE).
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Physicochemical Characterization of APG-NLC

Z4y and PDI were evaluated by dynamic light scattering by using a ZetaSizer Nano ZS (Malvern Instruments, Malvern,
UK). Electrophoretic mobility was used to assess the ZP. For Z,, and PDI, the formulations were diluted 1:10 with Milli-
Q water. For ZP measurements, the nanoparticles were diluted 1:20. The entrapment efficiency (EE) was indirectly
measured by quantifying the non-encapsulated APG in the APG-NLC. Prior to analysis, the non-encapsulated APG was
separated from NLC by filtration/centrifugation at 14,000 rpm (Mikro 22 Microliter Centrifuge, Germany) using an
Amicon®™ Ultra-0 5 centrifugal filter device (Amicon Millipore Corporation, Ireland). The non-encapsulated APG passed
through the filter, which was analysed by HPLC. EE was determined using Eq. 1:%*

Total initial amount of APG — non — encapsulated APG

o) —
EE (%) Total initial amount of APG

100 %)

APG quantification was performed using reverse-phase high-performance liquid chromatography (RP-HPLC). In brief,
samples were quantified using HPLC Waters 2695 (Waters, Massachusetts, USA) separation module, and a Kromasil®
C18 column (5 pm, 150 x 4.6 mm) with a mobile phase formed by a water phase containing 2 % acetic acid, and an
organic phase constituted by methanol. A gradient was applied (from 40 % to 60 % of water phase in 5 min and back in
next 5 min) at 0.9 mL/min. To quantify APG, a diode array detector Waters™ 2996 at 300 nm was used, and data were
evaluated using Empower® 3 Software 334

Interaction Studies
Interaction Studies
Differential scanning calorimetry (DSC) was performed on a DSC 823e system (Mettler-Toledo, Barcelona, Spain).
Thermograms of APG-NLC and their components were obtained in a nitrogen atmosphere by using a heating ramp from
25 to 105 °C at 10 °C/min. The data acquired was evaluated with the software Mettler STARe V 9.01 dB (Mettler-
Toledo, Barcelona, Spain).*®**
Fourier transform infrared (FTTR) spectra of APG-NLC and their components were determined using a Thermo
Scientific Nicolet 1710 spectrometer coupled to a diamond ATR crystal and a DTGS detector (Barcelona, Spain).*®
K-ray diffraction (XRD) profile of APG-NLC and their components was also assessed placing the samples between
two polyester layers of 3.6 um and exposing them to CuKa radiation (45 kV, 40 mA, A= 1.5418 A). in a working range
(20) of 2-60°, and using a step size of 0.026°, during 200 s per step.”®

Morphological Studies

Transmission electron microscopy (TEM) was employed to determine the morphology of the APG-NLC using a Jeol
1010 (Jeol USA, Massachusetts, USA). Firstly, copper grids were activated by UV light, and the APG-NLC (previously
diluted 1:10) were stained negatively with 2% of uranyl acetate.**

Stability Studies

APG-NLC were stored at 3 different temperatures (4, 25, and 37°C) for several months. The study was performed by
analysing light backscattering (BS) profiles using Turbiscan® Lab equipment (Formulation Inc, Worthington, USA). For
this purpose, 10 mL of the sample was placed into a glass measurement cell, and BS data were acquired every 15-30
days. At the same timepoints, the values of Z,,, PDI, ZP, and EE were measured at 15 days or once a month until
destabilization.>!

Biopharmaceutical Behaviour

The in vitro APG release study was carried out by using Franz-type diffusion cells (Permegear, Germany) with
a diffusion area of 0.20 cm? and cellulose dialysis membrane (MWCO 12 kDa). A receptor medium accomplishing
sink conditions was used, which was constituted by a solution of PBS with 5% Tween® 80 and 20% ethanol at pH 7.4.%°
The formulations were compared to free APG. The assay was carried out at 37 &= 0.5 °C for 48 h. 300 pL. of each
formulation were placed on the donor compartment, and at certain time intervals, 150 uL of the sample was collected
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using a syringe, and the withdrawn volume was replaced with the receptor solution. APG content of the receptor medium
was analysed using HPLC. Each sample was performed in triplicate, and the cumulative amount of APG was
calculated.*®

Antiangiogenic Capacity

To determine the antiangiogenic effects of APG-NLC, a modified chorioallantoic membrane (CAM) test was used.®” It
was carried out using fertilised chicken eggs incubated at 37 °C and 85 % humidity. A lateral window was opened on the
eggshell on the third day of incubation, and after 24 h of stabilization, 40 uL. of the sample were inoculated to the CAM.
Afterwards, the membrane was sealed and incubated for 48 h. The controls of the experiments were NaCl as a normal
angiogenic development and basic fibroblast growth factor (bFGF) as a pro-angiogenic control (20 pLL at 10 ng/mL).
Once CAM was evaluated, membranes were fixed by adding 4 % paraformaldehyde overnight at 4 °C. Next, membranes
were extracted and observed using a binocular loupe. Afterwards, the obtained images were processed, and the density of
the vessels in the CAM was automatically measured using Imagel vessel analysis plugin.

Biological Studies
Cell Lines
Human biphenotypic B myelomonocytic leukaemia MV4-11 and normal breast epithelial MCF-10A cells were acquired
from American Type Culture Collection (USA). Human lung carcinoma A549 and breast cancer MCF-7 cells were from
the European Collection of Authenticated Cell Cultures (UK). Human breast cancer MDA-MB-468 cells were acquired
from the Leibniz Institute, DSMZ-German Collection of Microorganisms and Cell Cultures (Germany). Cells were
grown at 37 °C with 5 % CO, humidified atmosphere, and media were supplemented with 2 mM l-glutamine (Merck,
Germany), 100 units/mL penicillin (Polfa Tarchomin S.A , Poland), and 100 pg/mL streptomycin (Merck, Germany).
MV4-11 and MDA-MB-468 cells were cultured in RPMI 1640 medium (IIET PAS, Poland) with 1.0 mM sodium
pyruvate (only MV4-11), 10% (MV4-11), or 20% (MDA-MB-468) fetal bovine serum (FBS) (all from Merck, Germany).
AS549 cells were cultured in RPMI 1640+Opti-MEM (1:1) (ILET PAS, Poland and Gibco, UK) supplemented with 5%
foetal bovine serum (Merck, Germany). The MCF-7 cells were cultured in Eagle’s medium and supplemented with
insulin and 1% of MEM non-essential amino acids (Merck, Germany). Normal breast epithelial MCF-10A cells were
cultured in the HAM'S F-12 medium (Corning), supplemented with 10 % Horse Serum (Gibco), 0.5 pg/mlL
Hydrocortisone, 20 ng/mL EGFh, 10 pg/mL insulin, and 0.05 mg/mL Cholera Toxin from Fibrio cholerae (all from
Merck, Germany).

Determination of Antiproliferative Activity

The solutions of APG (1 mg/mL), APG-NLC (1 mg APG/mL) and empty NLC were prepared by APG and NLC in
DMSO and water, respectively. Twenty-four hours prior the addition of the tested compounds, the cells were seeded in
96-well plates (Sarstedt, Germany) at a density of 1  10% or 0.5 x 10* (A549) cells/well. Antiproliferative capacity was
studied after 24 and 72 h of cells exposure to four different concentrations. Cytotoxic effects were examined using MTT
(MV4-11) or SRB assays, previously described.*® The ICso (inhibitory concentration 50 %), which is cytotoxic to 50 %
of the cells, was calculated. 1Csq values were evaluated for each experiment separately using the Prolab-3 system based
on Cheburator 0.4 software,>® and the mean values + SD are presented in Table 1. Both APG and APG-NLC were
assessed 1n triplicate, and the experiments were repeated up to 5 times.

Determination of Compounds Accumulation in Cells by Flow Cytometry

The APG-NLC were fluorescently labelled with NR to determine their accumulation in cells. Leukemia MV4-11 cells
were Incubated for 5, 15, and 30 min and 60, 120, and 240 min with APG-NLC-NR (1.675 and 0.335 pg/mL). After
incubation, cells were collected and washed with PBS. The mean fluorescence of cells incubated with the tested
compounds labelled with NR was analyzed by flow cytometry using a BD LSRFortessa cytometer (BD Bioscience,
San Jose, USA). Untreated cells were used as unlabeled controls. The results were analysed using the Flowing software 2
(Cell Imaging Core, Turku Centre for Biotechnology, University of Turku Abo Akademi University)
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Results
APG-NLC Characterization and Optimization

The homogenisation parameters in order to produce NLC by high-pressure homogenization were previously optimised
using a composite factorial design with three levels and two factors. The independent variables were pressure, number of
homogenisation cycles, and primary emulsion time, and the dependent variables were Zy and PDI (Figure 1). The results
showed that with an increase in the number of homogenisation cycles up to two and pressures up to 800 bar, it was
possible to produce nanocarriers with lower Z,, and PDI. However, it was established that the primary emulsion time
using Ultraturrax® did not affect the studied parameters; therefore, the method was set up in three homogenisation cycles
at 900 bar with a primary emulsion time of 30 s.

An optimised formulation was obtained by means of the DoE approach. The independent variables studied were the
amount of APG, the lipid phase (solid lipid and liquid lipid mixture), the percentage of solid lipids in the lipid phase, and
the amount of surfactant.

Table 1 shows the effect of the independent variables on the dependent variables analysed and the values obtained. As
can be observed, the Z,; of the formulations was 200 nm 1n most cases, as well as PDI values around 0.2, thus indicating
a homogeneous distribution of nanoparticles.*® The developed APG-NLC exhibited a negative surface charge of ZP <
—20mV. This negative charge may be due to the ionisation of glyceryl behenate (a fatty acid in Compritol® 888 ATO).*!
Since the surface charge values are associated with the stability of colloidal dispersions, the developed formulations with
values of 20 mV were considered the most stable ** In all cases EE was higher than 95%, thus meaning that APG was
completely encapsulated.

As shown in Figure 2, the four variables studied had a significant effect on the formulation of NLC. The Z,, and PDI of
APG-NLC were significantly influenced by the concentration of the lipid phase but followed an opposite trend because more
solid lipids increased size (p < 0.05) but decreased NLC PDI (p < 0.01). Moreover, the surface charge was significantly
influenced by the surfactant (p < 0.001), and the EE % was significantly influenced by both liquid and solid lipids.

As shown in Figure 3, higher concentrations of the lipid phase provided larger APG-NLC but with less size dispersion
(Figure 3A and B). According to the surface response, in order to obtain APG-NLC below 200 nm. less than 9 % of lipid
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Figure | Initial screening for APG-MNLC development. (A) Representation of the values obrained of Z,, and PDI against the homogenization cycles and homogenization
pressure; (B) Pareto’s chart of the homogenization parameters: {C) Surface response of the influence of the pressure and cycles on the Zav; (D) Surface response of the
influence of the pressure and cycles on the PDI.
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Solid lipid regarding to the lipid phase influence on PDI; (C) Concentration of Surfactant and Solid lipid regarding to the lipid phase influence on ZF; {D) Concentration of
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phase and APG concentrations below 0.2 % should be used. However, to obtain a PDI of less than 0.2, higher
concentrations of the lipid phase seem necessary. Moreover, with respect to ZP, a lower surface charge was obtained
when a higher concentration of the surfactant was added (Figure 3C). EE was highly influenced by the amount of solid
lipids with low EE as the solid lipid content increased (Figure 3D). Considering all the evaluated parameters and the
trends, a formulation containing 0.1 % of APG, 7.5 % of total lipids, 65 % of solid lipids, and 3.5 % of surfactant has
been optimized to carry out further experiments.
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Interaction Studies of APG-NLC

The interactions between APG and the lipid matrix, carried out by DSC, FTIR, and XRD are shown in Figure 4. DSC
was performed to study the variations in the crystallinity and melting point of the lipid mixtures against APG-NLC. In
this sense, the melting temperature (Ty,) of the lipid mixture was slightly lower than that of the lipid mixture with APG
(69.50 and 70.22°C, respectively). Moreover, the Ty, of the APG-NLC was slightly lower than that of the physical
mixture, probably because of its small size and surfactant incorporation.”® Enthalpy values (AH) were similar between
the lipid mixture and lipid mixture-APG (AH Lipid mixture = 88.87 Jg'', AH Lipid mixture-APG = 97.79 Jg'h).
Moreover, AH of APG-NLC was lower being 71.10 Jg™*. In addition, APG was also assessed showing a T,, of 365.5°C
and AH = 1985 Jg ' *

FTIR analysis was used to study the interactions between APG, surfactant, and the lipid matrix (Figure 4B). The
FTIR spectrum of pure APG presented vibrational bands at approximately 3278 ecm ™', characteristic of the O-H group.
Moreover, the C-H group exhibits multiple small peaks at 2800 cm ', Additional peaks at 1650 and 1605 cm™ " were
observed for the C-O group.*® Furthermare, there was no evidence of new strong bonds formed in the APG-NLC, and
APG peaks were not observed, thus confirming APG encapsulation in the lipid matrix.

The XRD profiles in Figure 4C show the physical states of the APG, APG-NLC, and their physical mixture. Intense
and sharp peaks for APG and the solid mixture of lipids are observed, indicating that these components possess
a crystalline structure. Typical signals of APG such as 7.07, 10.09, 11.25, 14.12, 15.03, 15.97, and 18.18° (26) were
found *® Interestingly, APG peaks were not detected in the APG-NLC, which may indicate that APG was present in
a dissolved state in the NLC (molecular dispersion). Additionally, the crystallinity of the structures of all components was
studied. The lipid mixture showed three peaks, the smaller one in 19.34° (20), ie d = 0.46 nm, indicated the most stable
form of triacylglycerols, the B form, and two pronounced peaks at 21.38° (26) ie ¢=0.42 nm and 23.43° (26) ie d=0.38
nm, indicating the second stable form of triacylglycerols, the p* form. In contrast, the APG-NLC profile showed the most
intense peak at 19.39° (26) and 23.62° (26), indicating good stability of the formulation *+474%
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Figure 4 Interaction studies of APG-NLC and their compenents. (A) DSC curves; (B) FTIR analysis; (C) X-ray diffraction patterns.
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Morphological Studies

Due to the fact that a single technique is not enough to characterise NLC, the morphology of the APG-NLC was
evaluated by TEM and compared with the results obtained by dynamic light scattering (Figure 5). Using TEM, it can be
observed that the APG-NLC showed almost spherical and soft round shapes with Z,, values below 200 nm. This was
consistent with the results found by dynamic light scattering. Moreover, as predicted by the obtained ZP values (—20
mV), particle aggregation was not observed

Stability of APG-NLC
Stability studies were performed by measuring Z,,, PDL ZP, and EE as well as by analysing the BS profiles at different
temperatures. Specifically, BS provides information on destabilisation mechanisms, such as sedimentation, agglomera-
tion, or aggregation, which can be observed when differences greater than 10 % are obtained.* In this way, BS profiles
of APG-NLC were studied at 4, 25, and 37 °C (Figure 6). The APG-NLC formulation was stable at 4 °C for a period of
11 months, maintaining constant physicochemical parameters, while at 25 °C, the stability endured 3 months, and at
37°C, it was stable for only 15 days

Moreover, high temperatures accelerated particle destabilisation by decreasing the ZP. As it can be seen in Table 2,
the formulations kept at three different temperatures maintained their physicochemical parameters until the ZP dimin-
ished (12 months at 4 °C, 4 months at 25 °C and 15 days at 37 °C). All these phenomena were in accordance with the BS
results. As can be observed, at all the temperatures, the BS profile increased, probably because of decrease mn ZP,
promoting aggregation phenomena that, in the case of 4 °C, seem to start after 1 vear of storage. Additionally, the EE was
maintained at all temperatures. Considering these results into account, APG-NLC were stored at 4°C showing a good
stability up to 12 months.
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Figure 5 Physicochemical and morphological characterization. (A) TEM images wich scale bar 500 nm: (B) TEM images with scale bar 200 nm: (C) Histogram of average size
distribution measured by dynamic light scattering; (D) Zeta potential plot measured by laser-Doppler electrophoresis.
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Figure 6 Backscactering profies of APG-NLC stored at (A) 4 °C; (B) 25 °C; and (C) 37 °C.

Biopharmaceutical Behaviour

The in vitro release profile of APG from NLC against free APG demonstrated that the lipid formulation had a kinetic profile
characteristic of prolonged drug release formulations. The APG release from NLC best fit was a two-phase association. As
shown in Figure 7, an initial burst release of APG from the NLC was observed during the first 2 h. Afterwards, a slow release
of APG occurs probably releasing the APG encapsulated in the inner lipid core. Moreover, free APG showed a fast release,
achieving a 100 % before 24 h while the APG-NLC just released less than 30 %. The dissociation constant ()4) of APG-NLC
was higher in both the slow and fast phases than in free APG (0.07 and 0.27 vs 0.02 h), thus indicating a prolonged release *”
Moreover, the half-life results (t;,,) showed that there was a burst release at the beginning during the fast phase of the
formulation, but during the slow phase, it had a sustained release, with a t;; value of 160.5 >

Table 2 Physicochemical Parameters of APG-NLC Stored at Different Temperatures

Temperature (°C) | Month/Day | Z,, * SD (nm) PDI £ SD ZP £ SD (mV) | EE £ SD (%)
0 1952 + 0.4 0.170 £ 0.011 =193z 0.1 99.9 £ 0.1
4 2 193.2 £ 0.7 0.171 £ 0.026 =17.7£0.3 99.9 £ 0.1
4 195.4 + 0.9 0.160 + 0.002 —17.0£0.3 99.9 + 0.1
6 194.9 £ 0.3 0.164 £ 0017 -17.7£0.2 99.9 = 0.1
8 195.0 £ |.8 0.148 £ 0.009 —17.5£04 99.9 £ 0.1
10 193.0 = 1.9 0.151 £+ 0.015 -20.8 £ 0.3 99.9 0.1
12 193.5 + 2.1 0.161 £ 0,002 -152£0.2 99.9 = 0.1
25 2 2019 £ 2.9 0.123 £ 0.017 —183+0.2 99.9 £ 0.1
199.8 + 1.7 0.125 + 0.034 —14.8+ 03 99.9 + 0.1
37 IS days 2092 £ 0.9 0.161 + 0.025 =155+ 0.3 99.9 + 0.1
6988 https International Journal of Nanomedicine 2023:18
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Figure 7 In vitro release profile of APG-MNLC vs free APG carried out for 48 h and adjustment to a cwo-phase association and Plateau followed by one phase decay model
respectively.

Antiangiogenic Capacity

To study the antiangiogenic capacity of free APG, APG-NLC, and empty NLC, an 1n vitro assessment using CAM of
embryonated eggs was carried out. As shown in Figure 8, APG-NLC possessed a significantly lower (p < 0.01) vascular
density than the negative control (NaCl). Although free APG seems to exert antiangiogenic effects, these effects are not
significant. Moreover, empty NLC did not seem to have any effect on the blood vasculature.

Cytotoxicity Towards Selected Cancer Cell Lines
The antiproliferative activities of APG and APG-NLC towards leukemia (MV4-11), lung (A549), and two breast MCF-7
(ER+) and MDA-MB-468 cancer cell lines were evaluated after 24 h and 72 h. The toxicity of these compounds was
tested in normal human breast epithelial MCE-10A cells. The results were obtained by assessing cellular viability using
MTT (MV4-11) or SRB colorimetric assays. The data for the in vitro anticancer activity are reported in Table 3 and
expressed as the ICso concentration of the compound (in pg/mL) that inhibited proliferation of the cells by 50%
compared to the untreated control cells.

As shown in Table 3, APG after 24 h of incubation was active only against leukaemia MV4-11 cells, and the activity
was 10 times lower than that observed after 72 h. Both empty and APG-NLC had similar activity after 24 h and 72
h against MV4-11 leukemia cells, whereas in human lung cancer A549 cells, the activity was similar only after 72
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Figure 8 Anti-angiogenic capacity. (A) Measurement of the vascular area (%) of the extracted membranes after 48 h of stimulation with each compound. Differences
between groups analysed by one-way ANOVA; (* p < 0.05; ** p < 0.01; ***p < 0.001); (B-F) Membranes after the incorporation of 48 h of product (B) bFGF. (C) NaCl,
(D) Free AFG, (E) APG-MLC with a black circle highlighting its effect, (F) Empty NLC.
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Table 3 The Half Maximal Inhibitory Concentrations (ICsg) of APG, Empty NLC and APG-NLC Against Selected Cancer Cell
Lines and Non-Tumorigenic Human Breast Epithelial Cell Line (MCF-10A)

Compound Cell Lines IC g [ng/mlL]
MV4-11 A549 MDA-MB-468 MCF-7 MCF-10A
24h 72h 24h 72h 24h T2h 24h T2h 24h 72h
APG 23.0£98 [ 2507 na 33563 na 113 2.6 na 260£59 | na | 101 £50
Empty NLC 04400 [05+02 | 23+04 | 26207 |25+05 | 06+02 | 164%13 | 23+03 na | 205+ 438
APG-NLC 03 0.1 03201 | 77232 | 24203 | 29+£09 | 04£0. 162 £ 0.6 1.8 £ 0.6 na 149 £ 5.6

Notes: n.a. — not active, |Csg value higher than 33.5 pg/mL. Data are presented as mean & standard deviation (SD) calculated using Prolab-3 system based on
Cheburator 0.4 software.

h. Probably due to slow APG release, after 24 h, the activity was lower in the case of APG-NLC. Additionally, in breast
cancer cells, the effect was more potent after 72 h of incubation.

Moreover, the ICsq of the APG-NLC was 10-27 times lower against cancer cells than that of free APG. According to
the results obtained in Table 3, the most sensitive cell lines were leukemia MV4-11 and breast cancer MDA-MB-468
cells. Moreover, the comparison of APG-NLC anticancer activity against two different breast cancer models showed that
APG-NLC after 24 h and 72 h was more active against triple negative breast cancer (TNBC) MDA-MB-468 cells (ICsq
2.9 pyg/mL and 0.41 pg/mL) than ER-positive MCF-7 cells (ICsy 16.2 pug/mL and 1.8 pg/mL). TNBC is usually more
aggressive, harder to treat, and more likely to come back (recur) than cancers that are hormone receptor- or HER2-
positive. APG-NLC also showed selective efficacy against tumour cells compared with normal MCF-10A cells (SI index
>1, Table 4). Importantly, this selectivity was not observed for the free APG, because it showed cytotoxicity in both, the
healthy and the cancer cell line.

Accumulation of APG-NLC in Tumoral Cells

To determine whether APG nanoformulations have the ability to accumulate in leukemia cells, a cytometric method and
staining of cell culture with the fluorescent dye NR was proposed. This dye binds to neutral fats and phospholipids. The
amount of bound dye is directly proportional to the content of neutral fats in the cells. Leukemia cells MV4-11 were
incubated with fluorescently labelled formulation APG-NLC-NR (two concentrations of APG-NLC-NR were studied,
0.335 and 1.675 pg/mL, respectively). After several time points, cell fluorescence was analysed using flow cytometry,
and the results are presented in Figure 9A and B. The obtained results confirm the assumption of the conducted research
that NLC formulations are an effective method of delivering biologically active substances inside the cells. The mean
fluorescence intensity (MFT) of the cells after incubation with APG-NLC-NR was compared with that of the control
(unlabelled cells). As shown in Figure 9A, after 5 min of incubation with labelled APG-NLC-NR, significantly higher
fluorescence was observed. At all time points, a significantly higher MFI was obtained than that of the control (p < 0.05).
Moreover, the accumulation of APG-NLC in the cells was fast and stable, and after 5 min, significant differences against
the control were obtamned. After 240 min of incubation, the MFI values were maintained. The confirmation of
accumulation of APG-NLC-NR in the cancer cells is also the graph Figure 9B on which histogram for cells incubated

Table 4 The Selectivity Index (Sl) of Tested Compounds

Compound Cell Lines/Calculated Selectivity Index S|
MV4-11 A549 MDA-MB-468 MCF-7
APG 4.04 031 0.89 0.39
Empty NLC 41.00 7.88 34.17 8.90
APG-NLC 5520 630 3630 8.30

Notes: The S| index = IC5; for normal cell line (MCF-10A)/ ICs; for respective cancerous
cell line. A beneficial S| > 1.0 indicates a drug with efficacy against tumor cells greater than
toxicity against normal cells.
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Figure 9 Accumulation of APG-NLC in MV4-11 cells. (A) Mean fluorescent incensity after 5, 15, 30, 60, 120, 240 min with low and high concentration of APG-NLC; (B)
Flow cycometry histogram for higher concentration (1 675 pg/mL) of APG-NLC-NR. Black line: unlabelled control, red line: after 5 min; dark green line: after 15 min: blue
line: after 30 min, light green line: after 60 min; yellow line: after 120 min and purple line: after 240 min.

with labelled formulations is shifted in higher fluorescence intensity (A.U.) in comparison to control free unlabelled

leukaemia cells.

Discussion
In this study, a new formulation was developed loading of APG into a rosehip-based NLC. The fabrication method
selected was hot high-pressure homogenization, due to its multiple advantages such as its ability of large-scale
production, the avoidance of organic solvents, and its low cost.*! Due to the high energy input, it allows to prepare
small uniform particles, which is suitable for nanoparticulate formulations.™

To optimise the formulation, a design of experiments was applied. Using these studies, a full factorial designh was
developed, and the analysis showed that all parameters induced statistically significant differences in Z;, in which the
concentration of the lipid phase had the greatest influence, followed by the concentration of APG. These results are in
accordance with those obtained by other authors, in which increased drug and lipid amounts led to larger nanoparticles.**
Furthermore, the lipid phase significantly influenced the PDI, showing high values when the lipid phase decreased.
Otherwise, ZP was mainly affected by the concentration of the non-ionic surfactant Tween® 80, which became more
neutral with increasing surfactant amounts. This trend may be related to the absorption of the surfactant onto the NLC
surface.” Furthermore, APG encapsulation was high in all the assessments (>95%). probably because of the lipophilic
character of APG which had more affinity for the lipid-based internal structure of the NLC.*** Other authors
encapsulated APG into different NLC matrix by using a hot homogenizer method along with ultrasonication, obtaining
smaller nanoparticles, but less stable due to its ZP closer to 0 mV.>? Other research group prepared SLN encapsulating
APG by the melt emulsification and ultra-sonication method, in which they obtained small particles around 100 nm, but
with a higher PDI *® Moreover, Liang and colleagues also prepared NLC but encapsulating a similar molecule, quercetin,
another natural flavone. In their study, they used a low energy method for the preparation of the NLC, the emulsifying
technique, leading to a polydisperse formulation (PDI > 0.3).%¢

Interaction studies showed that the lipid matrix of the formulation became more amorphous in the presence of APG,
indicating that APG was solubilised in lipids.%° FTIR studies confirmed that no covalent bonds were formed between the
drug and the lipid matrix, so hydrogen bonds and hydrophobic forces could be the main forces between them, facilitating
the accommodation of APG inside the NLC and promoting its liberation from the particle.®" Furthermore, the XRD
results suggested that APG-NLC could possess good and long stability due to the presence of the most stable forms of
triacylglycerols, the B and P° forms ***7*® These results are in agreement with the stability studies, in which the
formulation was stable at 4°C for 12 months. Subsequently, the electrostatic forces between the APG-NLC may begin
to decrease, leading to aggregation and sedimentation (as observed in the backscattering profile).%* Despite this, in some
cases, sedimentation can be reversed by agitation, and in order to obtain stability for more than 12 months, APG-NLC
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can be freeze-dried ®* Moreover, interaction studies showed that APG was encapsulated into the NLCdue to the absence
of signals of APG in the different studied techniques.

In addition, the APG-NLC showed a sustained in vitro release profile, whereas the APG solution was released rapidly.
The fitted model for APG-NLC was a two-phase association, due to the formulation being able to provide a first fast
release, followed by a slow and prolonged liberation of APG to the medium. This kind of model explains many chemical
and biological processes, which could indicate a more complicated binding kinetics mechanism.* ¢ It was observed that
the release of the APG from the NLC reached approximately 30%, showing an initial burst release of APG in the early
phase, followed by a delayed release of APG (up to 24 h). Compared to other studies, these NLC showed a slower
release, which might be related to the high solubility of APG in the lipid matrix 7%

In in ovo angiogenesis studies, the anti-angiogenic activity of the APG-NLC was confirmed. It is well known that
APG exhibits antiangiogenic activity, which is related to its antitumoral properties.”® The controls of this study were the
negative control (NaCl) and a positive growth control (bFGF), which is known to activate angiogenesis. Although bFGF
is one of the most effective inducers of angiogenesis, it frequently contributes to pathological angiogenesis by stimulating
vascular endothelial mitogenesis and has been frequently used as an angiogenic polypeptide.” In this study, a solution of
APG at the same concentration as APG-NLC was used (1 mg/mL). The results showed that APG slightly decreased the
number of microvessels in CAM. Other authors have reported that at higher concentrations than those assessed (from
1.35 to 5.4 mg/mL), APG was able to suppress normal angiogenesis in chick embryo.”* In contrast, APG-NLC
significantly decreased vascular density in the negative and positive controls. These results indicate that the encapsulation
of APG into lipid nanoparticles increases the bioavailability and bioactivity of the flavonoid.”™ Since APG is an inhibitor
of several growth factors such as vascular endothelial growth factor (VEGF) and bFGF™ and empty NLC do not exert
any angiogenesis modulation effect, the developed NLC were able to enhance APG penetration, thus enhancing APG
antiangiogenic activity.” 7’ Moreover, since angiogenesis provides an expanding tumour with oxygen and nutrients,
which are necessary for tumour growth, mhibition of angiogenesis could provide an effective tool for anticancer
therapy.”®

The antiproliferative activity of APG, empty NL.C, and APG-NLC towards five different cell lines was evaluated after
24 and 72 h. For the leukaemia cell line (MV4-11), a solution of APG showed greater activity at 72 h than at 24 h. It has
been described that APG stimulates signalling pathways that result in cell proliferation inhibition and cell-cycle arrest in
fast-cycling cell. Moreover, other authors have confirmed that by increasing the incubation time of APG with leukaemia
cells, cytotoxicity increased.”® APG-NLC showed 20 times more activity than free APG at 24 and 72 h of exposure. This
was probably due to the ability of NLC to penetrate into the cells, increasing the amount of drug intracellularly.*® This
was confirmed by flow cytometry, which showed high and fast NLC internalisation. Moreover, in the lung cancer cell line
(A549), APG was not active at 24 h, but its activity increased at 72 h. Conversely, APG-NLC showed a greater effect
against this cell line, with the highest effect observed at 72 h. The worst prognosis for survival and most treatment-related
issues are associated with TNBC, which accounts for 10% to 22% of all cases of breast cancer that are diagnosed.
Furthermore, the absence of response to conventional hormonal therapy or therapies directed at specific receptors makes
treatment difficult ¥ Tn order to evaluate the potential of APG in aggressive cancer, the cell line MDA-MB-468 was used.
In the first 24 h, the flavonoid solution was not cytotoxic, as reported. 3 At 72 h, it showed higher activity, which could be
related to its mechanism of action, targeting different signal transduction pathways.® Nevertheless, APG-NLC showed
great cytotoxicity against the TNBC cell line after 24 and 72 h. Another breast cancer cell line (MCF-7) showed
cytotoxicity similar to that of APG. Other studies have reported that APG inhibits growth and induces apoptosis in
a dose-dependent relationship.®* Similarly, APG-NLC were more cytotoxic than APG, and their activity increased at 72
h, probably because of the sustained release of APG from the formulation. To confirm the safety and selectivity of the
tested compounds, the cytotoxicity of the formulations was tested against a non-tumourigenic cell line (MCF-10A), and
the SI was calculated. The SI is an important parameter for the development of novel formulations. A low selectivity of
compounds means that patients are unable to receive the drug doses necessary to eradicate all cancer cells, because doing
so would be fatal and eradicate all other body cells.®® The results showed that APG was not selective for cancer lines,
except for leukaemia cells, whereas APG-NLC were selective for all tumour cells.
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In contrast, empty NLC showed similar antiproliferative activity against all tumour cell lines and high selectivity,
demonstrating excellent safety and efficacy. Since two of the three ingredients of the empty formulation had described
pharmacological interest, this led to the potent antitumour effects of the empty NLC. On the one hand, the non-ionic
surfactant Tween 80% can effectively inhibit P-gp and plays an important role in mediating the opening of tight junctions,
which could enhance the paracellular uptake of NLC, increasing their permeability.**®” On the other hand, besides the
traditional medicinal of rosehip o1l when applied on the skin, in the last few year researchers have been reporting novel
pharmacological features. Rosehip oil 1s made from the seed of Rosa canina sp. and 1s rich in polyunsaturated fatty acids,
linoleic acid, linolenic acid, and phytosterols such as P-sitosterol.®® Recently, some authors assessed the extract of rosehip
against different cancer cell lines, including colon, lung, prostate, cervix, liver, brain, and breast, suggesting its potential
role in chemotherapy.®>® After treating these cancer cell lines with whole rose hip extract or purified fractions of its
most important components, all studies have reported a noticeable decline in cell viability. These antioxidant properties
may be responsible for their antiproliferative effect® However, its activity may not only be due to its antioxidant
properties but is also capable of preventing cell proliferation.®® In another study, researchers tested the rosehip extract
against TNBC, and the results showed that it was able to decrease cell migration and inhibit cell growth by reducing two
enzymes (MAPK and Akt). In addition, in combination with commonly used chemotherapy, it was able to reduce cell
proliferation and migration in tissue cultures, suggesting that rosehip extract might be a useful addition to the thorough
treatment regime for patients with TNBC.*! These results revealed that the proposed combination of APG loading of
NLC containing rosehip oil could be a promising platform for the treatment of several cancers.

The cellular uptake of APG-NLC was studied by encapsulating the fluorescent dye NR using flow cytometry. The
selected cell line was leukaemic owing to its high cytotoxic activity. APG-NLC-NR showed rapid uptake in the first 5
min, and the fluorescence intensity remained stable for all experiments (4 h). These results could explain the high activity
against these cells, in which NLC were able to penetrate and remain inside. Some researchers concede that NLC
represent a good delivery system owing to their composition. As liquid lipids give NLC a less ordered lipid matrix, drugs
may be more effectively accommodated; in this case, the fluorescent die NR prevents premature drug release and
fluorescence signal loss. The incorporation of liquid lipids promotes higher cellular uptake and permeability across the
cellular membrane.®*

Conclusion

APG was successfully encapsulated into NL.C containing rosehip oil with a particle size below 200 nm, a monodisperse
population, and high entrapment efficiency. The APG-NLC showed suitable stability for almost one year, as well as
prolonged release. In ovo and in vitro assays in tumour cells confirmed that APG increased its activity when encapsulated
in NLC. APG-NLC decreased the formation of new blood vessels, highlighting their antiangiogenic activity. Moreover,
the antiproliferative assays confirmed APG-NLC selectivity against tumour cells and cytotoxicity in leukaemia, lung, and
breast cancer cells. In addition, empty NLC did not show significant antiangiogenic properties, but in vitro antitumoral
assessments showed selective cytotoxicity against cancer cells, probably owing to the pharmaceutical properties of
rosehip oil.

These findings constitute a first approach for this type of nanoparticles including two natural active ingredients, such
as APG and rosehip oil, in which both the encapsulated compound and the matrix contribute to the pharmacological
effect, acting in a synergic way. This kind of formulation could establish a novel therapeutic approach for the treatment of
cancer.

In conclusion, APG-NLC have been successtully developed and physicochemically characterised, showing prolonged
release, antiangiogenic properties, and suitable activity against tumour cell lines.
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ABSTRACT ARTICLE HISTORY
Aim: Cancer constitutes the second leading cause of death worldwide, with conventional therapies ~ Received 20 April 2024
limited by significant side effects. Melatonin (MEL), a natural compound with antitumcral properties, ~ Accepted 10 July 2024
suffers from instability and low solubility. To overcome these issues, MEL was encapsulated into
nanostructured lipid carriers (MEL-NLC) containing rosehip oil to enhance stability and boost its - o

) L e } . antitumoral; lipid
antitumoral activity. Methods: MEL-NLC were optimized by a design of experiments approach nanoparticles; melatonin;
and characterized for their physicochemical properties. Stability and biopharmaceutical behavior . nostructured lipid
were assessed, along with interaction studies and in vitro antitumoral efficacy against various  carriers; natural
cancer cell lines. Results: Optimized MEL-NLC exhibited desirable physicochemical characteristics,  compounds; rosehip oil
including small particle size and sustained MEL release, along with long-term stability. /n vitro
studies demonstrated that MEL-NLC selectively induced cytotoxicity in several cancer cell lines while
sparing healthy cells. Conclusion: MEL-NLC represent a promising alternative for cancer, combining
enhanced stability and targeted antitumoral activity, potentially overcoming the limitations of
conventional treatments.

KEYWORDS

Plain language summary: Despite current advances, cancer is the second cause of death
worldwide, but conventional therapies have side effects and limited efficacy. Natural therapies
are emerging as suitable alternatives and, among them, Melatonin is a well-known compound
with antitumoral properties. However, it is degraded by light, decreasing its therapeutical
activity. In order to effectively deliver Melatonin into cancer cells, it has been encapsulated into
biodegradable nanoparticles containing rosehip oil, which may boost the antitumoral properties.
These nanoparticles have been optimized, showing a small size and a high Melatonin encapsulation,
sustained drug release and good stability. Furthermore, in vitro studies demonstrated antitumoral
activity against several cancer cell lines, also showing a high internalization inside them. Moreover,
studies conducted using chicken embryonated eggs, showed that nanoparticles were non-toxic,
thus confirming its promising therapeutical applications.

1. Background In order to search for novel and effective therapies,
several compounds have been investigated [6]. Among
them, natural products have gained increased interest
due to their low toxicity and potent antitumoral activ-
ity [7]. One of the most well-known endogencus com-
pounds, Melatonin (MEL), has shown relevant promising
properties against cancer [8]. MEL, a derivative of trypto-
phan, is a neurohormone produced in the pineal gland
and other organs like skin, retina, gastrointestinal tract
and bone marrow [9]. MEL is widely known due to its
antioxidant and anti-inflammatory activities, but it also
plays a crucial role in tumoral processes [10,11]. Specifi-

Cancer represents a significant global health challenge,
with predictions indicating that cancer diagnoses will
rise to 24 million by 2035 [1-3]. Due to this high eco-
nomical and societal burden, early detection and effec-
tive cancer treatment have been among the main goals
of medical researchers [4]. Despite some success in cur-
rent therapies, resistance to chemotherapeutic drugs
remains one of the challenges to overcome, as it is
responsible for treatment failure and tumoral relapse
[4,5].
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cally, MEL has shown effects on praliferation, regulation of
immune responses, angiogenesis, replicative immortal-
ity, metastasis, cell death and genome instability [12,13].
Moreover, there is clinical evidence when using MEL as
an adjuvant therapy in chemeotherapy, showing signifi-
cantimprovements in tumer remission and a reduction of
side effects of chemodrugs [14,15]. In particular, by influ-
encing on mitochondrial homeostasis and functioning,
and being a highly effective free radical scavenger, MEL
could inhibit cancer progression and protect normal tis-
sues [16,17]. Despite MEL promising properties, it is sensi-
tiveto both air and light,complicating itsfermulation and
administration [18]. Furthermore, it has a short plasma
half-life, variable oral absorpticn and a low bioavailabil-
ity because of its first pass metabolism. For these rea-
sons, currently available conventicnal oral dosage forms
are not suitable candidates for MEL effective delivery [19].

To overcome MEL degradation and deliver it efficiently
to cancer cells, nanotechnelogy has emerged as a suit-
able tool to encapsulate active compounds, protecting
them from air and light and increasing their bioavailabil-
ity. Particularly, nanoparticles (NPs) are able to encapsu-
late active compounds protecting them against degrada-
tion and providing prolonged release [20-22]. Among the
different types of NPs, lipid NPs have gained special atten-
tion due to their easy scale-up and low toxicity [23]. The
first generation of lipid NPs, the solid lipid nanoparticles
(SLN), emerged in the early 1990s. Despite great results,
they still presented some drawbacks, such as expulsion of
the entrapped drug during storage and low drug loading
capacity [24,25].In order to overcome these problems, the
second generation of lipid NPs, the nanostructured lipid
carriers (NLC), emerged. In these systems, the addition of
aliquid lipid in the formulation enhances the cargo capac-
ity of the NPsand, at the same time, increases stability dur-
ing storage [26].

In previcus studies, we have demonstrated that NLC
produced using natural compounds may constitute a
promising system to encapsulate antitumoral drugs [27].
Therefore, in thiswork, we aim to encapsulate an endoge-
nous and natural compound with potent antitumoral
activity but high sensitivity to degradation into NLC (MEL-
NLC). Furthermore, the liquid lipid rosehip oil has been
selected to enhance MEL cytotoxic activity due to its
selective apoptotic properties [28-30]. MEL antiprolifer-
ative activity has been investigated alone or in combina-
tion with conventional anticancer therapies, but a combi-
nation of MEL with rosehip oil has never been attempted.
Moreover, their loading in NLC may constitute an interest-
ing approach to cbtain antitumoral effects avoiding the
side effects of conventional chemodrugs [31-33]. MEL-
NLC are aimed to protect MEL from oxidation processes
and increase its short half-life. NLC have been developed
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and optimized for the encapsulation of MEL by using
a Design of Experiments (DoE), studying the effect of
several independent variables on their physicochemical
parameters. NPs characterization by photon correlation
spectroscopy, differential scanning calorimetry (DSC), X-
ray diffraction (XRD), Fourier-transform infrared (FTIR) and
invitrorelease profile, has been carried out. Furthermore,
antitumoral efficacy was demonstrated by cytotoxicity
studiesin selected tumoral cell lines (MV4-11, A549, MCF-
7 and MDA-MB-468).

2. Materials & methods
2.1. Materials

MEL was purchased from Thermo Fisher Scientific (Mas-
sachusetts, USA). Compritol” 888 ATO (Glycery! distearate)
was donated by Gattefossé (Madrid, Spain). Resehip
cil was obtained from Acofarma Formulas Magistrales
(Barcelona, Spain). Tween® 80 (Polysorbate 80) and Nile
red (NR) were purchased from Sigma Aldrich (Madrid,
Spain). The additional chemical reagents and compo-
nents utilized were of analytical grade. Purified water was
obtained using a Millipcre Milli-Q Plus device.

2.2, MEL-NLC preparation & optimization

The production of MEL-NLC was performed by hot high-
pressure homogenization method (FPG 12800 Homoge-
nizer, Stansted, UK), previously optimized [27,34]. Briefly,
an aqueous phase containing Tween® 80, and a lipid
phase formed by the solid lipid (SL) and the liquid lipid,
and MEL were mixed with an Ultraturrax” T10 basic (IKA,
Staufen, Germany) at 8000 rpm for 30 s. The emulsion was
homogenized with the conditions of 85 °C, three homog-
enization cycles and 900 bars.

In order to preduce MEL-NLC labeled with NR (MEL-
NLC-NR), the same procedure was performed, but with
the addition of NR at 0.0375 % (w/v) to the lipid phase [35].

The optimization of the formulation was performed
through a DoE due to its capacity to provide maximum
information using a reduced number of experiments [36].
A central composite factorial design was implemented
to analyze the effect of independent variables, namely,
MEL concentration (%), Tween’ 80 concentration (%), lipid
phase concentration (%) and SL concentration (SL/Lipid
phase, %), on the dependent variables, namely, the mean
particle size (Z,,), polydispersity index (Pl), zeta potential
{(ZP) and encapsulation efficiency (EE) [37].

Following the developed compesite design matrix
generated by Statgraphics Centurion 18° version 18.1.12
software (Virginia, USA), 26 experiments were required.



2.3. Physicochemical parameters

To measure Z,, and Pl, MEL-NLC were placed in a dispos-
able cell (Malvern Instruments, Malvern, UK) and diluted
1:10 with MilliQ" Water. Measurements were performed
using photon correlation spectroscopy employing a Zeta-
Sizer Nano ZS (Malvern Instruments, Malvern, UK) at 25°C.
Assays were carried out in triplicate. The surface charge
of particles was determined using laser-Doppler elec-
trophoresis with the same device. Samples were diluted
1:20 in MilliQ* water, and assays were also performed in
triplicate [38,39].

To estimate the percentage of MEL entrapped in
the NLC, EE was calculated indirectly by measuring
the non-encapsulated drug in the formulation by high-
performance liquid chromatography (HPLC) [40]. To sep-
arate the non-entrapped MEL from the MEL-NLC, an
Amicon® Ultra-0.5 centrifugal filter device (Amicon Mil-
lipore Corporation, Ireland) was used with an ultra-
centrifuge (Beckman Optimaﬂ, Ultracentrifuge, California,
USA) at 14100 rpm for 15 min. Then, the supernatant con-
taining the non-encapsulated MEL was used to evaluate
the EE according to the Equation (1):

EE (%) =

Total amount of MEL — Free amount of MEL 100 m
Total amount of MEL *

The measurement of the sample was carried out using
HPLC with a Kromasil® C18 column (particle size: 5 pm,
dimensions: 150 mm x 4.6 mm). The mobile phase con-
sisted of an aqueous solution containing 2 % acetic acid
and an organic phase composed of methanol. A gradi-
entwasimplemented by increasing the water phase from
40 % to 60 % over a period of 5 min, and then revers-
ing the gradient over the next 5 min. The flow rate used
was 0.9 ml/min. MEL detection was performed using a
diode array detector (Waters’ 2996) with a wavelength
of 300 nm. The results cbtained were analyzed using
Empower 3° Software [36,41].

2.4. Characterization of optimized MEL-NLC

2.4.1. Transmission electron microscopy

MEL-NLC samples were subjected to negative staining
using a 2 % solution of uranyl acetate. The staining was
carried out on copper grids that had been activated with
UV light. The morphology of NLC was examined using
transmission electron microscopy (TEM) on a JEOL 1010
microscope (Akishima, Japan) [42].

2.4.2. Interaction studies

A Mettler-Toledo DSC 823e System (Barcelona, Spain) was
used to conduct a thermal profile characterization of
MEL-NLC using DSC. For system calibration, we employed
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indium (with a purity of > 99.95 %, sourced from Fluka,
Switzerland) and utilized anempty pan asa reference. The
samples underwent a heating ramp of 10 °C/min, rang-
ing from 25 to 105 °C, under a nitrogen atmosphere. Data
analysis was carried out using the Mettler STARe V 9.01
dB software, provided by Mettler-Toledo in Barcelona,
Spain [36].

We evaluated the crystallinity of the samples through
XRDanalysis. The samples were placed between polyester
films with a thickness of 3.6 xm and exposed to CuKe
radiation with a voltage of 45 kV and a current of 40 mA,
with a wavelength of 1.5418 A. The radiation was applied
throughout an angular range of 2-60°, as measured by
26. We utilized a step size of 0.026° and a dwell period of
200 s each step for the duration of the exposure [40].

A Thermo Scientific Nicolet iZ10 (Barcelona, Spain)
equipped with an ATR diamond and DTGS detector was
used to obtain FTIR spectra of MEL-NLC [42].

2.4.3. Stability studies

MEL-NLC were stored at 4, 25 and 37 °C for 17 months
to assess their physical stability. Stability experiments
were performed by analysing the light backscattering (BS)
using a Turbiscan®Lab (Formulaction, Toulouse, France).
A volume of 10 ml of sample was placed in a glass mea-
suring cell and pulsed near infrared light-emitting diode
LED (A = 880 nm) was used as radiation source. BS pro-
files were acquired by a BS detector located atan angle of
45° from the incident beam [38]. The physical stability of
the NLC was also evaluated by monitoring modifications
of the physicochemical parameters Z_, Pl and ZP at the
different storage temperatures. Furthermore, EE was ana-
lyzed to measure the possible drug diffusion from the NLC
to the aqueous medium over time at three different stor-
age temperatures.

2.4.4. Biopharmaceutical behavior

Theinvitro release profile of MEL from NLC compared with
free MEL was investigated using a direct dialysis method
under sink cenditions for 48 h (n = 3) [43]. Briefly, @ ml
of each formulation were loaded into separate dialysis
bags (cellulose membrane, MWCO 12-14 kDa, diameter
3.20/32 inches, Iberlabo). The bags were then immersed
in the release medium composed of 0.1 M phosphate-
buffered saline (PBS) containing 0.1 % sodium dode-
cyl sulphate (SDS) at pH 7.4 and maintained at 37 °C.
At predetermined time intervals, 0.3 ml aliquots of the
release medium were withdrawn and replaced with fresh
medium. MEL concentration in the collected samples was
quantified, and the data were subsequently analyzed by
fitting to various kinetic models [36,44].
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2.5. Biological studies

2.5.1. Celilines

For the cell viability studies, several human cell lines
were used. MV4-11 (biphenotypic B myelomonocytic
leukemia) and MCF-10A (normal breast epithelium) were
sourced from the American Type Culture Collection
(ATCC, VA, USA). A549 (lung carcinoma) cell line was
obtained from the European Collection of Authenticated
Cell Cultures (ECACC, Porton Down, UK), and MDA-MB-
468 (breast cancer) cell line was obtained from the Leib-
niz Institute DSMZ-German Collection of Microorganisms
and Cell Cultures (Germany). All cell lines were maintained
at the Hirszfeld Institute of Immunology and Experimen-
tal Therapy (PAS, Wroclaw, Poland).

MV4-11 and MDA-MB-468 cells were grown in RPMI
1640 medium (IIET PAS, Warsaw, Poland) supplemented
fetal bovine serum (FBS, Merck, Germany) at different con-
centrations (10 % for MV4-11, 20 % for MDA-MB-468).
MV4-11 cultures additionally received sodium pyruvate
1.0 mM (all from Merck, Germany). A549 cells were main-
tained in an equal mixture of RPMI 1640 and Opti-MEM
(Gibco®, Paisley, Scotland) supplemented with 5 % FBS
(Merck, Germany). MCF-7 cells were cultured in Eagle’s
medium (IIET PAS, Poland) adding 8 pg/ml insulin and
1 % MEM non-essential amino acids (both from Merck,
Darmstadt, Germany). Finally, MCF-10A cells were grown
in HAM'S F-12 medium (Corning, Warsaw, Poland) con-
taining Hors serum {Gibco®, Paisley, Scotland), 20 ng/ml
EGF, 10 gg/ml insulin, 0.5 pg/ml hydrocortisene and
0.05 mg/ml cholera toxin from Vibrio cholerae (all from
Merck, Darmstadt, Germany).

All cell lines were cultured under 5 % CO, in a
humidified atmosphere, at 37 °C. and supplemented
with 2 mM L-glutamine (Merck, Darmstadt, Germany),
100 pg/ml streptomycin (Merck, Darmstadt, Germany)
and 100 units/ml penicillin (Polfa Tarchomin SA, Warsaw,
Poland).

2.6. Determination of antiproliferative activity

For cytotoxicity evaluation, solutions of MEL (0.5 mg/ml)
and MEL-NLC (equivalent to 0.5 mg/ml MEL) were pre-
pared in DMSO and water, respectively. The samples to
be tested were subsequently diluted in culture medium
at different concentrations. Cells were seeded at a density
of 1 x 10% cells/well (except for A549, which was seeded
at 0.5 x 10" cells/well) in 96-well plates (Sarstedt, Nim-
brecht, Germany) and allowed to adhere for 24 h prior to
treatment. Following 24 and 72 h of exposure to four dif-
ferent concentrations of the samples, the in vitro cytotoxic
effect was assessed using either the MTT assay (for MV4-
11 cells) or the SRBassay, as previously described [45]. The
concentration inhibiting 50 % of cell growth (IC,, ) was cal-
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culated using the Prolab-3 system based on Cheburator
0.4 software [46]. Each treatment and concentration were
tested in triplicate within a single experiment, with the
entire experiment repeated three- to five-times for statis-
tical analysis.

2.7. Determination of accumulation of MEL-NLC in
cells by flow cytometry

Following incubation, cells were collected, washed with
PBS and analyzed by flow cytometry. Cells treated with
NR-conjugated compoundswere subjected to quantifica-
tion of the mean fluorescence intensity (MFl) using a BD
LSRFortessa cytometer (BD Biosciences, San Jose, USA).
Untreated cells served as a negative control. The acquired
data were analyzed using FlowJo software version 2 (Cell
Imaging Core, Turku Centre for Biotechnalogy, Turku Abo
Akademi University) [27].

2.8. MEL-NLC safety evaluation using the chicken
choriolantoic membrane assay

in ovo biological compatibility of MEL solution and MEL-
NLC was evaluated using the chick embryo choriolantoic
membrane (CAM) assay [47]. Fertilized chicken eggs were
incubated at 37 °C and 85 % relative humidity. On embry-
onic day 3,a lateral window was aseptically opened in the
eggshell to access the CAM. Following a 24 h stabilization
period, CAM (n = 6) were inoculated with 40 ul of the
test sample. The window was then sealed, and the eggs
were returned to the incubator for an additional 48 h. Pos-
teriorly, CAM were evaluated though a stereomicroscope
{STEMI DV4 model, from ZEISS).

2.9. Statistical analysis

Data were analyzed using two-way analysis of variance
(ANOVA) followed by Tukey's post-hoc test for multi-
ple compariscns between groups. Student’s t-test was
employed for comparisons between two groups only. All
data are presented as mean £ standard deviation (SD).
Statistical significance was set at p < 0.05 using GraphPad
Prism @ software.

3. Results
3.1. MEL-NLC preparation & optimization

The optimization process was carried out using the DoE
approach by developing a full compesite factorial design
of four levels and four factors. Previously, the fabrica-
tion process was optimized, setting-up conditions involv-
ing three homogenization cycles at 900 bar of pressure
and 30 s of pre-emulsion time [27]. Regarding the lipid
NLC composition, Compritol” 888 ATO was selected due
to MEL high solubility in this solid lipid, and rosehip oil



was chosen due to itsantioxidant, anti-inflammatory and
antiproliferative activity [29,48]. The surfactant Tween®
80 is advocated to inhibit P-gp, which is relevant in
cancer drug delivery because of its overexpression in
multidrug resistance (MDR) tumors [49-51]. A statisti-
cal analysis was performed in order to study the effect
of the independent variables (MEL amount, concentra-
tion of lipid phase (SL and liquid lipid mixture), ratio
of SL and surfactant concentration), against the depen-
dent variables (Z,,, Pl, ZP and EE). The independent
variables were selected because of their high influence
on the physicochemical parameters of the formulation
[52-54].

As shown in Table 1, formulation sizes remained
around 200 nm, and PI values were approximately 0.2,
which indicates an homogeneous distribution of the
NPs [55]. Furthermore, the formulations showed a neg-
ative ZP under -20 mV, which predicts suitable stabil-
ity of the NPs [56]. MEL-NLC negative charge may be
attributed to the ionization of the solid lipid composing
Compritol” 888 ATO (glyceryl behenate) [57]. EE values
were about 70 %, thus indicating that MEL had more affin-
ity for the lipid matrix because of its low solubility in water
[58l.

As can be observed in Figure 1, the four studied
variables showed a significant effect on MEL-NLC size.
The range of Z,, was between 100 and 300 nm, which
was strongly influenced by the concentration of the
lipid phase (p < 0.05). As shown in the Pareto’s dia-
gram (Figure TA), when the concentration of the lipid
phase increased, MEL-NLC Z,, also increased. The same
effect was also observed in the ratio of SL, the particles
became bigger with the increase of the solid/liquid lipid
ratio. On the other hand, the concentration of the sur-
factant affected inversely to Z,,, decreasing it when sur-
factant concentration increased. Regarding the Pl its val-
ues ranged from 0.1 to 0.26. It was highly influenced
by the concentration of the SL, being more polydisperse
as more Compritol® 888 ATO was added (Figure 1B). On
the other hand, higher amounts of surfactant reduced PI.
Moreover, regarding the ZP, a lower surface charge was
obtained when the lowest or the highest concentration
of MEL was used (Figure 1C). EE was slightly influenced
by the amount of MEL, in which low MEL amounts led to
higher EE (%) probably due to the fact that it is easier to
accommodate less amounts of drug inside the NLC matrix
(Figure 1D). Considering all the evaluated parameters, the
formulation containing 0.05 % (w/v) of MEL, 7.5 % (w/v)
of lipid phase, 7.125 % (w/v) of solid lipid, 0.375 % of lig-
uid lipid and 5 % (w/v) of surfactant was chosen as opti-
mized to carry out further experiments. With these opti-
mal parameters, MEL-NLC of Z,, of 129.8 £ 1.0 nm, low
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Pl of 0.199 + 0.002, ZP of -20.2 + 0.2 mV and high EE of
79.8 £ 0.3 % were obtained.

3.2. Characterization of optimized MEL-NLC

3.2.1. Transmission electron microscopy

To characterize the morphology of MEL-NLC, TEM was
used and compared with the data obtained by photon
correlation spectroscopy (Supplementary Figure S1A &
C). The analysis confirmed that the average size of MEL-
NLC was below 200 nm and that particles exhibited soft
round shapes, with an amorphous lipid matrix. Particle
aggregation phenomena was not observed, which is in
agreement with the values of -20 mV recorded for the ZP
parameter (Supplementary Figure S1B & D).

3.2.2. Interaction studies

The interactions between MEL and the lipid matrix were
carried out using different techniques and are shown in
Figure 2.

DSC wasemployed to characterize the thermal behav-
ior of the lipid mixtures and of MEL-NLC. Thermograms
(Figure 2A) showed endothermal peaks of 70.31 °C for
lipid mixture, 69.74 °C for the empty NLC and 68.60 °C for
MEL-NLC. The lower melting temperature of the particles
in comparison to the lipid mixture was due to the lower
crystallinity of the former since they contain additional
ingredients, including the surfactant Tween' 80 [59,60].
The presence of drug also contributed to reduce the crys-
tallinity of MEL-NLC in comparison to empty NLC. As the
sample became more amorphous, the peak was shifted
to lower melting temperatures [60]. The melting enthalpy
for the lipid mixture was 106.19 Jg™!, for the empty NLC
was 82.96 Jg™' and for the MEL-NLC 80.24 Jg™'. The results
of the melting enthalpy are aligned with the recorded
melting points, in other words, the lower the melting
point the lower the melting enthalpy and the lower
crystallinity of the matrices [60]. MEL melting transition
was characterized by an endothermal peak at 118.52 °C
(AH = 134.70 Jg™") followed by decomposition.

XRD profiles in Figure 2B show the physical state of
MEL incorporated in NLC. MEL and the solid mixture of
lipids possess a crystalline structure confirmed by intense
and sharp peaks. Some of the characteristic MEL peaks
(19.13,19.94 and 24.27°) showed a lower intensity in MEL-
NLC profile, which could indicate that the drug was dis-
persed in the NLC matrix. The crystallinity of the other
formulation compounds was also studied. The physical
mixture of the lipids showed pronounced peaks at 21.28°
(20), d = 0.42 nm and 23.20° (28), d = 0.46 nm. These sig-
nals were also found in the Compritol® 888 ATO XDR pro-
file. MEL-NLC showed a very intense peak at 19.41° (26),

/1
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Table 1. Design of experiments and characterization of the different formulations developed.

Independent variables Dependent variables

MEL (%) LP (%) SL (%) Tw (%) Z,, £5D{nm) PI+ SD ZP £ SD(mV) EE £ SD (%)
Factorial points
M1 -1 0.1 1 10 1 85 -1 2 284.7+1.38 0.256 + 0,006 245+ 08 711401
M2 1 0.2 -1 5 1 85 1 4 135.7 £ 0.6 0.177 £0.026 200+ 05 714+ 01
M3 1 0.2 1 10 1 85 -1 2 2844122 0.265 +0.022 -19.0+ 0.3 61.01+09
M4 -1 0.1 1 10 -1 65 -1 2 213.7+25 0.164 £ 0.013 -199+ 038 56,7 +£0.2
M5 1 0.2 1 10 1 85 1 4 207.94+0.7 0.229+0.010 -168 £+ 0.3 734+ 0.1
M6 1 0.2 -1 5 -1 65 -1 2 1422 £ 06 0.179 £+ 0.010 215403 6644 0.1
M7 -1 0.1 -1 5 -1 65 -1 2 141.6 £ 08 0.206 +0.016 225413 620406
M8 -1 0.1 -1 5 1 85 1 4 1465 £ 1.4 0.178£0.018 -165 £ 04 704+ 0.2
M9 -1 0.1 1 10 -1 65 1 4 1993 +1.9 0.138 + 0,003 -16.9+ 0.1 715+ 02
M10 1 0.2 -1 5 -1 65 1 4 160.7 £ 1.3 0.138 + 1.300 -198+14 711401
M11 -1 0.1 -1 5 -1 65 1 4 182.7 £ 0.7 0.147 £+ 0.029 -169+ 0.1 71.5+03
M12 1 0.2 -1 5 1 85 -1 2 167.3+19 0.239+0.014 -223+02 629403
M13 -1 0.1 -1 5 1 85 -1 2 155.6+238 0.252 £+ 0.008 -23.7+04 614+ 0.1
M14 1 0.2 1 10 -1 65 1 4 211.2+09 0.106 £+ 0.026 -173+05 703+ 0.1
M15 -1 0.1 1 10 1 85 1 4 2126 +03 0.232+£0.012 S175+£03 731+ 01
M16 1 0.2 1 10 -1 65 -1 2 204.0 £ 34 0.183£0.012 240+ 08 63.94+0.1
Axial points
M17 2 0.05 0 75 0 75 0 3 1748 £1.6 0199+ 0,016 -192+£08 724+ 0.1
M18 2 0.25 0 7.5 0 75 0 3 1791+ 14 0200+ 0,042 202+ 09 69.9+ 0.1
M19 0 0.15 -2 25 0 75 0 3 100.1 £0.2 0.202 £ 0.006 214 +£09 66,6 0.1
M20 4] 0.15 2 125 0 75 0 3 267.7+1.1 0.224 £+ 0.009 -16.1 £ 05 683+ 0.1
M21 o] 0.15 0 10 -2 55 0 3 169.9+2.3 0.135 £+ 0.007 -17.6 £ 0.1 66.0+ 0.1
M22 o] 0.15 0 10 2 95 0 3 20384+ 1.7 0.263 £ 0.010 -205 4+ 09 674403
M23 o] 0.15 0 10 0 75 -2 1 253.7+19 0.223 £0.018 =227 +0.1 48.1+ 0.1
M24 0 0.15 0 10 0 75 2 5 204.2 +09 0.126 + 0,009 -162 +04 747+ 0.1
Central points
M25 0 0.15 0 7.5 0 75 0 3 189.7 £ 1.0 0.181 + 0.060 =201+ 04 68.14+0.2
M26 0 0.15 0 7.5 0 75 0 3 1885 + 0.6 0.188 + 0,029 -193+ 04 68.0+0.1

EE: Encapsulation efficiency; LP: Lipid phase; MEL: Melatonin; PI: Polydispersity index; SL: Solid lipid; Tw: Tween® 80; Zav: Mean particle size; ZP: Zeta potential.
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Figure 1. Design of experiments (DoE) results. (A) Pareto’s chart of the independent variables effect for mean average size (Z_ ). (B)
Pareto’s chart of the independent variables effect for polydispersity index (P1). (C) Surface response of the concentration of MEL and SL
regarding to the lipid phase influence on zeta potential (ZP). (D) Surface response of the concentration of MEL and Lipid phase
influence on encapsulation efficiency (EE).
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Figure 2. Characterization of optimized MEL-NLC and their components. (A) Differential scanning calorimetry (DSC) curves. (B) X-ray

diffraction (XRD). (C) Fourier-transform infrared (FTIR).

d = 046 nm, and other one at 23.27° (26), d = 0.38 nm,
indicating good stability of the formulation whereas the
empty NLC only showed one of these peaks, observed at
19.41°, although it was less intense.

FTIR analysis was employed to investigate potential
interactions between MEL, Tween" 80, and lipid matrix
in the NLC fermulation (Figure 2C). The characteristic
peaks of MEL were at 3303 cm™ (N-H), 1629 cm™ (C=0Q),
1555 cm™' (C-0) and 1212 cm! (C-N). The spectrum of
the NLC (empty and loaded) showed a pronounced peak
at 1100 cm™! which corresponds to the surfactant [61].
Small peaks of MEL at 1000-1200 cm™' were observed
in the MEL-NLC spectrum. There was no indication of
strong bonds between MEL and lipid phase and the
surfactant.

3.2.3. Stability studies

The physical stability of MEL-NLC was evaluated by mon-
itoring the changes in the physicochemical parameters
Z,,.Pland ZP at different storage temperatures (Table 2).
Furthermore, EE was analyzed to measure the possible
drug diffusion from the NLC to the aqueous medium
over time, at three different storage temperatures. BS
profiles were also analyzed to identify potential desta-
bilization mechanisms. A significant difference (greater
than 10 %) in BS profiles compared with the initial state
may indicate phenomena, such as sedimentation, aggre-
gation or agglomeration of the NPs [62]. The physi-
cal stability revealed that MEL-NLC were not stable at
37 °C (Figure 3A). Furthermore, MEL-NLC were stable
at 25 °C until day 30 (Figure 3B), when an increase in

Pl and a decrease in ZP occurred, which could mean
that the formulation started to aggregate because of the
reduction of the surface charge, becoming more neutral
[63]. The physicochemical parameters remained con-
stant at 4 °C for all the study (more than 1 year), con-
firming that 4 °C was a suitable storage temperature
(Figure 3C).

3.3. Biopharmaceutical behavior

The in vitro release profile of MEL from NLC exhib-
ited a unique kinetic profile typical of prolonged drug
release formulations (Figure 4A & B). The best fit for free
MEL was one-phase decay (Y = 0.9873). As shown in
Figure 4A, 100 % of MEL was released during the first 7 h.
MEL-NLC release was fitted to two-phase decay model
(r2 =0.9915). In this case, 58 % of MEL was released from
the NLC during the first 7 h, which translates a slower pro-
longed release. The half-life time (t,,, the time required
for the initial concentration to decrease to one-half), and
the kinetic constant (K) confirm that MEL-NLC released
MEL in a slower manner in compariscn to the free MEL,
this latter with the t,,, shorter, and K lower for MEL-
NLC. MEL-NLC showed a suitable in vitro release, in which
most of the MEL was released to the receptor medium
during the first 48 h (plateau of ~ 80 %), with an ini-
tial burst of MEL, and a second phase in which MEL was
released in a sustained manner. This biphasic behavior
usually occurs in NLC, attributed to the first release of
the drug placed in the surface of NLC (burst release), fol-
lowed by a prolonged release of the encapsulated drug
[64].
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Table 2. Physicochemical characterization of MEL-NLC stored at three temperatures.

Temperature (°C) Day Za“ =+ SD {(nm) PI+ 5D ZP £5D(mV) EE £+ 5D (%)
0 1306+ 0.9 0.198 4+ 0.007 -20.6 £ 04 79.8+0.2
37 15 2301 +4.7 0.223 +0.025 -121 £ 0.7 75.1+05
25 15 139.9£07 0.224+£0.014 -153£01 784 £0.1
30 1404 £0.2 0.269+0.010 -390 76.1+£0.2
4 60 1200£1.2 0.218 £ 0.012 -173£09 779106
120 1322£07 0.213+£0.014 -18.6 £ 05 784 £0.1
240 133.9£04 0.213 £ 0.004 -17.0£02 768 +£0.38
280 1322+14 0.218 £ 0.021 -16.2 £ 04 789403
300 133317 0.219 4 0.005 -19.9 + 05 771+04
360 1324+ 16 0.212 £ 0.015 -18.7 £ 0.7 776 +0.1
420 1329+ 05 0.212 4+ 0.007 -16.9 £ 0.7 783405
480 1305+ 1.9 0.208 4+ 0.009 -188 £ 0.6 798402
510 1335 £ 11 0.206 £ 0.013 -195 £ 0.6 75.6 £0.1
@ 35 25
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Figure 3. Backscattering profiles of MEL-NLC stored at different temperatures. (A) 37 °C, (B) 25 °Cand {C) 4 °C.

3.4. Biological studies

3.4.1. Cytotoxicity of MEL-NLC in selected cancer &
non-cancer cells

This study investigated the antiproliferative activity of
MEL and MEL-NLC against various cancer cell lines: M4-
11, A549, MCF-7 (estrogen receptor (ER)-positive breast)
and MDA-MB-468 (triple-negative breast cancer, TNBC).
Additionally, the cytotoxicity against the non-cancerous
human breast epithelial MCF-10A cells was assessed. Cell
viability was evaluated after 24 and 72 h of exposure
using either the MTT assay (MV4-11) or the SRB colorimet-
ric assay. The obtained data of in vitro anticancer activ-
ity are presented in Table 3 and reported as ICg, val-

7/

ues (.g/ml), representing the concentration of the com-
pound required to inhibit cell proliferation by 50 % com-
pared with untreated control cells.

Results obtained in Table 3 showed that MEL did not
inhibit cell proliferation after 24 h of incubation, although
some low antiproliferative activity was observed after
72 h (IC5, in the range 28-56 ug/ml). After 24 h of incu-
bation, the antiproliferative activity of both empty NLC
and MEL-NLC was observed against solid tumor cell lines
(A549, MCF-7 and MDA-MB-468). After 72 h of incubation,
both empty NLC and MEL-NLC showed 10-15-times more
cytotoxicity than free MEL against cancer cells. On the
MV4-11 leukemia cell line, both formulations presented
low 1Cs;, shewing MEL-NLC a better result due to the slow
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Figure 4. Invitro studies of MEL-NLC. (A) In vitro release profile of MEL-NLC vs. free MEL carried out for 48 h. (B) Adjustment to a
two-phase decay model and one-phase decay model respectively. (C) Mean fluorescent intensity after 5, 15,30 minand 1,2and 4 h in
low (0.165 z¢g /ml) and high (0.825 g/ml) concentration of compound in MV4-11 cells. (D) fluorescent intensity: histogram image
from flow cytometry (for high concentration of compound): black line: unlabeled control; red line: after 5 min.; green line: after 15 min.;
blue line: after 30 min.; light green line: after 1 h; yellow line: after 2 h; purple line: after 4 h.

Table 3. Half maximal inhibitory concentrations (IC,) of free MEL, MEL-NLC and empty NLC against chosen cancer cell lines and

non-tumorigenic human cell line (MCF-104).

Compound Celllines IC;, [pg/ml]
Mv4-11 A549 MCF-7 MDA-MB-468 MCF-10A
24h 72h 24h 72h 24h 72h 24h 72h 24h 72h
Free MEL n.a. 282483 n.a. 484+ 42 n.a 36,9433 n.a 515+17 n.a 566+ 119
Empty NLC n.a 35413 73+14 314+01 7811 32£05 44401 35404 108+43 80+ 46
MEL-NLC n.a 25408 138+12 32402 10.6 £ 0.1 34+06 45402 37405 86432 154+1.8

Data are presented as mean £ SD calculated using Prolab-3 system based on Cheburator 0.4 software.

release of MEL from the NLC. Against lung cancer cell
line A549, both formulations showed a great cytotoxicity
at 72 h, with similar IC,, values, which could be related
to rosehip oil [65]. Both breast cancer cell lines, MCF-7
and MDA-MB-468, were also sensitive to MEL and MEL-
NLC. However, the effect of MEL-NLC anticancer activity
on the two different breast cancer models ER+- (MCF-7)
and TNBC (MDA-MB-468), a cancer that is usually more
aggressive and harder to treat, did not show differences
in their antiproliferative activity after 72 h of incubation,
but after 24 h the activity was two-times higher against
MDA-MB-468 cells.

The selectivity index (SI) was determined at 72 h as the
ratio between the IC,, values of each tested formulation
in a non-cancerous cell line (MDF-10A) and the ICg, in a

corresponding cancerous cell line. A higher Sl value indi-
cates greater anticancer activity, and the compounds dis-
playing Sl values higher than 1 were categorized as selec-
tive to that cancer cell line, and S| values higher than 3
were categorized as a highly selective [66]. Free MEL Sl
calculations ranged from 1.10 to 2.00, empty NLC ranged
between 2.27 and 2.60, and MEL-NLC ranged from 4.21
and 6.09, being the highest Sl value for MV4-11 leukemia
cell line.

3.4.2. Determination of MEL-NLC uptake in cells by
flow cytometry

To determine NPs uptake, MV4-11 cells were incubated

with MEL-NLC-NR. After predetermined timepoints, fluo-
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Oh 48 h

NaCl

Free MEL

MEL-NLC

Figure 5. Toxicity studies on chick chorioallantoic membrane at
time 0 h and after 48 h post-instillation of the control (NaCl), a
solution of MEL (Free MEL), and the nanoformulation (MEL-NLC).

rescence was analyzed by flow cytometry and untreated
cells were used as an unlabeled contrel (Figure 4C & D).
Cells were incubated with MEL-NLC-NR using two
different concentrations: low (0.165 wg/ml) and high
(0.825 pg/ml). After 5 min of incubation, cell fluores-
cence was observed by means of the histograms shift
after incubation (color lines), in comparison to unlabeled
cells (black line) and the mean intensity of fluorescence
for each time of incubation in the range 5 min-4 h was
similar (Figure 4C & D). The uptake of MEL-NLC in the cells
was fast (after 5 min the fluorescence intensity was high)
and stable (after 4 h of incubation the intensity of fluores-
cence was similar to the level of intensity after 5 min).

3.4.3. MEL-NLC safety using the chicken choriolantoic
membrane assay
Toxicity of free-MEL solution, MEL-NLC was evaluated
against a negative control (NaCl) though the application
of each sample on a chicken CAM. In Figure 5, it can be
observed the CAM surface at the beginning of the exper-
iment, and after 48 h post-administration of each sam-
ple. In all cases, no lethal effects were observed on the
growing embryo. Furthermore, toxic effects such as hem-
orrhages, neocangiogenesis or ghost vessels and embryo
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death were not observed, thus confirming the safety of all
the tested formulations.

4, Discussion

In this work, a new formulation based on loading of MEL
into rosehip-based NLC has been developed. The DoE
approach was used in order to optimize the formulation,
employing a full factorial design. The obtained results
showed that most of the parameters induced statistically
significant differences on Z,, (p < 0.05), with the lipid
phase being the parameter that caused the highest varia-
tions. Other authors also reported similar results, obtain-
ing larger NPs with increasing amounts of lipids [67]. The
amount of surfactant highly affected the Pl of MEL-NLC,
as higher surfactant amounts led to lower Pl values. This
effect aligns with observations made by other authors
who found that higher concentrations of surfactantin the
external aqueous phase resulted in smaller particles and
lower P| [68]. Moreover, MEL-NLC exhibited a negative sur-
face charge (ZP < -20mV).This negative value may be due
to the ionization of glyceryl behenate [57]. Furthermore,
it was observed that increasing the amount of Tween”
80 resulted in more neutral ZP likely due to its role as a
stabilizing layer surrounding the particles[62]. Lastly, MEL
encapsulation was high in most formulations (around
70 %), likely due to the lipophilic character of MEL and
its higher affinity with the lipid internal structure of the
NLC matrix [69,70]. This fact has been widely described
highlighting that NLC could be a versatile drug delivery
system, due to their capacity to encapsulate hydrophilic
and lipophilic drugs [71-73]. This is particularly relevant
because most of chemotherapeutic drugs have lipophilic
properties [74,75]. Taking all these results into account,
the optimized formulation was found to be based on the
highest amount of solid lipid and the highest tested con-
centration of the surfactant Tween" 80.

The DSC and XRD studies showed that MEL was suc-
cessfully incorporated into NLC [76]. DSC results indicated
that MEL-NLC was the most amorphous sample due to the
decreasein the melting pointand lower melting enthalpy,
in comparison to the non-loaded NLC and bulk lipid mix-
tures [60,64]. XRD results confirmed thatin MEL-NLC spec-
tra, in other words, the peak at 21.28° (20) decreased and
a new peak wasfound at 19.34° (26), d = 0.46 nm indicat-
ing the most stable form of triacylglycerols, the g form.
These results may indicate that after the NPswere formed,
the crystalline structure of the NLC adopted a more stable
form, improving their stability [59].

MEL-NLC showed an in vitro release profile prolonged
compared with MEL solution, which was rapidly released.
Moreover, data indicate that the half-time of MEL was
faster than that of MEL-NLC. In the initial 60 min, MEL



solution reached its plateau rapidly, diffusing approxi-
mately 100 %, while MEL-NLC required nearly 24 h to
achieve it, releasing arcund 80 % of MEL into the recep-
tor medium. Compared to other studies, the optimized
MEL-NLC demonstrated a much slower release; in previ-
ous studies, formulations reached maximum release of
MEL from the NPs within 6 h [70,77-79]. Other authors
reported this biphasic behavior in NLC, such as Marathe
et at. [80], who prepared paclitaxel-loaded NLC, showing
an initial burst followed by a sustained drug release over
48 h [80]. Czajkowska-Kosnik et al. [81] also reperted this
biphasic release in their etodolac-loaded NLC, which in
the first 4 h an initial burst occurred followed by a long-
term sustained release until 24 h [81].

The antiproliferative activity of MEL, empty NLC and
MEL-NLC against five different cell lines was evaluated
after 24 and 72 h. Cell viability studies on leukemia cell
line MV4-11 showed that the formulations did not have
any effect at 24 h. Otherwise, at 72 h the three samples
showed antiproliferative effects, being MEL-NLC the most
cytotoxic, probably related to the composition of the
matrix and the prolonged release of MEL. On one hand,
it is known that MEL owns positive and protective effects
on several physiological responsesand normal bone mar-
row cells, and it is known to be effective in the treatment
of leukemia. In several studies, MEL showed to protect
lymphocytes against DNA damage induced by reactive
oxygen species (ROS). In addition, clinical studies showed
a connection between MEL disruption and hematologi-
cal necplasms [82]. Some authors reported the activity
of MEL against MV4-11 cell line, confirming our obtained
results [83,84].On the other hand, the lipid matrix formed
by the antitumoral active rosehip oil could be related to
the cytotoxicity of the empty NLC. Some authors reported
that the extract of rosehip oil was active against different
leukemia cell lines due to its antioxidant properties [85].
Furthermore, it has been reported that NLC toxicity could
result from the oversaturation of the lipid matrix in the
cellular membrane, or breakdown of the membrane lipid
bilayer structure driven by the introduction of some lipids
to the cellular membrane [65]. The dual activity of the
lipid matrix beside the MEL antileukemia activity resulted
in a high cytotoxicity against MV4-11 leukemia cell line.
For the lung cancer A549 cell line, although MEL solu-
tion did not show significant therapeutic effect at 24 h,
empty NLC and MEL-NLC showed cytotoxicity from this
timepoint. This faster effect could be related to the high
interaction that NLC may establish with the cell mem-
brane [65]. At 72 h the cytotoxicity of the three sam-
ples increased. It has been reported that MEL possessed
antitumoral activity against A549 cell line. Other authors
observed that MEL was cytotoxic against this cell line,
and significantly inhibited the migration of A549 cells by
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different mechanisms, also limiting tumoral metastasis
[86-88].

Cytotoxicity was also examined in two different breast
cancer cell lines, ER++ (MCF-7) and TNBC (MDA-MB-468).
Breast cancer is the most common cancer in women
worldwide, and its treatment depends on the stage, but
in the metastatic stage there is no cure [89,90]. Specially,
TNBC is a heterogeneous group of tumors characterized
by the lack of estrogenic receptor, progesterone receptor
and overexpression of human epidermal growth factor
receptor 2 gene, which poses diagnostic challenges, lim-
iting the therapeutic options compared with other breast
cancer subtypes [91]. Over the last 80 years, the relation-
ship between MEL and breast cancer has been reported.
Clinicians observed that women affected by breast cancer
had lower levels of MEL [92]. Also, it has been established
that disruption of the circadian rhythm of MEL levels due
to several factors such as night lights, sleep deprivation,
shift work, chronic jet lag, MEL gene mutations and aging
which have shown to increase the oxidative sensitivity
and cytokine levels of the normal breast cells, leading to
an increase of breast cancer risk [92,93]. In the present
study, MEL solution had activity against MCF-7 at 72 h,
while MEL-NLC and empty NLC had cytotoxic effect at 24
and 72 h (higher for MEL-NLC). Other authorsreported the
activity of MEL in MCF-7 cell line, observing that MEL stim-
ulated apoptosis and autophagy [94,95]. For MEL-NLC, a
high cytotoxic effect was observed at 24 and 72 h. This
higher effect in cemparison te MEL sclution could be
related to the efficient and prolonged release of MEL in
the cancer cells, increasing the availability of MEL to pre-
duce its toxic effects. Regarding TNBC, a similar effect was
obtained for MEL solution and MEL-NLC. MEL has been
reported by other authors to be cytotoxic in the MDA-
MB-468 cell line, decreasing cell invasion, migration and
angiogenesis [96,27]. Empty NLC in both cases induced a
high cytotoxicity, which could be related to the activity of
rosehip oil. In the study by Aslan et al. [98], the authors
reported that the rosehip extract was able to induce late
apoptosis in MCF-7 and early apoptosis in MDA-MB-468,
and also the levels of caspase-3, which played an impor-
tant role in apoptotic response, were increased in the
MDA-MB-468 cell line. In this way, MEL-NLC showed to
be an effective and powerful tool for breast cancer treat-
ment, as they were cytotoxic in both cancer cell lines, and
the lipid matrix acted in a synergic manner with MEL to
increase its therapeutic efficacy. In addition to these find-
ings, Sl was calculated at 72 h for the tested samples. It
was found that MEL-NLC were more selective against can-
cer cell lines in comparison to MEL solution and empty
NLC, highlighting that they could constitute a safe man-
ner to treat some types of cancer with diminished side
effects.

[
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Cellular uptake studies demonstrated that MEL-NLC
containing the fluorescent dye NR were able to penetrate
fast, in the first 5 min incubation, into leukemia cancer
cells, and the fluorescent signal was maintained during
the timeframe of the study (4 h). It is well known that
lipid NPs owe the ability to penetrate easily to lipid mem-
branes due to their lipid structure [65,99]. These results
may explain the superior effect against these cells, in
which the NLC were able to penetrate and remain inside.

In order to confirm the safety of the developed for-
mulation, in ovo studies on chicken embryo CAM were
performed. The results showed that both, free MEL
and MEL-NLC did not cause any lethal effects on the
chicken embryo nor damaged or provoked merphologi-
cal changes to the CAM, thus confirming that they were
safe and biocompatible. Because of the fact that the
CAM is a highly vascularized, extraembryonic membrane
that lacks innervation, and it is functionally analogous
to the mammalian placenta, it offers a valuable alterna-
tive to conventional rodent studies, being compliant to
the principles of Reduction,Refinementand Replacement
(3Rs) for animal research [100]. Qther authors also used
this method to analyze the toxicity of their nanoformu-
lations [47,101]. Wierzbicki et al. [101] compared their sil-
ver NPs and silver NPs coated with graphene oxide against
a control after 48 h incubation [101]. The results showed
that silver NPs caused morphological changes in the CAM,
decreasing the number of capillary vessels, which the
authors related to the direct toxicity of silver NPs to the
endothelial and mesenchyme cells. Moreover, similar to
our results, silver NPs coated with graphene oxide were
biocompatible.

5. Conclusion

This study successfully optimized rosehip cil-based NLC
encapsulating MEL. MEL-NLC achieved an average parti-
cle size below 200 nm, with a monodispersed population
and high MEL encapsulation efficiency. MEL-NLC exhib-
ited excellent stability for over a year, and invitro release
confirmed prolonged release of MEL from the NLC. Fur-
thermore, antiproliferative assays confirmed the selectiv-
ity of MEL-NLC against tumoral cells, demonstrating cyto-
toxic effects on leukemia, lung and breast cancer cells.
Empty NLC also demonstrated in vitro antitumor selec-
tive cytotoxicity against cancer cells, attributed to the
pharmacological properties of rosehip oil. This property
could potentially synergize with MEL, enhancing the anti-
tumoral efficacy. Furthermore, in ovo experiments con-
firmed that MEL-NLC did not exhibit any texicity on the
chicken CAM. Therefore, the development of MEL-NLC
presents a significant advancement in cancer treatment
by addressing current challenges, such as limited drug
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efficacy and high toxicity. The prolonged release profile
and enhanced anti-tumor activity of MEL-NLC improve
the therapeutic impact of MEL, potentially cvercoming
its instability drawbacks. This innovative approach may
increase selectivity, offering a more effective and safer
alternative to conventional cancer therapies.

Artide highlights

-+ Melatonin-loaded NLC containing rosehip oil were optimized
employing the design of experiments approach.

- Melatonin-loaded NLC showed suitable physicochemical
properties (average size <200 nm, Pl <0.2, 7P /2 -20 m¥ and
encapsulation effidency ~280%).

- Melatonin lipid nanoparticles interaction studies revelated the

successful loading of the drug inta NLC, with a more amorphous

matrix.

Melatonin-NLC showed a prolonged release over 48 h, adjusted to

a two-phase decay model.

- Melatoninoaded NLC demonstrated along-term stability for
more than 1 year.

- Melatonin-loaded NLC were cytotoxic against tumoral cell lines,
being internalized in a fast and sustained manner.
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ARTICLE INFO ABSTRACT

Keywords: Dry eye disease (DED) is a chronic multifactorial disorder of the ocular surface caused by tear film dysfunction
Apigenin and constitutes one of the most common ocular conditions worldwide. However, its treatment remains unsat-

Nanostructured lipid carriers
Rosehip oil
Lipid nanoparticles

isfactory. While artificial tears are commonly used to moisturize the ocular surface, they do not address the
underlying causes of DED. Apigenin (APG) is a natural product with anti-inflammatory properties, but its low
solubility and bioavailability limit its efficacy. Therefore, a novel formulation of APG loaded into biodegradable
and biocompatible nanoparticles (APG-NLC) was developed to overcome the restricted APG stability, improve its
therapeutic efficacy, and prolong its retention time on the ocular surface by extending its release. APG-NLC
optimization, characterization, biopharmaceutical properties and therapeutic efficacy were evaluated. The
optimized APG-NLC exhibited an average particle size below 200 nm, a positive surface charge, and an
encapsulation efficiency over 99 %. APG-NLC exhibited sustained release of APG, and stability studies demon-
strated that the formulation retained its integrity for over 25 months. In vitro and in vivo ocular tolerance studies
indicated that APG-NLC did not cause any irritation, rendering them suitable for ocular topical administration.
Furthermore, APG-NLC showed non-toxicity in an epithelial corneal cell line and exhibited fast cell internali-
zation. Therapeutic benefits were demonstrated using an in vivo model of DED, where APG-NLC effectively
reversed DED by reducing ocular surface cellular damage and increasing tear volume. Anti-inflammatory assays
in vivo also showcased its potential to treat and prevent ocular inflammation, particularly relevant in DED pa-
tients. Hence, APG-NLC represent a promising system for the treatment and prevention of DED and its associated

inflammation.
1. Introduction unsatisfactory, leading to a diminished quality of life for affected pa-
tients. DED is a multifactorial pathology of the ocular surface charac-
Dry eye disease (DED) or keratoconjunctivitis sicca is one of the most terized by the disruption of tear film homeostasis. This disruption is
prevalent ocular conditions worldwide and a leading cause of doctor accompanied by ocular symptoms, including tear film instability,
appointments, imposing a significant societal and economic burden hyperosmolarity, ocular surface inflammation and damage, and neuro-
(Kumari et al., 2021). Despite its high incidence, its treatment remains sensory abnormalities, all of which contribute to its etiology (Lopez-

* Corresponding author at: Department of Pharmacy, Pharmaceutical Technology and Physical Chemistry, University of Barcelona, 08028 Barcelona, Spain.
E-mail address: esanchezlopez@ub.edu (E. Sanchez-Lopez).

https://doi.org/10.1016/j.ijpharm.2024.124222

Received 7 March 2024; Received in revised form 23 April 2024; Accepted 9 May 2024

Available online 11 May 2024

0378-5173/@ 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
ne-nd/4.0/).

35



L. Bonille-Vidal et al.

Machado et al., 2021; Huang et al., 2021; Craig et al,, 2017). Moreover,
DED may also be associated with other conditions or medication side
effects, and its incidence increases with age (De Paiva, 2017). Topical
treatment is the preferred approach for managing DED due to its ease
and painlessness of application. Artificial tears, typically administered
as eye drops, gels, or ointments, are commonly used to moisturize and
lubricate the ocular surface, serving as the first line of treatment. These
agents temporarily alleviate symptoms by reducing tear film osmolarity
and diluting inflammatory markers, However, they provide only short-
term relief, lack anti-inflammatory properties, and do not address the
underlying causes of DED (Kelly et al., 2023; Baiula and Spampinato,
2021). For inflammation, conventional marketed drugs, such as corti-
costeroids and NSAIDs possess anti-inflammatory effects but are asso-
ciated with serious long-term side effects, such as an increased
intraocular pressure and cataract formation (Wei et al., 2023). Cyclo-
sporine, another conventional DED teatment, exhibits immunomodu-
latory activity, but it can lead to side effects such as ocular burning
sensation and itching, among others (Periman et al,, 2020; Peng et al.,
2022).

Inrecent years, Apigenin (APG) has emerged as a potential treatment
option due to its excellent therapeutic properties. APG has been shown
to ameliorate ocular surface lesions and protect the retina from oxida-
tive damage in in vive models (Zhang et al., 2020; Liu et al., 2019). Given
the therapeutic potential and safety profile of APG, it represents a
promising novel reatment for DED (Liu et al., 2019). However, despite
the interest in APG as an ocular treatment, it is hindered by its low
solubility and bioavailability (Wang et al., 2019), Due to this fact, novel
ocular delivery systems have been developed. One of the most inter-
esting delivery systems are lipid nanoparticles, which offer multiple
advantages including decreased toxicity, suitable stability over time,
eco-friendly and economical production, easy industrial scale-up, the
ability to be autoclaved or sterilized, and increased kinetic stability
compared to other drug delivery systems such as liposomes or niosomes
(Battaglia et al.,, 2016). Moreover, the latest generation of lipid nano-
particles, known as nanostructured lipid carriers (NLC), hold promise as
an ocular delivery system due to thelr enhanced stability compared to
previous nanoparticles like solid lipid nanoparticles (SLN). This
improvement is achieved through the addition of a liquid lipid compo-
nent. Additionally, the lipids used in NLC formulations can be tailored to
provide specific benefits such as hydrating the ocular surface or
imparting anti-inflammatory or antioxidant properties (Bonilla et al.,
2022).

To increase the stability of APG and enhance its therapeutic efficacy
and retention time on the ocular surface, a novel strategy was developed
involving encapsulation into biocompatible and biodegradable NLC.
This appreach aims to achieve prolonged release of APG, thereby
minimizing its degradation and maximizing its therapeutic impact on
the ocular surface. Furthermore, a liquid lipid with antiexidant, anti-
inflammatory, and regenerative properties was chosen: rosehip oil.
Extracted from Rosa canina seeds, rosehip oil possesses exceptional
value due to its rich composition of essential fatty acids, tocopherols,
sterols, and phenolic compounds, all of which offer diverse and bene-
ficial functional properties (Kiralan and Yildirim, 2019). Moreover,
hyaluronic acid (HA), a naturally occurring anionic polysaccharide with
mucomimetic properties, has been incorporated into the formulation.
HA ability to prolong precormneal residence time and reduce surface
desiccation makes it a valuable viscosity-building agent in ocular de-
livery devices. It enhances drug retention and alleviates ocular surface
dryness (Agarwal et al., 2021). Moreover, to enhance the bioavailability
of the formulation upon administration to the ocular mucosa, a cationic
lipid has been selected. Cationic 1ipids promote electrostatic interactions
between the positively charged surface of the particles and the nega-
tively charged ocular mucosa, significantly extending drug residence
time (Fangueiro et al,, 2016). Furthermore, in previous ocular delivery
studies, the chosen cationic lipid, dimethyldioctadecylammeonium bro-
mide (DDAB), demonstrated no toxicity up te a concentration of 0.5 %
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(Silva et al,, 2019).

As a result, the objective of this research was to develop a novel
nanostructured drug delivery system comprising a surface-
functionalized cationic HA-coated APG-loaded NLC for the effective
treatment of DED. Currently, there is no formulation designed for topical
administration containing this composition capable of increase ocular
tear volume, reduce inflammation, and improve corneal erosions.
Therefore, this work is focused on comprehensive in vitro and in vivo
investigations to evaluate the biocompatibility, therapeutic potential,
and anti-inflammatory efficacy of the APG-NLC.

2. Materials and methods
2.1. Materials

APG was acquired from Apollo Scientific (Cheshire, UK). Compritol
888 ATO® (Glyceryl distearate) was gifted by Gattefossé (Madrid,
Spain). Tween® 80 (Polysorbate 80), rose Bengal, fluorescein and Nile
red (NR) were obtained from Sigma Aldrich (Madrid, Spain). Rosehip oil
was acquired from Acofarma Formulas Magistrales (Barcelona, Spain).
DDAB was purchased to TCI Europe (Zwijndrecht, Belgium). HA was
gifted by Bloomage Freda Biopharm (Jinan, China). All the others re-
agents used in this research were of analytical grade. Purified water was
obtained by a Millipore Milli-Q Plus system.

2.2. APG-NLC preparation and optimization

APG-NLC production was performed using the hot high-pressure
homogenization method (Homogenizer FPG 12800, Stansted, United
Kingdom). Briefly, an initial emulsion was prepared by mixing the
compounds using an Ultraturrax T25 (IKA, Germany) at 8000 rpm for
30 s. The fabrication conditions included a temperature of 85 °C, three
homogenization cycles and 900 bars of pressure (Carvajal-Vidal et al,,
2019). The formulation was previously optimized (Bonilla-Vidal et al.,
2023), and increasing amounts of a cationic lipid were added to obtain
surface-functionalized NLC by means of cationic surface charge. Then,
0.01 mg/10 mL of HA was added to the formulation. (Carvajal-vidal
et al., 2019; Sdanchez-Lopez et al,, 2018).

2.3. Physicochemical parameters

Photon correlation spectroscopy (PCS) was used for measuring zeta
average (Zav) and polidispersity index (PI) employing a ZetaSizer Nano
ZS (Malvern Instuments, Malvern, UK). Zeta pontetial (ZP) was eluci-
dated by electrophoretic mobility. Prior to measurements, samples were
diluted with Milli-Q water 1:10 and analyzed in triplicate at 25 °C. The
encapsulation efficiency (EE) was quantified by measuring the non-
loaded drug, which was separated from NLC by filtration/centrifuga-
tion at 14,000 r.p.m. (Mikro 22 Hettich Zentrifugen, Germany) using an
Amicon® Ultra 0.5 centrifugal filter device (Amicon Millipore Corpo-
ration, Ireland). Then, the EE was calculated by the difference between
the total amount used for the nanoformulation and the free drug, which
could be quantified in the filtered fraction, using Eq. (1) (Sanchez-Lopez
et al., 2020):

Total amount of APG — Free APG
Total amount of APG

EE(%) = % 100 )}

The quantification of APG was performed by a modified reverse-
phase high-performance liquid chromatography (RP-HPLC). Briefly,
the non-encapsulated drug was quantified using an HPLC Waters 2695
(Waters, Massachusetts, USA) separation module and a Kromasil® C18
column (5 pm, 150 x 4.6 mm), with a mobile phase composed of 2 %
acetic acid and methanol, as an aqueous and organic phase respectively.
Agradient (from 40 % to 60 % of water phase in 5 min and back in next 5
min) was employed at a flow rate of 0.9 mLmin'. A diode array de-
tector Waters® 2996 at a wavelength of 300 nm was used to detect APG
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and data were processed with Empower 3® Software (Carvajal-Vidal
et al.,, 2019; Romanovi et al., 2000).

2.4. Characterization of optimized APG-NLC

2.4.1. Transmission electron microscopy

In order to confirm the spherical morphology of the nanoparticles,
transmission electron microscopy (TEM) was used by means of a JEOL
1010 microscope (JEOL USA, Dearborn Read, Peabody, MA 01960,
USA). Copper grids were activated with ultraviolet (UV) light, and
samples were diluted (1:10) and placed on the grid surface. Prior to TEM
analysis, samples were negatively stained with uranyl acetate (2 %)
(Sanchez-Lopez et al., 2020).

2.4.2. Interaction studies

Differential scanning calorimetry (DSC) analysis was employed to
characterize the thermal behavior of APG-NLC formulations. A DSC
823e System from Mettler-Toledo (Barcelona, Spain) was utilized for
this purpose. A pan containing indium (>99.95 % purity; Fluka,
Switzerland) was employed to verify the calibration of the calorimetric
system. Throughout the DSC measurements, an empty pan served as a
reference. APG-NLC analysis were conducted employing a heating ramp
from 25 to 105 °C at a rate of 10 °C/min in an inert nitogen atmosphere.
Data acquired during DSC was analyzed using Mettler STARe V 9.01 dB
software (Mettler-Toledo, Barcelona, Spain) (Carvajal-Vidal et al,, 2019;
Sanchez-Lopez et al., 2020).

X-ray diffraction (XRD) was employed to determine the crystalline
state of the samples using the conditions described elsewhere (Carvajal-
Vidal et al,, 2019).

Fourier transform infrared (FTIR) was used to identify covalent
bonds in the samples. FTIR spectra of APG-NLC were acquired using a
Thermo Scientific Nicolet iZ10 spectrometer equipped with an ATR
diamond crystal and a DTGS detector (Barcelona, Spain) (Esteruelas
et al, 2022).

2.5, Stability studies

APG-NLC samples were stored at three different temperatures (4, 25,
and 37 °C) for several months. The stability of the formulations was
evaluated by analyzing the light backscattering (BS) profiles using a
Turbiscan® Lab inswument. A glass measurement cell containing 10 mL
of sample was used for each measurement. The BS profiles were ac-
quired at regular intervals of 30 days. The radiation source employed
was a pulsed near-infrared light-emitting diode (LED) operating at a
wavelength of 880 nm. The BS signal was detected by a detector posi-
tioned at a 45° angle from the incident beam. Simultaneously to the BS
measurements, values of Zay, P1, ZP, and EE were determined to assess
the stability of the APG-NLC formulations (Sanchez-Lopez et al.,, 2018).

2.6. Biopharmaceutical behavior

The in vitro APG release test for APG-NLC was performed using
Franz-type diffusion cells (PermeGear Hellertown, USA) with 0.20 em?
diffusion area and cellulose dialysis membranes (MWCO 12 kDa). A
solution of PBS with 5 % polysorbate 80 and 20 % ethanol under
continuous stirring was used as a receptor medium accomplishing sink
conditions (ability of the medium to dissolve the expected amount of
drug) (Liu et al., 2013), The formulations were compared with free-APG
solution, The assay was performed at 32 £+ 0.5 °C along 48 h. 150 uL of
each formulation were added to the donor compartment by direct con-
tact with the membrane. The drug content of the samples was analyzed
by HPLC using the previously described method. The test was performed
three times, and the cumulative amount of APG was calculated (Car-
vajal-Vidal et al., 2019).

International Jownal of Pharmaceutics 658 (2024) 124222
2.7, Ocular tolerance

2.7.1. Invitro study: HET-CAM test and HET-CAM TBS

The in vitro ocular tolerance of APG-NLC formulations was assessed
using the HET-CAM test to evaluate their potential irritation when
administered as eye drops. This assay was conducted following the
guidelines established by ICCVAM. For each formulation, 300 L of the
test solution was applied to the chorioallantoic membrane of a fertilized
chicken egg. Irritation, coagulation, and hemorrhage were monitored
during the first 5 min post-application. Both a positive conwol (0.1 M
NaOH) and a negative control (0.9 % NaCl) were included in the study.
The ocular irritation index (OII) was calculated by summing the scores
assigned to each injury, as defined by the following expression (Eq (2))
(Sanchez-Lopez et al., 2020):

o 2

{301 -H)5 N (301 - V)7 N (301 - ©)9
300 300 300

where H, V and C indicate the time (s) where hemorrhage (H), vaso-
constriction (V) and coagulation (C) start to occur. The formulations
were categorized based on the following eriteria: OI < 0.9 non-
irritating; 0.9 < OI < 4.9 weakly frritating; 4.9 < OII < 8.9 moder-
ately irritating; 8.9 < OII < 21 imritating.

Furthermore, at the end of the HET-CAM experiment, in order to
quantify the damage of the membrane, trypan blue staining (TBS) was
applied. 1000 pL of 0.1 % trypan blue solution were added to the CAM
for 1 min. The excess of TBS was removed and the CAM was dissected
and extracted with b mL of formamide. The absorbance of the extract
was then measured spectrophotometrically at a hsgsgm. The amount of
TBS absorbed was determined using a calibration curve of TBS in
formamide (Lagarto et al., 2006).

27.2. Invivo ocular tolerance

All experimental procedures were conducted in accordance with the
guidelines of the Ethical Committee for Animal Experimentation of the
UB and current legislation (Decree 214/97, Gencat). To validate HEM-
CAM test results, ocular tolerance of the formulations was assessed in
vivo. Male New Zealand white rabbits (2.0-2.5 kg, San Bernardo farm,
Navarra, Spain) were used in this experiment. A total of 3 rabbits were
assigned to each test group. Each rabbit received 50 pL of the respective
formulation instilled into the ocular conjunctival sac. A mild massage
was applied to ensure proper disaibution of the sample within the eye.
The eyes were examined for signs of irritation, including corneal opacity
and area of invelvement, conjunctival hyperemia, chemosis, ocular
discharges, and iris abnormalities, at the time of instillation and after 1
h. The contralateral untreated eye served as a negative control. In vivo
tolerance test scores were assigned based on the observed changes in the
anterior segment of the eye, particularly the cormea (turbidity or opac-
ity), iris, and conjunectiva (eongestion, chemosis, swelling, and secre-
tion) (Valadares et al.,, 2021).

2.8, Cellular experiments

281, Cell culture

Human corneal epithelial cells (HCE-2) (LGC Standards, Barcelona,
Spain) were cultured in keratinocyte serum-free growth medium (SFM;
Life Technologies, Invirogen, GIBCO®, Paisley, UK). It was supple-
mented with bovine pituitary extraet 0.05 mgmL™! and epidermal
growth factor 5 ng-mL™! containing nsulin 0.005 mg-mL~! and peni-
cillin 100 U-mL™" plus streptomyein 100 mg-mL ™", Cells were grown on
a culture flask up to 80 % confluency in a humidified 10 % CO, atmo-
sphere at 37 °C (Lopez-Machado et al., 2021),

2.8.2. Cell viability

Cell viability of APG-NLC was assessed using the MTT assay, which
measures the reduction of tewazolium salt by intracellular
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dehydrogenases of viable living cells, For this, 100 pL of a cell suspen-
sion containing 2 x 10% cells/mL was seeded in a 96-well plate and
incubated for 48 h at 37 °C in the appropriate complete medium before
treatment. Cells were then treated with samples at different concentra-
tions (ranging from 1 x 1072 to 0.1 mg/mL) for 5 or 15 min to simulate
real conditions of the comea. Subsequently, the culture medium was
aspirated and replaced with 200 pL of MTT solution (0.25 % w/v in PBS,
Sigma-Aldrich Chemical Co., St. Louis, MO, USA). After a 2 h incubation
period, the supernatant was replaced with 100 uL of DMSO (99 %,
Sigma-Aldrich) to solubilize the formazan product formed by viable
cells. Cell viability was determined by measuring the absorbance of the
formazan solution at 560 nm using a Modulus® microplate photometer
(Turner BioSystems Inc., Sunnyvale, CA, USA). Viability was expressed
as a percentage of the untreated control cells (Lopez-Machado et al.,
2021; Olivo-Martinez et al., 2023; Folle et al., 2021).

2.8.3. Cellular uptake

To evaluate the internalization of APG-NLC in HCE-2 cells, 1 x 10°
cell.mL~! HCE-2 were grown in eight-well chamber slider (ibidi®,
Grifelfing, Germany) until 80 % confluence and subsequently incubated
with APG-NLC labelled with the fluorescent dye NR at different times (5,
15 and 30 min) at 37 °C. To remove non-internalized NLC, cells were
subjected to three washes with PBS. Subsequently, cells were fixed with
4 % paraformaldehyde for 30 min at 25 °C. After fixation, cells were
washed three times with PBS to remove unbound paraformaldehyde.
The nuclei were stained with DAPIduring 10 min. Afterwards, cells were
washed using PBS and Alexa Fluor™ 488 conjugated Wheat Germ
Agglutinin (WGA) was used to stain cell membranes for 30 min at 25 °C,
Cells were washed and finally, mounting selution (PBS) was added for
microscopic analysis. Images were acquired using a Leica Thunder
Imager DMIS8 (Leica Microsystems GmbH, Wetzlar, Germany) with a 63x
oil immersion objective lens (Lopez et al., 2020; Gonzalez-Pizarro et al.,
2019).

2.9. Invivo efficacy studies

2.9.1. Induction and treatment of dry eye

Twelve male New Zealand white rabbits weighing between 2.0 and
2.5 kg were used for the study. The rabbits were randomly divided into 4
groups: empty NLC, APG-NLC, free APG solution and a commercial so-
lution based on 0.15 % HA. All rabbits were housed at a room temper-
ature of 23 £ 2 °C with relative humidity 75 % £ 10 % and alternating
12 h light-dark cycles.

Both eyes of each rabbit were treated twice-daily with a topical
administration of 0.1 % benzalkonium chloride (BAK) for 2 weeks. On
day 14, DED was confirmed using the Schirmer test, fluorescein and rose
Bengal staining. Treatment commenced after the confirmation of DED,
with one eye of each rabbit randomly chosen for twice-daily topical
administration of empty NLC, APG-NLC, free APG solution, or a com-
mercial solution (0.15 % HA). After one week of treatment, the Schirmer
test, fluorescein staining, and rose Bengal staining were performed again
to evaluate the efficacy of the weatments (Lopez-Machado et al., 2021;
Xiong et al,, 2008).

2.9.1.1. Measurement of aqueous tear production. Tear production was
determined using Schirmer test strips. After instilling anesthetic drops
containing 1 mg-mL~" tetracaine hydrochloride and 4 mgmL~" oxy-
buprocaine hydrochloride, a Schirmer paper strip was placed on the
palpebral conjunctiva, positioned near the junction of the middle and
outer thirds of the lower eyelid. After 5 min, the extent of wetted paper
was measured in millimeters (Lopez-Machado et al., 2021; Xiong et al.,
2008).

2.9.1.2. Fluorescein staining on the ocular surface. Fluorescein staining
occurs when fluorescein sodium diffuses through disrupted corneal
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epithelial cell junctions or damaged corneal epithelial cells (Xionget al.,
2008). Corneal fluorescein staining was performed by instilling 2 L of 1
% fluorescein sodium into the conjunctival sac and allowing it to remain
for 2 min. The ocular surface was then examined under a slit lamp mi-
croscope equipped with a cobalt blue filter. Images of the ocular surface
were captured using a digital camera and scored according to the stained
seore with 9 indicating maximum score and 0 indieating the minimum
(Holzchuh et al.,, 2011).

2.9.1.3. Rose Bengal staining on the ocular surface. Rose Bengal stains
corneal and conjunctival epithelial cells that are not adequately pro-
tected by the ocular tear film. It can stain both live and dead cells if they
are not protected by an intact muein layer (Xiong et al., 2008), To assess
ocular surface damage, 2 pL of 0.1 % rose Bengal solution were instilled
into the conjunctival sac and allowed to remain for 2 min. The ocular
surface was then examined under a slit lamp microscope with white
light, and images were captured using a digital camera. The degree of
staining was assessed using the Van Bijsterveld grading system, and the
scores were recorded after 15 s (9: maximum score; 0: minimum) (Xiong
et al., 2008).

2.9.2. Anti-inflanmatory efficacy

The in vivo anti-inflammatory effectiveness of the formulations was
evaluated through two studies encompassing inflammation prevention
and treatment. Male New Zealand white rabbits (n = 3/group) were
used for these experiments as previously described. The activity of APG-
NLC was compared with free APG, empty NLC, and 0.9 % NaCl (control
group). For the inflammation prevention, 50 L of each formulation was
topically applied to the right eye. After 30 min, a 0.5 % sodium arach-
idonate (SA) solution dissclved in PBS (inflammatory stimulus) and
instilled into the right eye, (left eye served as a control). In the anti-
inflammatory treatment study, the inflammatory stimulus was applied
30 min before the application of each formulation. Inflammation was
evaluated from the first application up to 210 min following adminis-
tration, based on the modified ocular tolerance test scoring system
(Lopez-Machado et al., 2021; Sanchez-Lopez et al., 2020).

2.10. Statistical analysis

Two-way ANOVA followed by Tukey post hoe test was performed for
multi-group comparison. Student’s ttest was used for two-group com-
parisons. All the data are presented as the mean + S.D. Statistical sig-
nificance was set at p < 0.05 by using GraphPad Prism 9.

3. Results
3.1. APG-NLC preparation and optimization

In previous studies, an optimized formulation was obtained (Bonilla-
Vidal et al., 2023). In this work, increasing amounts of the cationic lipid
DDAB were added to further optimize the formulation (Table 1). The
formulation was constituted by Compritol® 888 ATO as the solid lipid
component since it provided suitable APG solubility. Compritol® 888
ATO is a well-known excipient used in various administration routes due

to its favorable characteristics, including non-polarity, lower
Table 1
Effect of cationic lipid on the physicochemical parameters.

DDAB (%) Zyw = SD (nm) PI £ SD ZP £ SD (mV)
0.025 301.8 £ 2.0 0.186 £ 0.003 —0.8 £0.1
0.05 146.8 + 0.8 0.253 + 0.003 21.2 + 0.4
0.06 1443 + 2.4 0.326 £+ 0.036 273+1.0
0.075 150.0 £ 3.8 0.363 + 0.040 29.3£0.5
0.1 1482+ 1.5 0.427 £ 0.018 35608
0.3 153.6 £1.9 0.407 + 0.011 54.8+1.6
0.5 147.7 £ 0.3 0.382 + 0.009 544+ 0.6
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cytotoxicity, and its capacity to increase encapsulation efficiency
(Aburahma and Badr-Eldin, 2014). Rosehip oil was included as an active
ingredient in the formulation to complement the activity of APG with its
wound-healing, antioxidant, and anti-inflammatory characteristics
(Belkhelladi and Bougrine, 2024; Bhave et al., 2017). The surfactant,
Tween® 80, was selected because it is included in official European
Medicines Agency (EMA) documents for ocular use at the concentrations
employved in this study (Mazet et al, 2020). Additionally, in some
cellular models, it has been found to enhance penetration through tight
junctions, which could facilitate crossing the human ocular surface
epithelial barrier (Khuda et al., 2022; Mantelli et al., 2013).

The optimized formulation was selected based on the physico-
chemical parameters, with criteria including values of ZP higher than
20 mV and Pl lower than 0.3. As a result, the cationic optimized
formulation containing 0.05 % of cationic lipid was chosen. Addition-
ally, a small amount of hyaluronic acid (HA) was added. Subsequently,
the optimized APG-NLC formulation was obtained.

3.2. Characterization of optimized APG-NLC

TEM analysis revealed that APG-NLC exhibited a predominantly
spherical morphology with particle size below 200 nm (specifically, in
Fig. 1A APG-NLC size was 166.5 nm), consistent with the results ob-
tained by PCS. Moreover, no particle aggregation phenomena were
observed.

DSC was carried out in order to study the crystallinity and melting
point variations of the lipid mixtures and APG-NLC. Thermograms
(Fig. 1B) showed endothermal peaks of 70.37 “C for lipid mixture, 69.78
“C for lipid mixture-APG and 69.16 *C APG-NLC. The melting point of
APG-NLC was slightly lower due to its small size and surfactant presence
(Tween® 80) (Bunjes et al,, 1996). The peaks moved to slightly lower
temperatures when APG was added and the enthalpy was similar be-
tween the lipid mixture and lipid mixture-APG being AH Lipid mixture
= 82.69 Jg’l, AH Lipid mixture-APG = 84.03 Jg’1 and a smaller
enthalpy for the nanoparticles, being AH APG-NLC — 54.11 Jg '. APG
melting transition was characterized by an endothermal peak at 365.5
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°C (AH =198.5 J, g'l) followed by decomposition, as other authors had
also reported (Shakeel et al., 2017).

XRD patterns (Fig. 1C) demonstrated the physicochemical state of
APG incorporated into NLC. The presence of intense and sharp peaks for
APG and for the solid mixture of lipids indicated a crystalline structure
for these components. Notably, the peaks observed for APG were absent
in the APG-NLC profile, suggesting that APG was present in a dissolved
state within the NLC, forming a molecular dispersion. The crystallinity
of the structure of all the components was studied. The lipid mixture
showed three peaks in 19.34 (20), i.e, d = 0,46 nm indicating the most
stable form of triacylglycerols, the p form, 21.28 (28) i.e. d = 0,42 nm
and 23.43 (20) ie. d = 0.38 nm, which confirmed the existence of the
second stable form of triacylglycerols, known as the B° form. The APG-
NLC profile showed also the three peaks, which could indicate a good
stability of the formulation (Souto et al,, 2006; Freitas ancd Miiller, 1999;
Zimmermann et al., 2005).

FTIR spectroscopy was employed to investigate the interactions be-
tween the drug, the surfactant, and the lipid matrix (Fig. 1D]. The FTIR
spectra of APG revealed distinct vibrational bands, including a charac-
teristic peak at 3278 em? corresponding to the O-H stretching vibra-
tion. The C-H stretching vibration exhibited multiple, smaller peaks at
2800 em ™. Additionally, the presence of the C-O functional group was
indicated by characteristic peaks at 1650 and 1605 em™'. (Alshehri
et al., 2019). There was no evidence of strong bonds between APG and
lipid phase and the surfactant. APG peaks were not found in the NLC.
These results indicate that APG was encapsulated in the NLC.

3.3. Stability studies

Stability studies were carried out analyzing the BS profiles of each
sample at different temperatures, BS provides information of destabili-
zation mechanisms in the media, such as sedimentation, creaming, or
aggregation (Bonilla-Vidal et al., 2023). In this way, BS profiles of APG-
INLC were studied at 4, 25 and 37 “C (Fig. 2A-C). APG-NLC was stable at
4 °C for a period of 25 months, while at 25 °C the stability was 1 month.
The physicochemical parameters were kept constant at 4 °C for all the
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Fig. 1. Characlerization of optimized APG-NLC and their components. (A) TEM image (scale bar 100 nm), (B) DSG curves, (G) XRD patlerns, (D) FTIR analysis.
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Fig. 2. Characterization of APG-NILC. Backscattering profiles of APG-NLC stored at (A) 37 °C, (B) 25 °C, and (C) 4 °C. (D) In vitro release profile of APG-NLC vs free
APG carried out for 48 h and adjustment to a two-phase decay and Plateau followed by one phase decay model respectively.

study, being the most suitable storage temperature.
3.4. Biopharmaceutical behavior

The in vitro release profile of APG from the NLC exhibited a biphasic
drug release pattern, characteristic of prolonged drug delivery systems.
A two-phase decay model provided the best fit for APG-NLC release
(Fig. 2). Aninitial burst release of APG was observed during the first 2 h,
followed by a sustained release phase that lasted until the end of the
experiment. In contrast, free APG exhibited a rapid diffusion, reaching
100 % release within 24 h, while the APG-NLC formulation released only
approximately 30 % during the same time period. The dissociation
constant (Kq) values for APG-NLC were significantly higher in fast
release phase compared to those of free APG (1.1170 vs 0.02230 h),
suggesting a rapid initial release, followed by a slower one (Liu et al,,
2013). Moreover, half-life results (t; o) showed that initially there was a
burst release during the fast phase of the formulation, and then it was
followed by a slow phase, in which it had a sustained and lower release,
with a ty 2 value of 9.14 h,
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3.5. Ocular tolerance

Ocular tolerance was studied i vifro using the HET-CAM test and in
vivo using the Draize test (Fig. 3A-D). The HET-CAM test results
demonstrated that the positive control (1 M NaOH, 18.75 + 1.05)
induced severe hemorrhage, intensifying over a 5-minute period. This
characterization classifies the solution as a severe irritant. In contrast,
application of the negative control (0.9 % NacCl, 0.07 + 0.01) and both
the loaded and empty formulations to the chorioallantoic membrane dicdl
not elicit any signs of irritation, leading to their classification as non-
irritant substances (0.07 + 0.01 and 0.07 + 0.01 respectively). Other-
wise, free APG caused a fast vasoconstriction, being classified as a severe
irritant (14.86 + 0.30). Moreover, TBS quantitative results supported
the results of the HET-CAM test, where APG-NLC were non-irritant while
free APG resulted irritant (0.06 + 0.04 and 0.18 + 0.01 respectively).

However, as a single in vitro test is insufficient to accurately assess
ocular tolerance in a living organism, ocular tolerance Draize tests were
conducted to further evaluate the formulations. The tests were carried
out with free APG, empty NLC, and APG-NLC, In this sense, none of the
developed NLC were irritant in vive or in vitro, while the free APG
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Fig. 3. Ocular tolerance. In vitro and in vivo irritation assay. (A) Negative control, NaCl 0.9 %, (B) Free APG, (C) APG-NLC, and (D) Empty NLC. (E) Scores obtained
on the HET-CAM and in vive ocular tolerance. (F-H) Effect of (F) free APG, (G) APG-NLC and (H) empty NLC on the viability of HCE-2 cells at 5 and 15 min. 100 % cell

viability corresponds to the average of MTT reduction values of untreated cells.
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resulted irritant in vitro (14.86 + 0.30) and non-irritant in vivo (2.00 +
1.00) but caused an initial discomfort. These results confirmed the non-
irritant potential of APG loaded lipid nanoparticles, meanwhile the free
APG can induce some discomfort.

3.6. Celiular experiments

3.6.1. Cell viability in corneal cells

Cell viability of several concentrations of free APG, APG-NLC, and
empty NLC (without APG) were evaluated on HCE-2 cells. The HCE-2
cell line was selected to analyze the compatibility of the formulations
on corneal cells after topical administraticn. Samples were incubated for
various time points to simulate the real conditions of contact between
the formulation and the cornea in humans (Mofidfar et al., 2021). For
this reason, cell viability was tested incubating for 5 and 15 min. Ac-
cording to ISO 10993-5, percentages of cell viability above 80 % are
considered non-cytotoxic; within 80 — 60 % weak; 60 — 40 % moderate
and below 40 % strongly cytotoxic, respectively (Lop

Garcia et al.,

Nuclei and cell membrane Treatment

[T}
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2014). Results showed that after 5- and 15-min incubation, free APG did
not cause relevant cytotoxic effects (>80 % viability). Free APG did not
show any effects on cell viability at any of the concentrations tested or
incubation times (Fig. 3F). APG-NLC after 5- and 15- min incubation
showed suitable cell viability in all the assessed concentrations (Fig. 3G).
Similarly, empty NLC resulted in suitable cell viability for 5- and 15- min
incubation from 0.02 to 0.001 mg-nﬂL’l (Fig. 3H). The most concen
trated dilution of empty NLC showed weak toxicity at both times.
However, it can be observed that APG-NLC were safe (high cell viability)
in all the studied concentrations.

3.6.2. Cellular uptake

Following incubation at different time points, fluorescent NLC were
visualized using fluorescence microscopy. The nucleus was stained with
DAPI, and the cell membrane was stained with Alexa Fluor™ 488-WGA
to facilitate better bio-localization of the NLC. In the merged images,
APG-NLC were observed inside the cells, indicating that the particles
were able to penetrate without altering the morphology of the corneal

3D surface plot

Merged

Fig. 4. Cellular uptake of APG-NLC in HCE-2 at different incubation time (5, 15, or 30 min). White arrows highlight samples localization. Surface plot is shown as

relative fluoreseence intensity per eell in 3D coordinates.
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cells (Fig. 4). It is noteworthy that toxic substances, such as benzalko-
nium chloride, can induce morphological changes in the cell membrane,
such as vacuolization of corneal cells Kinnunen et al, 2014. Moreover,
the fluorescence signal had increased along with the incubation time.
Furthermore, after 30 min incubation of APG-NLC displayed higher in-
tensity than cells incubated 5 or 15 min. No fluorescence was observed
in the control cells (Fig. 4).

3.7. Induction and treatment of DED

In order to evaluate the potential to treat DED using APG-NLC,
Schirmer test, fluorescein and rose Bengal assessments were per-
formed to measure the effects of empty NLG, free APG and commercial
solution based on 0.15 % of HA as a moisturizing agent.

3.7.1. Schirmer test

To evaluate the improvement on tear flow caused by the developed
NLC in a DED model, Schirmer’s test was employed. A marked decrease
in aqueous tear secretion was observed after applying BAK for 2 weeks.
Fig. 5A shows the differences between each experimental group. Empty
NLC and APG-NLC were able to increase the tear flow obtaining statis-
tically significant differences against DED control, p < 0.01 and p <
0.0001 respectively. Otherwise, free APG and the 0.15 % HA solution
did not improve tear flow. APG-NLC showed statistically significant
differences between all the groups: p < 0.05 against empty NLC, and p <
0.0001 against free APG and 0.15 % HA solution. Empty NLC showed
statistically significant differences between free APG group (p < 0.05).
Interestingly, APG-NLC was the only treatment that showed statistically
significant differences compared to 0.15 % HA solution (p < 0.0001).

3.7.2. Fluorescein staining on the ocular surface

Fluorescein staining is an effective method for evaluating the state of
the ocular surface. It results from fluorescein uptake, which is caused by
the disruption of corneal epithelial cellcell junctions or damaged
corneal epithelial cells (Begley et al., 2019; Srinivas and Rao, 2023).
Fig. 5B shows the differences between each experimental group. There
were statistically significant differences between all the groups against
dry eye control. However, the two treatments that provided the best
improvement on the ocular corneal surface were empty NLC and APG-
NLC (p < 0.001, 0.67 + 0.58 and 1.00 + 1.00 respectively). Moreover,
free APG solution and the 0.15 % HA solution presented higher staining
(2.33 + 0.58 and 3.00 + 1.15 respectively), indicating a diminished
capacity to restore the corneal surface (Fig. 6).

International Journal of Pharmaceutics 658 (2024) 124222

3.7.3. Rose Bengal staining on the ocular surface

Rose Bengal is a valuable tool for assessing tear film integrity. It
selectively stains corneal and conjunctival epithelial cells that are
exposed due to compromised preocular tear film protection. Its ability to
stain both live and dead cells, provided the mucin layer is disrupted,
enables it to detect various degrees of tear film dysfunction (Xiong et al.,
2008). As can be observed in Fig. 5C, there were statistically significant
differences between dry eye control and empty NLC and APG-NLC
staining (5.08 + 1.78, 1.67 + 1.15 and 1.67 + 1.15 respectively). The
results showed that only NLC were able to restore the disrupted tear
film. Moreover, HA 0.15 % solution (4.67 + 1.15) did not show signif-
icant differences against the control, indicating that it did not exert
significant tear film restoring capacity (Fig. 7).

3.8. Anti-inflammatory efficacy

Anti-inflammatory efficacy was assessed in New Zealand rabbits to
elucidate the capacity of the developed APG-NLC to treat and/or prevent
ocular inflammation.

Firstly, the in vivo inflammation treatment was assessed. Fig. 8A
revealed that the degree of inflammation was significantly reduced after
the first 30 min post-administration of APG-NLC. Free APG were able to
rapidly treat inflammation. Moreover, empty NLC exerted anti-
inflammatory activity after 90 min of instillation. Comparing APG-
NLC with empty NLGC, it can be observed that APG-NLC had signifi-
cantly higher anti-inflammatory effects than empty NLC after 2 h post-
application, probably due to APG prolonged release.

The in vivo inflammation prevention test revealed significant differ-
ences in the severity of inflammation between APG formulations and the
control at all time points evaluated (Fig. 8B). However, APG-NLC-
treated eyes exhibited a more rapid reduction in corneal edema
compared to free APG. This finding can be attributed to the rapid tear
clearance of free APG and the lipid components of the nanoparticles that
may result in a prolonged drug residence time within the cornea. APG-
NLC demonstrated superior inflammation-relieving effects compared to
the control over time. Otherwise, empty NLC also showed an anti-
inflammatory effect in vivo. Initially, the effect was similar to the APG-
NLC activity, but after 90 min of treatment a significant anti-
inflammatory effect produced by APG can be observed since signifi-
cant differences between empty NLC and APG-NLC were obtained
(Strugata et al., 2016).

Thus, APG-NLC exhibited a preventive effect on inflammatory pro-
cesses caused by the sustained release of APG and the synergic activity of
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Fig. 5. DED results with statistically significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001). (A) Schirmer test, (B) Fluorescein staining, (C)

Rose Bengal staining.
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Q)

Experimental group  Score + DS

Control 7.25 + 2.09
Empty NLC 0.67 +0.58
APG-NLC 1.00 + 1.00
Free APG 233 +0.58

0.15% HA solution 3.00 + 1.15

Fig. 6. Fluorescein staining test. (A) Control. (B) Empty NLC (C) APG-NIC. (D) 0.15 1A % solution. (F) Free APG (I') Scores obtained on the fluorescein staining test.

Fig. 7. Rose Bengal staining test. (A) Control. (B) Empty NLC. (C) APG-NLC
staining test.

the vehicle, which may contribute towards an initial anti-inflammatory
effect.

Hence, it can be confirmed that APG-NLC possess ocular anti-
inflammatory activity, both for prevention and inflammation treat-
ment. Furthermore, the vehicle also showed anti-inflammatory proper-
ties, which could be attributed to the rosehip oil (Winther et al., 2016).

Experimental ——
group
Control 5.08 + 1.78
Empty NLC 1.67 + 1.15
APG-NLC 167+ 1.15
Free APG 2.67+ 1.53
159
Bas /0 o 467+ 1.15
solution

. (D) 0.15 % HA solution. (E) Free APG. (F) Scores obtained on the rose Bengal

4. Discussion

In this study, a new formulation was developed loading APG into a
cationic rosehip-based NLC coated with HA, APG-NLC was prepared
using the hot high-pressure homogenization method, which is widely
used for lipid nanoparticle fabrication. The high temperature facilitates
greater size reduction due to lower inner-phase viscosity. Furthermore,
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Inflammation treatment, (B) inflammation prevention. Values are expressed as mean — SD; ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.005, and ****p

<

0.001 significantly lower than the inflammatory effect induced by SA; $p < 0.05 and $$p < 0.05 significantly lower effect of APG-NLC than the inflammatory effect
induced by empty NI.C; &&&&p < 0.0001 significantly lower effect of APG-NLC than the corresponding free drug; #p < 0.05 and ##p < 0.01 significantly lower

effect of empty NI.C than the corresponding free drug.

this method offers several advantages such as ease of scale-up, absence
of organic solvents, and shorter production times (Vinchhi et al., 2021;
Khairnar et al., 2022). Sterile fabrication is facilitated by equipment that
can be sterilized using steam, and manufacturing can be conducted in an
aseptic environment in a laminar airflow unit (Khairnar et al., 2022).
Additionally, sterile filtration, autoclaving, ionizing radiation, and non-
ionizing radiation can be used in the final formulation for sterilization,
with gamma radiation being one of the most commonly used methods
(Bernal-Chavez et al., 2021; Youshia et al., 2021).

The cationic lipid DDAB was used in order to increase the ocular
retention time on the ocular surface and mucoadhesion due to electro-
static interactions between the negatively charged ocular surface and
the nanocarrier, Cationic carriers have shown to effectively penetrate
through the negatively charged pores of the corneal epithelium, making
them an interesting tool to obtain an efficient drug delivery (Abruzzo
et al., 2021; Vedadghavami et al., 2020). Furthermore, the formulation
was improved with the addition of HA, which possesses a relatively high
viscosity, improving tear film stability and reducing the washout from
the ocular surface. Additionally, it promotes epithelial wound healing,
which could work in synergy with the liquid lipid (rosehip oil) (Johnson
et al., 2006).

In order to optimize the concentration of DDAB, increasing amounts
of it were added to the previously optimized formulation (Bonilla-Vidal
et al., 2023). The results showed that the Z,, was similar from 0.05 to
0.5 %, while the PI and the ZP increased when higher amounts were
added. For this reason, the selected concentration was 0.05 %, providing
a Pl below 0.3, indicating an homogeneous distribution of the nano-
particles, and a ZP around + 20 mV, which contributed tc overcome the
attractive forces between particles, achieving suitable stability of the
colloidal system (Bonilla et al., 2022).

Interaction studies showed that the addition of APG to the lipid
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matrix resulted in an increase in the amorphous structure of the lipids,
suggesting that APG was internalized in the lipid matrix (Ojo et al.,
2020). Further analysis using FTIR confirmed that no covalent bonds
were formed between APG and the lipid matrix, implying that the
interaction between them was primarily mediated by hydrogen bonds
and hydrophobic forces. This interaction facilitated the entrapment of
APG within the NLC and promoted its release from the particles (Huang
et al, 2020). Additionally, XRD studies indicated that APG-NLC
exhibited good stability over an extended period due to the presence
of the most stable forms of triacylglycerols in Compritol® 888 ATO,
namely, the pand p’ phases (Souto et al., 2006; Freitas and Miiller, 1999;
Zimmermann et al,, 2005). These findings align with the stability
studies, which demonstrated that the formulation remained stable at 4
“C for 25 months. However, at the end of the 25-month period, the
electrostatic forces between the APG-NLC may have begun to weaken,
leading to aggregation and sedimentation, as observed in the BS profile.
In comparison to the previous studies in which the negatively charged
formulation (without DDAB nor HA), the stability at 4 °C endured for 11
months (Bonilla-Vidal et al., 2023). The main difference between both
formulations was the addition of the cationic lipid, which has a chemical
structure and physicochemical properties of a surfactant. The addition of
a co-surfactant into the formulation may contribute to stabilize the
emulsion droplets during homogenization and upon polymorphic tran-
sition during storage, as other studies confirmed (Salminen et al., 2014).

Furthermore, APG-NLC showed a slow in vitro release profile,
whereas the APG sclution exhibited a rapid diffusion. The fitted model
for APG-NLC was a two-phase association, due to the fact that the
formulation demonstrated a dual release profile, offering an initial fast
release followed by a sustained release, where approximately a 20 % of
APG was liberated into the receptor medium. This two-phase release
pattern could be attributed to the formulation ability to encapsulate APG
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within the NLC while also facilitating its gradual diffusion into the
medium. Compared to our previous studies, this formulation showed a
faster release in the initial phase with a higher rate constant (Kq fast =
0.2662 vs 1.1170 h™! of the negatively and positively charged formu-
lation respectively), and a more sustained release in the slow phase, with
a much lower constant (Kq gow = 0.0662 vs 0.0253 h!of the negatively
and positively charged formulation respectively) (Bonilla-Vidal et al.,
2023). These differences could be related to its modified surface with
DDAB and HA. It has been documented that HA surface modification can
restrict water diffusion into the carrier matrix which subsequently slows
down the drug release process (Huang et al., 2017).

In order to demonstrate the safety of APG-NLC at the ocular level, in
vitro experiments were carried out. HCE-2 cells were used to evaluate the
cytocompatibility of the APG-NLC in a corneal cell line. The results
showed that free APG was safe at all the tested concentrations
(0.050-0.001 mgmL’l) which indicates that APG was non-toxic in this
corneal epithelial cell line. Similarly, empty NLC resulted non-toxic in
the majority of the assessed concentrations. This may be due to its
positive charge, which produces a higher electrostatic attraction be-
tween negatively charged cell surfaces, leading to increase in oxidative
stress and reactive oxygen species (ROS) (Yang et al., 2021). Further-
more, lipid compenents of NLC may possess affinity for cell membranes,
which facilitates the interaction between them (Zhang et al,, 2014).
However, APG-NLC was safe in all the tested concentrations (except for
the higher ones where it was slightly toxic). This effect could be related
with the protective activity of APG on these cells. Some authorsreported
that APG was able to protect corneal cells from excessive superoxide
radicals and hydrogen peroxide (Bigagli et al,, 2017). Moreover, in a
DED study, APG showed to protect the cells due to its anti-inflammatory
activity (Liu et al,, 2019). Otherwise, the internalization of the NLC was
performed to evaluate their capacity to interact with HCE-2 cells by
labelling APG-NLC with the fluorescent NR. In this study, it has been
demonstrated that APG-NLC quickly interacted with corneal cells in the
first 5 min of incubation. Furthermore, with inereasing incubation time,
the NLC increased its accumulation inside the cells. No changes in the
morphology of the HCE-2 cells were observed, which confirmed its in
vitro safety in comparison to toxic substances such as BAK (Kinnunen
et al., 2014).

Ta evaluate the ocular safety of the formulation, an in vitro HET-CAM
test was conducted, The HET-CAM test allows observation of vascular
responses due to the acute effects of the test substance on the small blood
vessels and soft tissue proteins of the CAM. These responses are similar
to those produced by the substance in the rabbit eye, owing to the
similar vascular and inflammatory framework of the eye conjunctival
tissue (Valadares et al.,, 2021; Abdelkader et al., 2012). Other methods
used to evaluate ocular tolerability, such as the bovine corneal opacity
and permeability (BCOP) assay or the isolated chicken eye assay, are
employed to study the opacity and permeability of the cornea (Lebrun
etal,, 2021). Results demonstrated that APG was irritating when directly
applied to the CAM. However, both the empty and loaded NLC were
non-irritating, indicating that the encapsulation strategy effectively
mitigates the iritation potential of APG. These results were also
confirmed by the HET-CAM TBS, a quantitative assay based on the
ability of wypan blue to stain damaged or dead cells (Vinardell and
Garefa, 2000). In vivo testing within the eye offers advantages for
studying chemical damage due to the presence of physiological response
and repair mechanisms in living tissue. However, severe damage from
the chemicals themselves can impede these repair processes. While in
vitro methods are used to assess acute effects from a single application,
they fail to consider the reversibility of these lesions (Valadares et al.,
2021; Cazedey etal.,, 2009; Budai etal., 2021). The tolerance ocular test
incorporates a post-treatment period to allow for healing, providing a
more complete picture. While the tear layer can act as a barrier and
influence the absorption of water-soluble chemicals, it can also wash
away the test substance, reducing its efficacy. The HET-CAM test, while
useful for assessing conjunctival damage due to its similarity to human
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ocular tissue, may not fully capture coreal irritation, which is a key
facus of the in vivo tolerance test (Budai et al., 2021). Far this reason, to
confirm the safety of the formulations, an in vive ocular tolerance
assessment was carried out, The results showed that free APG caused an
initial discomfort in the rabbits, but it did not cause irritation or redness
on the eye. Furthermore, results confirmed that neither APG-NLC nor
empty NLC caused any irritation, which demonstrates that the formu-
lations were safe for ocular administration.

The potential activity of APG-NLC against DED was demonstrated
through an in vivo assay based on the induction of DED by administering
BAK twice daily for two weeks, followed by one-week treatment. BAK is
a commenly used eye drop preservative with inherent detergent prop-
erties that destabilize the tear film’s lipid layer. This leads to increased
evaporation of the aqueous tear layer and decreased tear film break-up
time, leaving the ocular surface vulnerable to dryness and irritation.
Additionally, BAK directly targets the corneal epithelium, the outermost
layer of the comea, exhibiting a dose-dependent cytotoxic effect, BAK
effects can also trigger an inflammatory response characterized by
increased expression of various inflammatory markers such as in-
terleukins and TNF-w, as well as infiltration of immune cells into the
conjunctiva (Rosin and Bell, 2013; Lin et al., 2011). Chronic exposure to
BAK can lead to a heightened inflammatory state, which promotes the
recruitment of fibroblasts and subsequent fibrosis of the subconjunctival
tissue (Rosin and Bell, 2013; Clouzeau et al., 2012). The four treatment
groups studied in this work were APG-NLC, empty NLC to elucidate the
effect of the lipid matix, free APG to observe its therapeutic potential,
and a commercial artificial tear based on HA as a commonly used first
line weatment of DED. Three different evaluation assays were conducted
to determine both the induction of DED and the efficacy of the treat-
ments: i) Schirmer test, ii) fluorescein staining, iii) rose bengal staining.
The Schirmer test constitutes a simple diagnostic procedure used to
assess tear production. The test relies on the principle of eapillary action,
which allows the water content of tears to migrate along the length of a
filter paper strip. The rate of migration along the strip corresponds to the
tear production rate (Nr and Y, 2020). The results of the Schirmer test
showed that APG-NLC were the treatment that attained the best score,
followed by the empty NLC, indicating that both were able to restore the
tear secretion of the animals. These results reveal the potential of the
composition of the nanoformulations to restore tear flow in vivo, APG-
NLC presented a significantly better score than all the other groups,
probably due to APG encapsulation. APG possess anti-inflammatory
properties, improving DED associated inflammation (Kashyap et al.,
2018). In this study, free APG was not able to restore the tear flow which
may be attributed to the high clearance of APG when it was adminis-
tered as eyedrops (Lanier et al.,, 2021). Furthermore, regarding tear
volume, the commercial solution (0.15 % HA solution) did not show
significant differences against the control either due to the short-
treatment peried (5-days) or to HA short-lifespan at the ocular level
(Semp et al., 2023).

In order to evaluate the improvement of the ocular surface, fluo-
rescein and rose bengal staining were used. Fluorescein penetrates
poorly into the lipid layer of the corneal epithelium. However, fluores-
cein readily binds to areas where the cell-to-cell junctions of the corneal
epithelium are disrupted. This property makes it an effective tool for
detecting corneal abrasions, ulcers, and other injuries (Srinivas and Rao,
2023). In this study, all the tested formulations showed a lower score
than dry eye control, which means that all were able to improve the
corneal epithelium. Specifically, APG-NLC and empty NLC were the
treatments with higher statistical differences between dry eye control
(¥ p < 0.001). It is well known that rosehip oil possesses wound
healing properties when applied to the skin, but there is no information
about its ocular use (Lei et al,, 2019), It has been described that rosehip
oil influence on skin wound healing is hypothesized to be mediated by
promoting the phenotypic transition of macrophages from the M1 to the
M2 state. M1 macrophages are characterized by their pro-inflammatory
activity, while M2 macrophages contribute to extracellular matrix
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regeneration and the resolution of inflammation (Belkhelladi and Bou-
grine, 2024), Other actions such as its capacity to increase the collagen
III content in wound tissue, and inhibit epithelial-mesenchymal transi-
tion during wound healing to improve scarring has been also described
in dermal applications (Criollo-Mendoza et al., 2023). In this study, the
lipid matrix was able to improve the corneal injuries produced by DED,
which could be related to its wound healing, anti-inflammatory and anti-
oxidant properties (Sougala et al.,, 2016; Lei et al., 2019). In the same
manner, when this active matrix was loaded with APG, an improvement
of the corneal injuries was observed, which could be also attributed to
APG anti-inflammatory and anti-oxidant properties (Kashyap et al.,
2018). On the other hand, rose bengal is a dye that stains any part of the
ocular surface that is not adequately covered by tear film, particularly
areas lacking mucin (Srinivas and Rao, 2023; Doughty, 2013). In this
study, only the nanoformulations were able to restore the tear film. This
fact could berelated to the lipids that are used to prepare the NLC, which
usually had occlusive and moisturizing effects (Bonilla et al., 2022), The
0.15 % HA solution and free APG did not show statistically significant
differences, may be due to the fast clearance that artificial tears and
small molecules undergo in the ocular surface (Weng et al,, 2018). In
comparison to other drug delivery systems, NLC exhibit high potential
for the treatment of DED. Composed of lipid assemblies, NLC exhibit
high mucoadhesive properties towards corneal epithelial cells, which
may extend precorneal retention time and sustained release of encap-
sulated therapeutics. In previous studies it has been deseribed that NLC
adhere to the glycocalyx, a protective layer on the corneal epithelium,
facilitating gradual release of their lipid components into the tear film
(Niamprem etal,, 2019), Lipids would then integrate within the tear film
lipid layer, enhancing its stability and reducing tear evaporation
(Niamprem et al, 2019), Furthermore, other in vive studies demon-
strated that NLC exhibited prolonged precorneal film formation, pro-
moting tear film stability under desiccated conditions and protecting
cormeal epithelial cells from damage. These findings suggest that NLC
possess properties similar to a biomimetic tear film, offering potential as
a therapeutic strategy for tear replacement and replenishment in DED
treatment (Niamprem et al,, 2019),

It s well-established that inflammation is part of DED pathology and
it is triggered by the activation of innate immune components within
ocular surface cells, a decrease in tear film stability, and an elevated tear
osmolarity. For this reason, anti-inflammatory eye drops may be used
but they possess associated side effects (Perez et al,, 2020; Yagei and
Gurdal, 2014). Therefore, in vivo experiments were carried out to
explore the anti-inflammatory activity of APG-NLC, iIn which treatment
and prevention of the inflammation by using SA as an inflammatory
stimulus were performed. In the treatment assay, it was observed that
free APG had a great anti-inflammatory response 1 h after application.
APG is a flavone with a well-known anti-inflammatory activity, which
decreases inflammatory markers (Ginwala et al., 2019). To date, there
have been no reports indicating that APG acts as an anti-inflammatory
molecule when administered ocularly. Only a few studies have
demonstrated the in vitro capacity of APG to reduce certain inflamma-
tory markers. For instance, it has been described that APG alleviated
TNF-a-induced apoptosis in retinal ganglion cells (Fu et al,, 2014),
Furthermore, one of the plants that contains APG, chamomile, has
shown several properties when applied ocularly (Bigagli et al., 2017).
Eye drops containing chamomile and Euphrasia, showed to protect
cormneal epithelial cells exhibiting wound healing activity, strong anti-
oxidant activity, and anti-inflammatory properties by decreasing COX-2,
IL-18, INOS expression. Otherwise, empty NLC also exerted an anti-
inflammatory activity 1.5 h after instillation. As mentioned above,
rosehip oil has beenreported to possess anti-inflammatory activity, then
the reduction of the inflammation exerted by SA could be reduced. APG-
NLC resulted very effective in the treatment of inflammation because of
their reduction of swelling since the first 30 min of instillation. This
effect could be related to the combined effect of all the components in
the nanoparticles, in which the release of APG from the NLC possessed
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an initial burst and a posterior sustained release, increasing its anti-
inflammatory properties, and the rosehip oil present in the lipid ma-
trix could also contribute to the activity exerted. On the other hand, the
in vivo experiment about the prevention of the inflammation highlighted
the potential of APG-NLC to prevent the inflammation caused by DED. In
this assessment, the free APG showed its properties at the beginning of
the experiment, which could be related to its fast clearance from the
ocular surface, being not able to exert its full activity. The empty
formulation also showed a fast action, mainly related to the presence of
rosehip oil. Finally, APG-NLC was the most effective tweatment, probably
due to the NLG composition. Firstly, its cationic charge and HA
improved its mucoadhesion to the ocular surface, followed by the action
of the lipid matrix, mainly the rosehip oil, and the initial burst release of
APG. Then, it could be observed that when APG was released, the ocular
inflammation score was progressively reduced, almost reaching the
minimum. Therefore, after topical application, the synergy of all the
components in APG-NLC produced a suitable anti-inflammatory
response.

These results showed the ability of the lipid nanoparticles to revert
the signs of DED. Empty NLC and APG-NLC were able to improve all the
studied parameters of DED. These results could be due to the novel
composition of the nanoparticles. The addition of the rosehip oil grants
anti-inflammatory and antioxidant properties to NLC (Kiralan and Yil-
dirim, 2019; Lin et al., 2017). Because of this fact, empty NLC showed
interesting properties against DED. The addition of APG improved the
tear secretion on the Schirmer test, probably due to its encapsulation in
NLC conferring improved anti-inflammatory properties against DED
symptomatology.

5. Conclusions

In summary, a novel nanotechnological approach has been devel-
oped for the effective management of DED and its associated ocular
complications. This approach involves encapsulating APG within
cationic NLC coated with HA, resulting in a nanosystem with suitable
physical stability and sustained APG release. Extensive in vitro and in
vive assessments confirm the biocompatibility of the developed NLC,
with no adverse effects on ocular tissues and demonstrated uptake by
corneal cells. Additionally, APG-NLC exhibit enhanced therapeutic ef-
ficacy in DED and ocular inflammation animal models. Empty NLC also
ameliorate DED signs, but the addition of APG to NLC improved tear
flow and anti-inflammatory capacity. Hence, APG-NLC may represent a
promising system for the treatment and prevention of DED.
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ARTICLE INFO ABSTRACT

Keywords: Uveal melanoma, a highly aggressive intraocular tumor and the second most common form of ocular malignancy,
Drug delivery currently lacks effective therapeutic options. Therefore, this study addresses an unmet medical need by devel-
Na?OStmcmmd lipid carriers oping nanostructured lipid carriers (NLC) as a potential delivery system for melatonin (MEL) to target uveal
Melatonin

melanoma. NLC were optimized for ophthalmic administration by the addition of a cationic surfactant to in-
crease mucoadhesivity to the negatively charged ocular surface. MEL-loaded NLC (MEL-NLC) exhibited suitable
particle size (<200 nm), good colloidal stability (5 months), and sustained MEL release. In vitro cytotoxicity
assays demonstrated antiproliferative activity against uveal melanoma cells while maintaining corneal cell
viability, further confirmed by in vitro HET-CAM test and in vivo ocular tolerance studies. Additionally,
inflammation studies were performed since inflammation constitutes one of the main hallmarks of cancer
development and progression. Consequently, MEL-NLC displayed anti-inflammatory properties. Furthermore,
preliminary biodistribution results suggested their ability to reach the posterior segment of the eye, mainly the
retina and the ciliary body, positioning them as a promising strategy for uveal melanoma treatment.

Uveal melanoma
Anti-inflammatory efficacy
Cytotoxicity studies

1. Introduction

Uveal melanoma (UM) is the second most common type of primary
ocular malignancy, with an incidence ranging from 0.1 to 8.6 cases per
million individuals. It is particularly prevalent among individuals of
Caucasian descent and its incidence also increases with age, with the
majority of cases occurring in individuals over 50 years old. Despite its
relative rarity, UM is a highly aggressive cancer that poses significant
challenges due to the lack of effective therapeutic options [1]. UM
originates from melanocytes residing in the uvea, a pigmented layer of
the eye comprising the iris (in the front chamber), choroid, and ciliary
body. More than 90 % of UM develops in the choroid, while only 6 %

occurs in the ciliary body and 4 % involve the iris [2,3]. Ocular treat-
ment primarily aims to preserve vision and the eye itself, encompassing
a diverse range of therapies including radiotherapy, phototherapy, and
local resection, with enucleation reserved for exceptionally severe cases
[4]. Despite extensive research efforts, the overall survival rate of pa-
tients with metastatic UM has remained stagnant over the past three
decades. Even following successful treatment of the primary tumor,
approximately 50 % of UM patients develop a metastatic disease, which
typically disseminates in a heterogeneous manner. Currently, there are
no effective therapies to prevent metastasis, but a rapid intervention
may potentially prevent the development of lethal UM. Metastases from
UM exhibit limited responsiveness to chemotherapy or targeted therapy
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and are typically fatal within one year of their appearance [1,5,5].

Melatonin (MEL), a ubiquitously expressed endogenous maolecule, s
primarily produced by the pineal gland, intestinal tract, immune system,
and brain, Beyond its role in regulating circadian rhythms, MEL exhibits
a broad specorum of biclogical activities, influencing endocrine pro-
cesses, reproductive cyeles, bone metabolism, cell eycle progression, and
mitochendrial function regulation [6]. Notably, MEL possesses oneo-
static properties, demonstrating promising potential as an anti-cancer
therapeutic agent in various malignancies. Studies conducted on UM
and normal uveal melanocyte cell lines have suggested MEL selective
ability to suppress the growth of UM cells while sparing normal mela-
nocytes. Addidonally, cell culture and animal model studies have pro-
vided evidence that MEL can inhibit the proliferation of both uveal and
cutaneous melanoma eells. In UM patients undergoing plaque brachy-
therapy, MEL's antioxidant properties may offer additional benefits by
counteracting the detrimental ocular side effects associated with radi-
ation exposure [7,E]. Despite its promising properties, MEL is degraded
when exposed o air and light. Studies have shown that MEL"s half-life is
significantly reduced when exposed to these conditions [9]. This
degradation can lead to reduced effectiveness of MEL as a therapeutic
agent.

In last decades, different nanocarriers with sustained drug delivery
capabilities have been developed for ecular applications. These nano-
scale delivery systems present few advantages in comparison to tradi-
tional diug delivery methods for treating posterior eve diseases, such as
their ability to effectively target specific ocular tiesues and release
medication over an extended period [10,11]. Nanotechnology has the
potential o improve oncology by providing innovative approaches for
cancer therapy, detection, and diagnosis, This field offers the possibility
of directlly targeting chemotherapeutic agents to cancerous cells and
tmors, guiding surgical resection, and enhancing the therapeutic effi-
cacy of radiation and other existing treatment modalities [12,13].
Ameong various types of nanoparticles (MF), lipid NP have gained
considerable attention owing to their ease of scale-up and low toxicity.
Salid lipid nanoparticles (SLN), the first-generation lipid NP, emerged in
the early 19905, While demonstrating promising results, they exhibited
limitations such as drug expulsion during storage and limited drug
loading capacity, To address these shortcomings, nanostructured lipid
carriers (NLC), the second-generation lipid NP, emerged. By incorpo-
rating liquid lipids into the formulation, NLC enhanced the cargo ca-
pacity of NF and improved storage stability [14-16].

Previous siudies have demonsirated the potential of NLC encapsu-
lating MEL using natural compounds as a suitable delivery system to
potentially trear several types of tumors [17]. Therefore, we aimed o
develop a novel formulation, MEL-MLC, designed to protect MEL from
degradation and extend its short half-life, incorporating a eationic sur-
factant, dimethyldioactadecylammonium bromide (DDAB), in order to
enhance the bivavailability of NLC when administered onto the ocular
mucosa, Cationie surfactants, due to their positive charge, exhibit
electrostatic attraction with the negatively charged ocular mucosa. This
interaction leads to prolonged drug residence time on the ocular surface
[18]. Furthermore, DDAB has a well-established safety profile in other
studies for ocular delivery, demonstrating no toxicity up to a concen-
wation of 0.5 %, in comparison to other cationic surfactants such as
cetylrimethylammonium bromide [19]. Moreover, in our previous
studies using DDAB as a cationic surfactant, the formulation showed in
vitro safety in human corneal cells, and in vive ocular safety when
administrated into rabbit eyes [20].

This investigation aimed to optimize a nanostructured drug delivery
system utilizing cationic NLC loaded with MEL for the therapeutic
management of UM, This study focused on the different in vitro and in
wivo studies to assess their biocompatibility, eytotoxicity against UM cell
lines, and anti-inflammatory efficacy to mitigate the inflammation
related o cancer [21].
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2. Materials and methods
2.1, Marerials

MEL was sourced from Thermo Fisher Selentific (Massachusetts,
USA). Gattefossé (Madrid, Spain) provided Compritol® B88 ATO
(glyceryl distearate). Sigma Aldrich (Madrid, Spain) supplied Tween®
80 (Polysorbate 80) and Nile red (MR). Rosehip oil was obtained from
Acofarma Férmulas Magistrales (Barcelona, Spain), and DDAE from TCI
Europe (Zwijndrecht, Belgium). All other reagents were of analytical
grade, Water purification was achieved using a Millipore Milli-Q Flus
system.

2.2, MEL-NLC preparation and optimization

The preparation of MEL-MLC was performed using the hot high-
pressure homogenization technique (Homogenizer FPG 12800, Stans-
ted, United Kingdom). First, an initial emulsion was obtained by mixing
the components at 8000 rpm for 30 s using an Ulranarax® T25 (KA,
Germany). The fabrication conditions were 85 °C, three homogenization
eycles, and a pressure of 900 bar. In order to obtain a positive swrface
charge, increasing amounts of cationic lipid DDAB were incorporated
into the optimized formulation derived from previous studies (data not
shown).

2.3, Physicochemical characterization

The physicochemical characteristics of mean average size (Zq.) and
palydispersity index (PI) were assessed using photon correlation spec-
woscopy (PCS) with a Zetasizer NanoZS insurument (Malvemn In-
struments, Malvern, UK), Measurements were conducted at 25 °Cand a
scattering angle of 90°, Samples were diluted 1:10 with Milli-Q water.
Zeta potential (ZP) was determined by electrophoretic light seattering
using the same insmrument. Samples were diluved 1:20 with Milli-Q
water to ensure optimal measurement conditions. All measurements
were performed in wiplicate to ensure data reproducibility [22,23].

Encapsulation efficiency (EE) was indirectly determined by quanti-
fyving the free drug content in the MEL-MLC dispersion [ 23], Each sample
was centrifugated using Amicon® Ulra 0.5 centrifugal filter device
(Amicon Millipore Corporation, Ireland) at 14000 rpm for 15 min. The
supematant contained free  MEL, which was quantified by
high-performance liquid chromatography (HPLC). EE was determined
by caleulating the difference between the initial drug quantity and the
amount of free drug remaining in the supernatant after centrifugation,
using Eq. (1) [24]:

_ Total amount of MEL — Free amount of MEL
- Total amount of MEL

The quantification of MEL was carried out employing a Kromasil®
C18 column (5 pm, 150 = 4.6 mm) with a mobile phase gradient. The
gradient consisted of a water phase containing 2 % acetic acid and an
arganic phase constituted by methanol. The gradient eluted from 40 %
to 60 % water phase over 5 min and retumed to the initial composition
in the following 5 min. The flow rate was setat 0.9 mL/min. Detection of
MEL was achieved using a Waters® 2996 diode array detector at 300
nun, and data processing was performed with Empower® 3 Software
[25].

EE x 100 Equation 1

2.4, Characterization of optimized MEL-NLC

2.4.1. Transmission electron microscopy

The morphology of the NLC was studied by wansmission electron
microscopy (TEM) on a JEOL 1010 microscope (Akishima, Japan). To
visualize the morphology of MEL-NLC, negative staining was employed.
Uranyl acetate (2 %) was applied to copper grids previously activated
with UV light [26].
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24.2. Interaction studies

Differential scanning calorimetry (DSC) was employed to analyse the
thermal profile of MEL-NLC, DSC 823e System (Mettler-Toledo, Barce-
lona, Spain) was utilized. System calibration was verified using an in-
dium pan (purity >99.95 %; Fluka, Switzerland), and an empty pan
served as reference. Measurements were conducted within a nitrogen
atmosphere with a heating ramp from 25 to 105 °C at 10 °C/min. Data
analysis was performed using Mettler STARe V 9.01 dB software (Met-
tler-Toledo, Barcelona, Spain) [27].

The crystallinity of the samples was assessed using X-ray diffraction
(XRD). Samples were positioned between 3.6 pm polyester films and
irradiated with CuKe radiation (45 kV, 40 mA, A = 1.5418 ;\) in the 26
range of 2°-60° with a step size of 0.026° and a dwell time of 200 s per
step [28].

Fourier-transform infrared (FTIR) analysis of MEL-NLC was per-
formed using a Thermo Scientific Nicolet iZ10 spectrometer equipped
with an ATR diamond and a DTGS detector (Barcelona, Spain) [26].

2.5, Stability studies

MEL-NLC samples were stared at 4, 25, and 37 °C for several months.
The stability of these samples was evaluated by analysing their light
backscattering (BS) profile using a Turbiscan® Lab instrument. A glass
cell containing 10 mL of sample was employed. Data were collected at
30-day intervals. The light source employed was a pulsed near-infrared
light-emitting diode (A = 880 nm), and the BS signal was received by a
detector placed at an angle of 45° relative to the incident beam.
Simultaneously, Zyy, P, ZP, and EE values were determined [24].

2.6. Biopharmaceutical behaviour

To study the in vitro release profile of MEL from the NLC in com-
parison with free MEL, the direct dialysis method under sink conditions
for 48 h was performed (n = 3). 9 mL of each formulation were loaded
into separated dialysis bags (cellulose membrane, 12-14 kDa MWCO,
3.20/32" diameter, Tberlabo). The bags were then immersed in
phosphate-buffered saline (PBS, 0.1 M) containing 0.1 % sodium
dodecyl sulphate at pH 7.4 (release media) at 37 °C (body temperature).
At predetermined intervals, 0.3 mL aliquots of the release media were
withdrawn and replaced with fresh media. MEL concentration in the
collected samples was quantified by HPLC, and the data were subse-
quently analysed using various kinetic models [22,25].

2.7, Qcular tolerance

2.7.1. Invitro study: HET-CAM test and HET-CAM TBS

The HET-CAM assay was used to evaluate the in vitro ocular tolerance
of MEL-NLC formulations, ensuring their suitability for ophthalmic
administration [29]. Following Interagency Coordinating Committee on
the Validation of Alternative Methods (ICCVAM) guidelines, 300 uL of
each formulation (free MEL, MEL-NLG, positive control of NaOH 0.1 M,
and negative control of NaCl 0.9 %) were applied to the choricallantoic
membrane of fertilized chicken eggs (3 eggs per group). Each egg was
monitored for 5 min post-application, noting the onset of irritation,
coagulation, and hemorrhage [30]. The ocular irritation index (OII) was
calculated using Eq. (2):

Ol =

{301 —H):5 {301 —V)7 {301 —C)-9
300 *

200 200 Equation 2

where H, V, and C represent time (in seconds) until the onset of hem-
orrhage, vasoconstriction, or coagulation, respectively. Formulations
were then classified as: non-irritating (OII €0.9), weakly irritating (0.9
< OII <4.9), moderately irritating (4.9 < OII <8.9), or irritating (8.9 <
OIl <21).

Furthermore, at the end of the HET-CAM experiment, in order to
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quantify the damage of the membrane, trypan blue staining (TBS) was
applied. Following topical exposure, the choricallantoic membrane
(CAM) was incubated with 1 mL of 0.1 % TBS for 1 min. Dye excess was
removed by rinsing with distilled water. The stained CAM was then
excised and homogenized in 5 mL formamide. The absorbance of the
extract was measured spectrophotometrically at 595 nm to quantify the
incorporated trypan blue. A calibration curve of TBS in formamide was
used to determine the amount of absorbed dye [31].

2.7.2. Invivo study: Draize test

To validate the findings from the HET-CAM assay, the Draize primary
eye irritation test was conducted on New Zealand albino rabbits. Firstly,
50 pL of each formulation were instilled into the conjunctival sac of each
rabbit (n = 3/group) with a gentle massage to ensure corneal penetra-
tion. Signs of irritation (cormeal opacity, conjunctival hyperaemia,
chemosis, ocular discharge, and iris abnormalities) were monitored
immediately, 1 h post-instillation, and at predetermined intervals (24 h,
48 h, 72 h, 7 days, and 21 days). The untreated contralateral eye served
as the negative control, Draize scores were assigned based on direct
observation of corneal opacity/cloudiness, iris changes, and conjunec-
tival alterations (hyperaemia, chemosis, swelling, and discharge) [27].

2.8. Cellular experiments

2.8.1. Cell culture

Human corneal epithelial (HCE-2) cells were cultured in keratino-
cyte serum-free growth medium (SFM; Life Technologies, Invitrogen,
GIBCO®, Paisley, UK). The medium was supplemented with bovine pi-
tuitary extract (0.05 mg/mL), epidermal growth factor (5 ng/mL) con-
taining insulin (0.005 mg/mL), penicillin (100 U/mL), and streptomycin
(100 mg/mL). Cells were cultured in flasks at 37 °C in a humidified
atmosphere with 10 % CO», until reaching 80 % confluency [30].

Human uveal melanoma (UM 92-1) cells were cultured in RPMI-
1640 medium (Euroclone, Milan, Italy), added with 10 % fetal bovine
serum, 2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL step-
tomycin, Cells were incubated on a culture flask up to 80 % confluency
at 37 °C and 10 % GO, [32].

2.8.2. Cell viability

The cytotoxicity of MEL-NLC was assessed using the MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay. This
assay measures the metabolic activity of viable cells through the
reduction of the tetrazolium salt by intracellular dehydrogenases. For
this, 100 UL of a cell suspension of 2 x 10 cells/mL for HCE-2, or 1 x
104 cells/mL for UM 92-1 cells, were seeded in a 96-well plate and
incubated for 48 h at 37 °C in the appropriate complete medium before
treatment. To mimic real corneal conditions, HCE-2 cells were exposed
to various sample concentrations (1 x 10 3.0.1 mg/mL) for 5, 15, or 30
min, while UM 92-1 cells were incubated for 24 h. Following incuba-
tior, the medium was discarded, and a solution of MTT (0.25 % in PBS,
Sigma-Aldrich Chemical Co., St. Louis, MO, USA) was added. Aftera 2-h
incubation, the medium was replaced with 100 pL. DMSO (99 %
dimethyl sulfoxide, Sigma-Aldrich). Cell viability was then quantified by
measuring absorbance at 560 nm using a Modulus® Microplate
Photometer (Turner BioSystems Inc.,, Sunnyvale, CA, USA). The results
were expressed as the percentage of viable cells compared to untreated
control cells [28,30,33].

2.8.3. Cellular uptake

To assess MEL-NLG internalization within HCE-2 cells, 1 x 10° HCE-
2 cells/mL were seeded into an eight-well chamber slide (ibidi®,
Grifelfing, Germany) until 80 % confluence, Cells were then incubated
with NR labeled MEL-NLC at 37 °C for 5, 15, and 30 min. PBS washes
removed non-internalized NLC, followed by fixation with 4 % para-
formaldehyde (30 min, 25 °C). After additional PBS washes, nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPT) during 10 min at
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25 °C, cell membranes with Alexa Fluor™ 488 conjugated Wheat Germ
Agglutinin (WGA, 30 min, 25 *C). Images were captured using a Leica
Thunder Imager DMI8 (Leica Microsystems GmbH, Wetzlar, Germany)
equipped with a 63x oil immersion objective lens [34,35].

2.9, In vivo studies

2.9.1. Anti-inflanmatory efficacy

To evaluate MEL-NLC ability to mitigate ocular inflammation, both
preventative and anti-inflammatory efficacy tests were conducted on
New Zealand male albino rabbits (n = 3/group). Formulations included
MEL-NLC, free MEL, and NaCl 0.9 % (control).

For the prevention study, 50 L of each formulation was applied to
the rabbit’s eye. After 30 min, 50 uL of 0.5 % sodium arachidonate (SA)
in PBS was instilled to induce inflammation (right eye), with the left eye
serving as contol. In the anti-inflammatory study, SA was applied 30
min before the formulation. Ocular evaluations were performed from
initial application to 210 min following a modified Draize scoring sys-
tem [29,30].

2.9.2, Ocular in vivo biodistribution

in vivo biodistribution studies were conducted by administering two
separate 50 L doses of either MEL-NLC loaded with NR or NR solution
into the conjunctival sac of New Zealand albino rabbits, separated by 5
min of clearance. After 3 h, the animals were euthanized, and the eyes
were enucleated. Each eye was then immersed in 4 % paraformaldehyde
in PBS for 24 h and then transferred to a solution containing 4 %
paraformaldehyde and 30 % sucrose. After another 24 h, the eyes were
embedded in O.C.T. compound cryo-embedding medium and frozen at
—80 °C. Subsequently, frozen eyes were sliced using a cryostat (Leica CM
3050 S, Leica Microsystems GmbH, Wetzlar, Germany) and the cellular
nuclei were stained with DAPI to visualize cell structures, Fluorescence
images were acquired using a Leica Thunder Imager DMI8 (Leica
Microsystems GmbH, Wetzlar, Germany) and analysed using ImageJ
software [36].

2.10. In vivo experimentation

All procedures adhered to the guidelines of the UB Ethical Com-
mittee for Animal Experimentation and followed current regulations
(Decree 214/97, Gencat) and protocols were approved under the code
326/19. Furthermore, all the in vivo procedures comply with the ARRIVE
guidelines and were carried out in accordance with the UK. Animals
(Scientitic Procedures) Act, 1986 and associated guidelines, EU Direc-
tive 2010/63/EU for animal experiments.

New Zealand white male rabbits (2-2.5 kg, San Bernarde farm,
Navarra, Spain) were kept in individual cages with free access to food
and water in a controlled 12/12 h light/dark cycle under veterinary
supervision, Rabbits were anesthetized with intramuscular administra-
tion of ketamine HCL (35 mg/kg) and xylazine (5 mg/kg) and euthanized
by an overdose of sodium pentobarbital (200 mg/kg).

2.11. Statistical analysis

Statistical analyses were conducted using GraphPad Prism 9. Two-
way ANOVA followed by Tukey’s post-hoc test was used for multiple
group comparisons, while Student’s t-test was used for pairwise com-
parisons. Data are presented as mean + standard deviation (SD). Sta-
tistical significance was set at p < 0.05.
3. Results

3.1. MEL-NLC preparation and optimization

The optimized formulation obtained in a previous study was used for
the present investigation (7.5 % lipid phase, 5 % surfactant, and 0.05 %

10/
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MEL). Based on this formulation, increasing amounts of the cationic
lipid DDAB were added to study its influence on the physicochemical
properties of the nanoparticles (Table 1), The optimized formulation
was selected based on the physicochemical parameters, aiming to obtain
ZP values greater than +15 mV and PI below 0.3. Following these
criteria, the cationic optimized formulation was the one containing 0.07
% of DDAB.

3.2. Characterization of optimized MEL-NLC

TEM analysis revealed that MEL-NLC exhibited almost spherical and
soft morphologies (Fig. 1A and B), with particle sizes below 200 nm,
corroborating the findings obtained by PCS (Fig. 1C). Moreover, as
predicted by the obtained ZP values (420 mV), no particle aggregation
was found (Fig. 1D).

DSC was employed to investigate the melting behavior of the lipid
mixtures and MEL-NLC. Thermograms (Fig. 2A) showed an endothermal
peak of 72.22 °C for the lipid mixture with MEL, and the lipid mixture
without MEL had a melting point of 73.14 °C. Regarding to the formu-
lations, the empty and the loaded NLC presented a melting temperature
of 72,89 °C and 72.30 °C respectively. It can be observed that the
incorporation of MEL on the bulk lipid or into the particles provoked a
decrease in the melting temperature, which could be related to the ac-
commodation of MEL into the lipid crystals, becoming more amorphous
[37,38]. The melting enthalpy for the lipid mixture without MEL was
121.29 Jg 1, for the lipid mixture with MEL was 119.44 Jg 1, for the
empty NLC was 93.76 Jg |, and for the MEL-NLC 91.91 Jg 1 It was
observed that the samples with a higher crystalline structure possessed
the higher values, while the most amorphous sample was MEL-NLC with
the lower melting enthalpy [38]. MEL melting transition was charac-
terized by an endothermal peak at 118.52 °C (AH = 134.70 Jg 1) fol-
lowed by decomposition.

FTIR spectroscopy was employed to examine the interactions be-
tween the drug, surfactant, and lipid matrix (Fig. 2B). MEL characteristic
peaks were located at 3303 cm 1 (N-H), 1629 cm 1 (C=0), 1555 cm 1
(C-0),and 1212 cm 1 (C-N). The NLC (empty and loaded) spectra dis-
played a prominent peak at 1100 em ', which corresponds to the sur-
factant [39]. Discrete MEL peaks were observed in the MEL-NLC
spectrum at 1000-1200 em L. No evidence of strong bonds between
MEL, the lipid phase, and the surfactant were detected.

XRD profiles demonstrated the physical state of MEL encapsulated in
NLC (Fig. 2C). MEL and the lipid bulk exhibit a crystalline structure as
evidenced by prominent and sharp peaks. Certain characteristic MEL
peaks (19.13, 19.94, and 24.27°) exhibited a minor intensity in the MEL-
NLC profile, suggesting that the drug exists in a dissolved state within
the NLC (molecular dispersion). The crystallinity of the other formula-
tion components was also examined. The physical mixture of the lipids
and the physical mixture containing MEL revealed two pronounced
peaks at 21.17° (26) i.e.,, d = 0.42 nm and 23.09° (26) i.e,, d = 0.46 nm.
These peaks indicated the second stable form of triacylglycerals, the
phase. MEL-NLC had a highly intense peak at 19.36° (26) i.e.,, d = 0.46
nmand 21.23° (26) i.e., d = 0.42 nm, followed by another peak at 23.27°
(26) i.e.,, d = 0.38 nm, indicating suitable stability of the formulation
[37,40,41]. In contrast, two of these peaks, at 19.36° and 23.22°, were
observed in the empty NLC with lower intensity.

Table 1

Effect of catienic lipid on the physicochemical parameters.
DDAB (%) Zew + SD (nm) PI &+ SD ZP 4 SD (mV)
0.010 2937 + 4.2 0.199 £+ 0.032 —3.44+02
0.025 2004 £ 24 0.219 4+ 0.003 0.9+03
0.050 1795 £ 26 0.193 £+ 0.004 102+ 0.2
0.060 1721 £ 15 0.231 + 0.013 131+ 06
0.070 164.2 + 0.6 0.212 + 0.013 19.2 4+ 0.7
0.080 135.7 £ 08 0.364 + 0.011 20.6 £ 0.4
0.090 130.4 £ 0.2 0.480 + 0.009 241£00
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Fig. 1. Physicochemical and morphological characterization. (A) TEM images with scale bar 500 nm; (B) TEM images with scale bar 100 nm; (C) Histogram of
average size distribution measured by dynamic light scattering; (D) Zeta potential plot measured by laser-Doppler electrophoresis.
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Fig. 2. Interaction studies of MEL-NLC and their components, (A) DSC curves; (B) FTIR analysis; (C) XRD patterns.

3.3. Stability studies

Stability studies were conducted using BS profiles of each sample at
different temperatures (Fig. 3). BS profiles provide insights into the
destabilization mechanisms, including sedimentation, aggregation, and
agglomeration. In this context, BS profiles of MEL-NLC were investi-
gated at 4, 25, and 37 “C, MEL-NLC formulation demonstrated stability
at 4 °C for a period of 5 months, whilst at 25 °C, stability lasted for 15
days (BS differences >10 %). Physicochemical parameters remained
consistent at 4 °C throughout the investigation (Table 2). The optimal
storage temperature of 4 “C was consequently chosen.

3.4. Biopharmaceutical behaviour

The in vitro release profile of MEL from the NLC exhibits a slow and
sustained release kinetics, indicative of a prolonged drug delivery
formulation (Fig. 4). The best fit model for free MEL was exponential
plateau (1* = 0.9873) and for MEL-NLC was the two-phase association
(r2 =0.9845). The MEL solution achieved the 100 % before the first 7 h
following a zero-order kinetic, while MEL-NLC reached the plateau after
the first 24 h approximately a 77 % adhering to a first-order kinetic. The
liberation of MEL from MEL-NLC showed a first fast release, with a
higher kinetic constant (Kq) and a shorter half-life time (ty 9, the time
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Fig. 3. Backscattering profiles of MEL-NLC stored at (A) 37 °C, (B) 25 °C, and (C) 4 °C.

Table 2
Physicochemical parameters of MEL-NLC stored at different temperatures.
Temperature Day Zay £ SD PI + SD ZP + SD EE + SD
“Cy (nm) (mV) (%)
0 168.9 + 0.216 = 19.1+05 79.8 £
24 0.007 0.2
37 5 193.8 + 0.232 — 14.4 4+ 0.3 75.1 +
0.3 0.007 0.5
25 15 170.1 + 0.200 - 18.01 0.1 784 L
07 0.004 0.1
30 230.4 L 0.224 = 11.7 1 0.5 76.1 L
3.1 0.035 0.2
4 15 162.0 + 0.218 = 203 109 77.9 £
1.2 0.012 0.6
30 163.1 + 0.221 = 205104 784 £
0.8 0.007 0.1
60 167.8 + 0213 = 21.2 4+ 0.9 76.8 +
1.5 0.015 0.8
120 166.2 £ 0.218 = 19.24+ 041 78.9 £
1.4 0.021 0.3
150 167.1 + 0.231 = 2051+0A1 77.1 £
0.8 0.007 0.4
210 179.9 + 0.268 — 18.7 + 0.4 77.6 +
0.1 0.016 0.1

required for the initial concentration to decrease to one-half). In
contrast, the slow and sustained release phase of MEL-NLC had the
slowest K4 and the highest t; /5.

3.5. Ocular tolerance

Ocular tolerance was assayed in vitre and in vivo (Fig. 5) examining
free MEL and MEL-NLC. Previous to this assay, DDAB ocular tolerance
was assessed by HET-CAM at the maximum concentration reported as
safe in other studies (0.5 %), confirming that it was non-irritant, After-
wards, the developed NLC resulted non-irritant neither in vitre nor in
vivo, while the free MEL resulted moderately irritating in vitre and non-
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irritant in vivo. Although the HET-CAM test is useful for assessing eye
irritation from water-soluble and surfactant-based substances, and that
it is useful to identify non-irritant compounds, such as MEL-NLC, ccca-
sionally it could show a poor correlation with the in vivo assays, as it is
observed in the case of free MEL, which resulted non-irritant in vivo [42].

3.6. Cellular experimentis

3.6.1. Cell viability

The cytotoxicity of free MEL and MEL-NLC formulations was deter-
mined on HCE-2 cells to assess their compatibility with corneal cells
following topical application (Fig. 6A). Samples were incubated for 5,
15, and 30 min to simulate the in vivo contact between the formulation
and the human cornea. Cell viability was assessed using [SO 10993-5
guidelines, where viability above 80 % indicates non-cytotoxicity,
60-80 % weak cytotoxicity, 40-60 % moderate cytotoxicity, and
below 40 % indicates strong cytotoxicity. Results demonstrated that free
MEL exhibited minimal cytotoxic effects on HCE-2 cells, with viability
remaining above 80 % for all tested concentrations and incubation
times. Otherwise, the most concentrated dilutions of MEL-NLC (0.1 mg/
mL) resulted moderately toxic at all the incubation times, which could
be related to the high electrostatic interaction between the negatively
charged surface with the cationic NLC [43]. All the other concentrations
resulted weakly toxic for the corneal cells.

The cytotoxic effect exerted on the tumoral cells is shown in Fig. 6B.
It can be observed that in most of the studied concentrations, MEL-NLC
showed a significantly higher antitumoral effect than the free MEL,
probably, because of the slow release of MEL and the increased cell
penetration of MEL-NLC, leading to a higher cytotoxic effect. In the
diluted concentrations, free MEL did not show toxicity to the UM cells
after 24 h.

3.6.2. Cellular uptake

The cellular uptake of MEL-NLC was investigated in the HCE-2 cell
line. Following various incubation times, the fluorescent NLC were
visualized by fluorescence microscopy. The nucleus was stained with
DAPI and the cell membrane with Alexa Fluor™ 488-WGA. The merged
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Fig. 4. Invitro release profile of free MEL against MEL-NLC performed by triplicate. (A) Release profile graphical representation of MEL-NLC vs free MEL carried out
for 48 h. Results were expressed on drug accumulative release percentage (%6) vs sampling time point (h), (B) adjustment to a two-phase assaciation (MEI-NI.C) and

exponential plateau model (free MEL).

Fig. 5. Invitro and in vivo irritation assay. (A B) Negative control, NaCl 0.9 % and untreated contralateral eye respectively, (C) Positive control, NaOH 0.1 M, (D E)
Free MEL and (F-G) MEL-NLC.
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Fig. 6. Cell viability assays on HCE-2 and UV-92-1 cells, experiments were assessed in triplicate, and the experiments were repeated up to 5 times. The results were
expressed as the percentage of viable cells compared to untreated control cells. (A) Effect of free MEL and MEL-NLC on the viability of HCE-2 cells at 5, 15 and 30
min, (B) Cylotoxie effects of free MEL and MEL-NLC on UM-92-1 cells at 24 h.
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images (Fig. 7) revealed the presence of MEL-NLC inside the cells,
mainly in the cytoplasm, indicating that the particles successfully
penetrated the corneal cells without disrupting their morphology, such
as vacuolization caused by benzalkonium chloride [44]. Additicnally,
the fluorescence signal intensified with increasing incubation time.
Analysis using Interactive 3D Surface Plot in ImageJ confirmed this
observation and demonstrated that cells incubated with MEL-NLC for
30 min exhibited higher fluorescence intensity compared to those
incubated for 5 or 15 min. No fluorescence was detected in control cells.

3.7. In vivo experiments

3.7.1. And-inflammarory efficacy

To evaluate the anti-inflammatory efficacy of MEL-NLC in vivo, the
capacity to prevent and treat ocular inflammation was investigated.

The efficacy of NLC in preventing inflammation was examined.
Treatments were administered 30 min before exposure to SA, and the
severity of inflammation was assessed. Fig. 8A demonstrates a signifi-
cant reduction in inflammation after 30 min exposure to SA. Free MEL
exhibited a slower reduction in corneal swelling compared to MEL-NLC.

Treatment

Nuclei and cell
membrane

Control

5 min

15 min

30 min
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This difference can be attributed to tear clearance, which rapidly
removes free MEL from the ocular surface. In contrast, MEL-NLC exhibit
enhanced adhesion to the cornea, enabling them to remain in the ocular
environment for a longer timepoints, thereby providing sustained anti-
inflammatory effects. Furthermore, MEL-NLC demonstrated significant
differences compared to the positive control and free MEL over time (p
< 0.001).

The efficacy of NLC as a treatment for inflammation was further
evaluated in vivo. Treatments were administered 30 min after SA expo-
sure, and the severity of inflammation was assessed at various time
points. Fig. 8B shows a significant reduction in inflammation within 120
min following MEL-NLC administration. This slower but effective anti-
inflammatory response can be attributed to the controlled release of
NLC. Otherwise, free MEL showed a faster onset of anti-inflaimmatory
activity compared to MEL-NLC. This difference can be attributed to
the controlled release of MEL from NLC, which prolongs its therapeutic
effect but delays its initial delivery.

3.7.2. In vivo biodistribution
To visualize the distribution of MEL-NLC after topical ophthalmic

Merged 3D surface plot

Fig. 7. Cellular uptake of MEL-NLC in HCE-2 at different incubation time (5, 15, or 30 min). White arrows highlight the samples localization, scale bar 50 pm
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Fig. 8. Comparison of ocular anti-inflammatory efficacy of free MEL an MEL-NLC. (A) Inflammation prevention, (B) inflammation treatment. Values are expressed as
mean + 8D; **p < 0.01, ***p < 0.005, and ****p < 0.001 significantly lower effect of free MEL than the inflammatory effect induced by SA; $$$Sp < 0.001
significantly lower effect of MEL-NLC than the inflammatory effect induced by SA; #p < 0.05, ##p < 0.01 and ###4#p < 0.001 significantly lower effect of MEL-NLC

than the free MEL.

administration, NR, a lipophilic probe, was encapsulated into NLC,
resulting in the formation of MEL-NLC-NR. Topical administration of
both MEL-NLC-NR and free NR solution was performed on New Zealand
albino rabbits to investigate the in vivo biodistribution. After 3 h, ani-
mals were sacrificed, and their eyes were collected and subsequently
sliced. Whole eye images were analysed, and their fluorescence intensity
was quantified in order to stablish the biolocalization of the formulation.
Fluorescence microscopy analysis revealed that MEL-NLC-NR appeared
to accumulate in the posterior segment of the eye, specifically in the
retina. Fig. 9A shows statistical differences between the 3 studied
groups. Control eyes showed some retinal autofluorescence, mainly
caused by the photoreceptors and retinal pigment epithelium [45].
Moreover, no statistically significant differences in the mean fluorescent
intensity (MFI) between NR and the control were found indicating that
no NR was able to achieve posterior segment tissues after 3 h. Moreover,
MEL-NLC-NR showed significant differences between both control and
NR, which indicates that the formulation achieved the inner tissues of
the eye, specifically, the retina (Fig. 9B).

4. Discussion

UM is a rare type of ocular cancer, in which approximately a 50 % of
patients develop metastases [5]. In the present study, a formulation
loading MEL into a cationic rosehip-based NLC has been developed.
Based on a prior formulation developed, the incorporation of a cationic
surfactant shifted surface charge towards a positive, probably enhancing

A) * B)
= 1500

)

1000+

500

Mean fluorescent intensity (A.U.

Control NR MEL-NLC

MEL-NLC adhesion to the ocular mucosa and promoting their bicavail-
ability upon topical administration. This is particularly advantageous
cue to the negatively charged mucus layer that coats the corneal surface.
In this area, cationic surfactants facilitate electrostatic interactions be-
tween the positively charged nanoparticle surface and the anionic ocular
mucosa, leading to a prolonged drug residence time. Among cationic
surfactants, DDAB demonstrated minimal ocular toxicity and reduced
irritation potential compared to other cationic surfactants [46,47].

To optimize the concentration of DDAB in the formulation, incre-
mental amounts were incorporated. The preferable amount of DDAB
should achieve suitable physicochemical parameters for ocular delivery,
such as a small size below 200 nm, PTunder 0.3 and a ZP around +20 mV
[16]. Increasing amounts of DDAB leaded to smaller particle sizes,
which could be related to the reduction of the surface tension [48]. PT
was maintained around 0.2 until 0.08 % DDAB, whereas at higher
concentrations increased over 0,3, ZP varied from negative to positive
surface charge, in which the concentrations up to 0.07 % DDAB pro-
duced a ZP around +20 mV. Based on these parameters, the optimal
DDAB amount was 0.07 % since it accomplished suitable physico-
chemical parameters suitable for ocular administration.

Using this formulation, interaction studies demonstrated the suc-
cessful incorporation of MEL into NLC [49]. DSC analysis revealed that
MEL-NLC exhibited the lowest melting point, indicating a highly
amorphous state, probably due to the incorporation of the drug inside
the amorphous lipid structure. This could prevent expulsion of the drug
from the nanoparticles during storage [50]. In comparison to the

0)

Fig. 9. Biodistribution studies performed in New Zealand rabbits. (A) Comparison of mean fluorescent intensity on the posterior eye part of a control, NR solution
and MEL-NLC labeled to NR. (B) Fluorescent image of a rabbit ciliary processes treated with MEL-NLC-NR (in red) showed with a scale bar of 100 pm. (C) Fluorescent
image of a rabbit sclera treated with MEL-NLC-NR (in red) showed with a scale bar of 50 pm. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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negatively charged NLC, the cationic formulation presented higher
melting enthalpies for all the mixtures (bulk 1ipid, empty NLC or loaded
NLC). This fact indicates that the positive formulation shifts towards a
more erystalline structure, since higher energy was necessary to achieve
the melting point, thus leading to a reduced stability in comparison to
the prior formulation [17,40]. Further analysis employing FTIR spec-
troscopy indicated the absence of covalent bonds between MEL and the
lipid matrix, suggesting that their interaction was primarily mediated by
non-covalent forces, such as hydrogen bonds and hydrophobic in-
teractions [51]. Additionally, XRD studies showed characteristic peaks
of the stable forms of triacylglycerols, known as the p and ' forms [37,
40,411, However, the formulation showed a reduced stability in com-
parison to the negatively charged NLC from previous studies, which was
16 months at 4 °C, probably due to the inerease in the crystallinity de-
gree caused by this DDAB addition [17]. Moreover, the samples at
higher temperatures (25 and 37 °C) showed a short stability, which
could be related to their Brownian motion, increasing their collision
frequency, facilitating their destabilization [52]. Furthermore,
MEL-NLC demonstrated sustained in vitro release, in contrast to MEL
solution, which exhibited a rapid release profile. Release studies
revealed that MEL solution achieved its platear rapidly, reaching
approximately 100 % drug release within the first few hours. In contrast,
MEL-NLC required approximately 24 h to reach its plateau, releasing
approximately 78 % of the drug into the receptor medium. In compar-
ison to previous studies [17], in which the negatively charged formu-
lation was prepared, the initial burst phase was much faster in the
positively formula, with a higher Ky and a lower ty,, (Kq of 1.15 vs 0.32
h 1 and ty,» 0f 0.60 vs 2.16 h from positive and negative formulation
respectively). Furthermore, the prolonged release phase was faster in the
positive formula (Kqof 0.14vs0.06 h 1 and ty2 0f 4.94vs 11.52 h from
positive and negative formulation respectively). Other studies reported
differences between the release of different drugs from lipid nano-
particles regarding their composition. Specifically, Zoubari et al. [53]
found that the addition of a different lipid into the formulation resulted
in a faster drug release due to the less organized lipid matrix, making
softer particles. Regarding to the kinetic order, the free drug adhered to
a zero-order kinetie, in which the drug isreleased at a constant rate [54].
Otherwise, MEL-NLC adhered to a first-order kinetic, in which the
amount of drug released is proportional to the amount of remaining drug
in the matrix. Thus, the amount of active released tends to decrease in
function of time, creating a sustained and slow release [55]. This ki-
netics were also observed by Shafiei et al. [56] in their polymeric film
incorporating metronidazole, in which the drug was released slowly
during a week, reaching the plateau after 4 days. Our results among to
the stability and interaction studies could mean that the addition of the
cationic surfactant DDAB could result in a more ordered lipid structure,
which decreased its stability, and increased MEL release, which could be
favourable in order to achieve higher amounts in a faster manner into
the inmer tissues of the eye.

To assess ocular safety of the formulated drug, in vitre and in vive
evaluations were performed. The in vitro HET-CAM test revealed that
MEL-NLC exhibited no irritation upon direct application to the chorio-
lantoic membrane. Additionally, the HET-CAM TBS assay, a quantitative
method based on trypan blue uptake to assess cell viability, confirmed
the lack of significant cellular damage induced by MEL-NLC. Free MEL
resulted moderately irritating in vitre, fact that other studies have also
reported [57]. However, this data could be related to the use of organie
solvents or surfactants that are necessary to ensure MEL solubilization
[58]. Subsequently, an in vivo ocular Draize test was conducted to
further evaluate the formulations safety. The results demonstrated that
free MEL and MEL-NLC did not cause any ocular irritation or redness in
animal eyes, indicating their safety for ocular administration.

Moreover, in vitro studies confirmed that free MEL was non-toxic in
corneal cells in all the studied concentrations. These findings agreed
with the role of MEL into the eye under physiological conditions, in
which mainly MEL is a regulator of physiological circadian rhythm
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processes [59]. Regarding to the formulation, it was found that with 5
min incubation time, the eoncentrations up to 0.01 mg/mlL MEL-NLC
resulted non-toxie. These results were significant due to the real resi-
dence time of formulations into the ocular surface, which usually is very
reduced due to the nasolacrimal clearance [60,61]. Otherwise, when
incubation time was increased, the formulation showed a weak toxicity
in all the tested concentrations. This effect could be attributed to several
factors, including the positive charge of the lipid NLC, which promotes
electrostatic interaction with the negatively charged cell surfaces. This
interaction could lead to an increase in oxidative stess and reactive
oxygen species (ROS) [62]. Additionally, NLC exhibit high affinity for
cells, facilitating their interaction [63]. These facts were observed dur-
ing the internalization study, in which from the first 5 min until 30 min
incubation time, MEL-NLC were internalized into the cells, increasing
the fluorescence signal at longer timepoints. Furthermore, in despite cell
viability assays resulted in a weak toxicity, the morphology of the cells
did not change or showed vacuolization, which is related to toxie sub-
stances in corneal cells [44].

In order to assess the potential activity of the naneformulation
against UM, cytotoxicity was assessed in UM cells. For free MEL, the
most concentrated dilutions caused cytotoxic effects. Previous studies
reported that MEL in UM cells was active in a range of 0.1-10 nM [64].
However, in our studies, the concentrations able to achieve cytotoxic
effects were higher which may be due to the increased cell density used
(3 % 10% vs 1 x 10% cells/well respectively). It has been reported that
when higher cell density is used, it could result in lower cytotoxicity
[65]. Regarding MEL-NLC, the two most concentrated dilutions resulted
in high cytotoxicity (<20 % cell viability), while the other tested di-
lutions were moderately cytotoxic (40-60 % cell viability). The higher
cytotoxicity could be related to the increased release of MEL inside the
tumeral cells, improving its bioavailability and therapeutic efficacy.
Furthermore, other investigations have reported that UM cells express
transmembrane receptors for MEL, and its membrane receptor agonists
inhibited the growth of UM cells even at low concentrations [7]. These
findings could also contribute to the highest activity of MEL-NLG, as in
addition to the high penetration of NLC into cells, non-encapsulated
MEL or the initial burst release of MEL could also be effective by
reaching the membrane receptors of the UM cells,

Inflammation is a hallmark of cancer development and progression,
involving a complex interplay between immune cells, stromal cells, and
tumeor microenvironment [66]. The cells contributing to
cancer-associated inflammation are relatively genetically stable, exhib-
iting lower rates of drug resistance compared to cancer cells themselves.
Therefore, targeting inflammation represents a promising strategy for
both cancer prevention and therapy [67]. Despite decades of research,
the precise role of inflammation in UM progression remains poorly un-
derstood. UM tumors exhibit an inflammatory phenotype characterized
by abundance of immune mediators and proinflammatory cytokines in
their surrounding mieroenvironment [68]. For this reason, the potential
anti-inflammatory activity of MEL-NLC was performed. In the treatment
and prevention assays, it was observed that MEL had a great
anti-inflammatory action. It is well known that MEL possesses protective
properties against various ocular disorders, including photokeratitis,
cataract, retinopathy of prematurity, and ischemic/reperfusion injury
[69]. Additionally, MEL has been shown to mitigate retinal damage
associated with glaucoma and diabetes [70]. In this area, Meng et al.
[71] explored the anti-inflammatory activity of MEL after a corneal al-
kali injury in mice model. They reported that the infiltration of in-
flammatory cells and pro-inflammatory eytokines, such as TNF-o, IL-1p
and IL-6 were reduced after MEL treatment. In another study, ocular
uveitis was induced with an injection of lipopolysaccharide (LPS) and
posteriorly treated with MEL. It was observed that the leakage of cells
and proteins decreased. Also, MEL treatment protected the retinal
structure and decreased NOS activity, lipid peroxidation and TNF-o
[70]. Otherwise, MEL-NLC showed greater anti-inflammatory activity,
probably because of the increased delivery of MEL into the ocular
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tissues, and its prolonged release.

Finally, in vivo biodistribution confirmed the ability of MEL-NLC to
reach the inner tissues of the eye. Mainly, the formulation showed high
affinity for the retina, and also it was retained in the ciliary processes. Its
relatively high penetration could be related to the small size of the
nanocarrier, its lipid matrix nature, and its improved mucoadhesion
properties because of the cationic surface charge. Other studies
confirmed that NLC were able to inerease drug penetration rate,
increasing drug levels into ocular tissues [72]. Moreover, numerous
studies have highlighted the enhanced interaction of cationic nano-
particles with the ocular surface [73-76]. For instance, a study inves-
tigated the mucoadhesive properties of cationic nanoparticles loaded
with an antifungal drug. The results revealed a strong interaction be-
tween the negatively charged mucins of the ocular surface and the
nanoparticles, demonstrating their potential for targeted drug delivery
to ocular tissues [73]. These findings are relevant due to the location of
UM tumors, which are the ciliary body and choroids [4]. As MEL-NLC
had an increased accumulation on the inner tissues of the eye, the
formulation could be able to target these tumeors and release MEL,
increasing its therapeutic activity.

5. Conclusions

This study introduces a novel formulation of cationie lipid nano-
particles capable of encapsulating MEL for topical ophthalmic admin-
istration. MEL-NLG exhibit suitable physicochemical characteristics,
including particle size below 200 nm, menomodal size distribution,
spherical shape, and suitable stability. Encapsulation of MEL within NLC
significantly enhanced its therapeutic efficacy, both in vitro and in vivo,
demonstrating potent preventive and therapeutic anti-inflammatory
activities. Furthermore, in vitro studies demonstrated selective cytotox-
icity in uveal melanoma cells and in vivo biodistribution studies using
fluorescent-labeled NLC suggested their ability to penetrate to the pos-
terior ocular segment, potentially targeting uveal melanoma.
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Abstract

Cancer threatens the lives of about 9 million people every year globally, making it one of the
biggest causes of death. However, current cancer treatments are frequently associated with
significant adverse event profiles and can exhibit limitations in therapeutic efficacy. Therefore,
the combination of the pharmaceutical properties of the natural flavone Apigenin (APG) and the
neurohormone Melatonin (MEL), could represent a key combination therapy for tumoral
processes. However, both possess low agueous solubility and high light degradation. To overcome
these limitations, APG and MEL are here proposed for their dual-loading into nanostructured lipid
carriers (NLC) based on rosehip oil, in order to increase the bioavailability and efficacy of these
two drugs. Optimization, physicochemical characterization, biopharmaceutical behaviour, and in
vitro studies were assessed and compared to the single-loaded NLC. The optimized formulation
co-encapsulating APG and MEL owned suitable physicochemical properties, with an appropriate
stability. Biopharmaceutical behaviour studies demonstrated that both compounds were released
from NLC in a prolonged and sustained manner. Cytotoxicity studies showed great potential and
selective cytotoxicity in tumoral cell lines, especially in the leukaemia cell line. This novel and
natural treatment could open a new therapeutical window in cancer treatment.

Keywords

Lipid nanoparticles; Apigenin; Melatonin, cancer; natural compounds, co-encapsulation.
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1. Introduction

Cancer remains a global health concern, being one of the leading causes of premature death
worldwide. In 2020, around 19 million people were diagnosed with cancer, leading to
approximately 10 million deaths [1,2]. Conventional cancer therapies, including chemotherapy
and radiotherapy, often exhibit adverse effects and suboptimal treatment outcomes. Specifically,
chemotherapy is frequently administered to over 50 % of cancer patients, but it can
simultaneously impact both healthy and cancerous cells, causing significant side effects.
Moreover, these therapies can induce chemoresistance, impeding their effectiveness over time
[3,4]. As aresult, there is an urgent need for the development of innovative therapeutic strategies
to address these limitations.

In previous studies, the natural flavone Apigenin (APG) and the neurohormone Melatonin (MEL),
have shown their promising activity against several cancer cell lines [5,6]. APG is a natural
flavonoid, with a extremely low toxicity, that has shown a significant potential in the prevention
and therapy of tumoral processes [7]. Despite of its anti-cancer activity, the combination of other
drugs with APG may concurrently activate multiple cell signalling pathways. Several studies have
shown that combination therapy with APG in various types of cancer, not only enhances the
effectiveness of chemotherapy, but also reduces its side effects by targeting multiple cell
signalling pathways [8]. APG is mainly known for influencing apoptotic pathways, such as TRAIL,
MAPK, Akt and JAK-STAT signalling [9]. In this way, MEL is an endogen neurohormone that
possesses anticancer and oncostatic properties mediated by different mechanisms of action.
Several studies indicated that MEL used in combination with other anticancer therapies, was able
to improve the drug sensitivity of tumaoral cells, including solid and liquid tumours, and reducing
its side effects, protecting non-tumorigenic cells from the toxicity of chemodrugs [10-12].
Furthermore, it possesses several molecular pathways, such as inhibition of apoptosis in healthy
cells to protect them, modulation of autophagy, and inhibition of angiogenesis and metastasis
[13,14]. For these reasons, the combination of APG and MEL could constitute a new tool for cancer
treatment. Despite the great potential of this combination, the main challenge relies on the fact
that both molecules suffer from low bioavailability because of the degradation by light, fast
clearance and low aqueous solubility in the case of MEL, and a high metabolization and low
agueous solubility in the case of APG [15,16].

In recent years, pharmaceutical research has been focused on the development of
nanotechnological systems for several applications, particularly in the field of drug delivery.
Nanocarriers are designed to deliver drugs to specific tissues with enhanced therapeutic efficacy
and reduced side effects [17]. These nanocarriers overcome the limitations of conventional
therapies by improving drug solubility, enhancing pharmacokinetics, and enabling targeted
delivery. In particular, lipid nanoparticles have garnered significant attention for cancer therapy
due to the possibility of passive targeting, a mechanism wherein tumour cells selectively
accumulate nanoparticles due to their enhanced permeability and retention (EPR) properties
[18,19]. Among them, nanostructured lipid carriers (NLC) have emerged as promising candidates
owing to their ability to encapsulate both lipophilic and hydrophilic drugs, the use of
biocompatible lipids, to provide a prolonged drug release profile, and facilitate large-scale
production [20]. Furthermore, in previous studies, the use of NLC has shown to offer an efficient
encapsulation of individually loaded APG or MEL, with a favourable in vitro release, and good
stability [5,6].

In order to overcome bioavailability problems and chemical instability of APG and MEL, we
developed APG and MEL loaded NLC (APG-MEL-NLC) for the treatment of various types of
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tumours. Furthermore, the natural compound rosehip oil, extracted from the seeds of wild roses,
served as the liquid lipid choice due to its appealing pharmaceutical properties [21]. Rosehip oil
has traditionally been employed in dermal applications as a skin regenerative agent and exhibited
anti-inflammatory and antioxidant effects [22,23]. Moreover, previous studies suggested that the
incorporation of the rosehip oil to the formulation, increased the antitumoral activity [5,24].
These properties could potentially exert a synergic mechanism with the anticarcinogenic activity
of both, APG and MEL to enhance the therapeutic efficacy.

A dual formulation of next-generation lipid nanoparticles was developed and optimized for the
simultaneous co-administration of APG and MEL. Physicochemical and morphological
characterization, compound interactions, and in vitro release profiles were investigated.
Furthermore, their cellular internalization was assessed. Additionally, the antiproliferative activity
of the NLC was evaluated in different tumour cell lines to determine their potential therapeutic
benefits and compared to the previous formulation encapsulating each compound alone.

2. Materials and methods

2.1. Materials

APG was purchased from Apollo Scientific (Cheshire, UK). MEL was obtained from Thermo Fisher
Scientific (Massachusetts, USA). Compritol 888 ATO® (glyceryl distearate) as the solid lipid (SL)
was kindly gifted from Gattefossé (Madrid, Spain). Tween® 80 (Polysorbate 80) and Nile red (NR)
were purchased to Sigma Aldrich {Madrid, Spain). Rosehip oil was purchased to Acofarma
Formulas Magistrales (Barcelona, Spain). All others chemical reagents and components used in
this research were of analytical grade. A Millipore Milli-Q Plus system was used to obtain purified
water.

2.2. APG-MEL-NLC preparation and optimization

APG-MEL-NLC were produced using a hot high-pressure homogenization process [25]. Initially, a
primary emulsion was prepared employing an Ultraturrax® T10 basic homogenizer at 8,000 rpm
for 30 seconds. Subsequently, the primary emulsion was subjected to three homogenization
cycles at 900 bar pressure and 85 °C.

The production of APG-MEL-NLC labelled with NR (APG-MEL-NLC-NR}) was carried out following
the same procedure as APG-MEL-NLC, but with the addition of a 0.025 % of NR to the formulation.

Design of Experiments (DoE) was employed to optimize the formulation parameters due to its
ability to gather information efficiently, minimizing the number of experiments required. This was
achieved by utilizing a central composite factorial design, encompassing two replicated centre
points, sixteen factorial points, and eight axial points, implemented using Statgraphics Centurion®
18 version 18.1.12 software (Virginia, USA). Four independent variables, APG/MEL concentration,
surfactant concentration, lipid phase concentration, and solid lipid concentration (SL/lipid phase),
were examined to determine their impact on the physicochemical properties of NLC. The
dependent variables investigated were Zav, PDI, ZP, and EE [5].

2.3. Characterization of optimized APG-MEL-NLC

The mean average size (Z.,) and polydispersity index (PDI) were evaluated using dynamic light
scattering (DLS) employing a ZetaSizer Nano ZS instrument (Malvern Instruments, Malvern, UK).



Zeta potential (ZP) was assessed based on electrophoretic mobility measurements. For Z,, and PDI
analysis, the formulations were diluted 1:10 with Milli-Q water. For ZP measurements, the
nanoparticles were diluted 1:20.

Encapsulation efficiency (EE) was indirectly determined by quantifying the non-encapsulated APG
and MEL in the APG-MEL-NLC. Prior to analysis, APG-MEL-NLC was diluted 1:40 with a mixture of
miliQ water with a 10 % ethanol. The non-encapsulated APG and MEL were separated from the
NLC by filtration/centrifugation at 14,000 rpm (Mikro 22 Microliter Centrifuge, Germany) utilizing
an Amicon® Ultra-0.5 centrifugal filter device (Amicon Millipore Corporation, Ireland)[26]. The
non-encapsulated APG and MEL passed through the filter and was analysed by HPLC. EE was
calculated for each drug following Equation 1:

Total amount of APG/MEL — Free APG/MEL

EE (%) =
(%) Total amount of APG/MEL

APG and MEL quantification was carried out using reverse-phase high performance liquid
chromatography (HPLC) [5]. Briefly, samples were analysed using an HPLC Waters 2695 separation
module {Waters, Massachusetts, USA) equipped with a Kromasil® €18 column (5 pm, 150 x 4.6
mm). The mobile phase consisted of a mixture of a water phase containing 2 % acetic acid and an
organic phase composed of methanol. A gradient elution was employed, starting with 40 % water
phase, and increasing to 60 % water phase over 5 minutes, followed by a reverse gradient back to
40 % water phase over the next 5 minutes. The flow rate was maintained at 0.9 mL/min.
Quantification of APG was achieved using a Waters® 2996 diode array detector at 300 nm, and
the data were processed using Empower® 3 Software.

2.4. Interaction studies

Differential scanning calorimetry (DSC) analysis was conducted using a DSC 823e system (Mettler-
Toledo, Barcelona, Spain). Thermograms of APG-MEL-NLC and their individual components were
obtained under a nitrogen atmosphere, employing a heating ramp from 25 to 105 °C at 10 °C/min.
The acquired data was evaluated using the Mettler STARe V 9.01 dB software (Mettler-Toledo,
Barcelona, Spain)[27].

Fourier-transform infrared (FTIR) spectra of APG-MEL-NLC, and their components were
determined utilizing a Thermo Scientific Nicolet iZ10 spectrometer equipped with a diamond
attenuated total reflectance crystal and a DTGS detector (Barcelona, Spain) [28].

X-ray diffraction (XRD) patterns of APG-NLC and their components were also evaluated by placing
the samples between two polyester films of 3.6 um thickness and exposing them to CuKa
radiation (45 kV, 40 mA, A = 1.5418 A). The measurements were conducted within a working range
(28) of 2° to 60°, using a step size of 0.026° and an exposure time of 200 seconds for each step
[29].

2.5. Morphology studies

Transmission electronic microscopy (TEM) was utilized to examine the morphology of APG-MEL-
NLC using a JEOL 1010 instrument (JEOL USA, Massachusetts, USA). Initially, copper grids were
activated using UV light, and the APG-MEL-NLC (previously diluted 1:10) were negatively stained
with 2 % uranyl acetate [30].
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2.6. Stability studies

APG-MEL-NLC were subjected to long-term storage at three distinct temperatures (4, 25, and 37
°C) for several months. The stability of the nanoparticles was evaluated by analysing their light
backscattering (BS) profiles using a Turbiscan® Lab instrument (Formulation Inc, Worthington,
USA). To this end, 10 mL of each sample was placed in a glass measurement cell, and BS
measurements were acquired every 15-30 days. Simultaneously, the physicochemical properties
of the APG-NLCs, including Zay, PDI, ZP, and EE, were monitored at 15-day intervals or monthly
until any signs of degradation or instability appeared [31].

2.7. Biopharmaceutical behaviour

The in vitro release of APG and MEL from the NLC formulations was investigated employing Franz-
type diffusion cells (Permegear, Germany) equipped with a diffusion area of 0.20 cm? and cellulose
dialysis membranes (MWCO 12 kDa). The conditions of the experiment were described previously
[5]. Briefly, a receptor medium simulating physiological conditions (a solution of PBS with 5 %
Tween® 80 and 20 % ethanol at pH 7.4) was employed to ensure sink conditions. The formulations
were compared to solution of APG and MEL as a reference. The release study was conducted at
37 £ 0.5 °C for 48 h. An initial volume of 300 plL of each formulation were placed on the donor
compartment, and sample aliquots (150 pL) were withdrawn at predetermined time intervals. The
withdrawn volume was replaced with fresh receptor solution to maintain sink conditions. The APG
and MEL content of the receptor medium was determined using HPLC. Each sample was analysed
in triplicate, and the cumulative amount of APG and MEL released over time was calculated.

2.8. Biological studies

2.8.1. Cell lines

Human biphenotypic B myelomonocytic leukemia MV4-11, human normal breast MCF-10A cells
were obtained from American Type Culture Collection (USA), human lung carcinoma A549, human
breast cancer MCF-7 were obtained from European Collection of Authenticated Cell Cultures (UK).
Human breast cancer MDA-MB-468 cells were obtained from Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures (Germany). All the cell lines are being maintained
at the Hirszfeld Institute of Immunology and Experimental Therapy, PAS, Wroclaw, Poland.

MV4-11 and MDA-MB-468 cells were cultured in RPMI 1640 medium (IIET PAS, Poland) with 1.0
mM sodium pyruvate {(only MV4-11) and 10 % (MV4-11) or 20 % (MDA-MB-468) foetal bovine
serum (FBS) (all from Merck, Germany). A549 cells were cultured in RPMI 1640+0pti-MEM (1:1)
({IIET PAS, Poland and Gibco, UK) supplemented with 5 % FBS (Merck, Germany). The MCF-7 cells
were cultured in Eagle medium (IIET PAS, Poland) supplemented with 10% FBS, 8 pg/mL of insulin
and 1 % of MEM NON-Essential amino acid (all Merck, Germany). Normal breast epithelial MCF-
10A cells were cultured in the HAM’S F-12 medium (Corning), which was supplemented with 10
% Hors Serum (Gibco), 20 ng/mL EGFh, 10 pg/mL insulin, 0.5 pg/mL Hydrocortisone and 0.05
mg/mL Cholera Toxin from Vibrio cholerae (all from Merck, Germany).

All culture media were supplemented with 2 mM L-glutamine (Merck, Germany), 100 units/mL
penicillin, {Polfa Tarchomin S.A., Poland) and 100 pg/mL streptomycin (Merck, Germany). All cell
lines were grown at 37 °Cwith 5 % CO; humidified atmosphere.
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2.8.2. Determination of antiproliferative activity

The solutions of nanoformulation of APG (APG-NLC) (1 mg/mL), MEL (MEL-NLC) (0.5 mg/mL) and
both APG and MEL (APG-MEL-NLC with a concentration of 0.67 mg/mL of APG and 0.33 mg/mL of
MEL) were prepared by dissolving the samples in water. Then the tested samples were diluted in
culture medium to reach the final concentrations. Before adding the tested compounds (24 h
prior), cells were plated in 96-well plates (Sarstedt, Germany) at a density of 1 x10* or 0.5 x10*
(A549) cells per well. The assay was performed after 24 h and 72 h of exposure to 33.5, 3.35, 1.68,
0.34 pg/mL concentration of the APG-NLC and 16.5, 1.65, 0.83 and 0.17 pg/mL of the MEL-NLC.
The concentration of APG-MEL-NLC was prepared to obtain the same concentrations of APG and
MEL as in APG-NLC and MEL-NLC. The in vitro cytotoxic effect of all agents was examined using
the MTT (MV4-11) or SRB assay, described previously [32]. The results were calculated as an 1Cso
(inhibitory concentration 50 %) the concentration of tested agent, which is cytotoxic for 50 % of
the cancer cells. IC values were calculated for each experiment separately using Prolab-3 system
based on Cheburator 0.4 software [33]. Each compound in each concentration was tested in
triplicate in a single experiment, which was repeated 3-5 times. Statistical analysis of cell growth
inhibition was performed by Kruskall-Walis test, GraphPad Prism 7. A statically significant
difference was considered at p < 0.05.

2.8.3. Determination of compounds accumulation in cells by flow cytometry

The APG-NLC, MEL-NLC and APG-MEL-NLC were fluorescently labelled with NR to determine its
accumulation in cells. The leukemia MV4-11 cells were incubated by 5, 15, 30 minand 1, 2, 4 h
with APG-MEL-NLC-NR (in concentration 1.675 pg/mlL and 0.335 pg/mL). After incubation the cells
were collected and washed with PBS. The mean fluorescence of cells incubated with tested
compounds labelled with NR was analysed by flow cytometry using BD LSRFortessa cytometer (BD
Bioscience, San Jose, USA). The untreated cells were used as an unlabelled control. Obtained
results were analysed using Flowing software 2 (Cell Imaging Core, Turku Centre for
Biotechnology, University of Turku Abo Akademi University) [5].

3. Results

3.1. APG-MEL-NLC preparation and optimization

The optimization process was implemented using a DoE approach. A full composite factorial
design with four levels and four factors was developed to systematically evaluate the influence of
the independent variables, namely, the APG/MEL content, the lipid phase (mixture of solid and
liquid lipid), the percentage of 5L in the lipid phase, and the surfactant concentration, on the
dependent variables, the Z,,, PDI, ZP, and EE of APG and MEL. Moreover, APG/MEL ratio was fixed
at 2/1 respectively, based on previously optimized formulations [5,6].

Asillustrated in Table 1, the particle average size of the formulations were approximately 250 nm
and the PD| was approximately 0.2, indicating a well-dispersed distribution of nanoparticles [34].
Moreover, the formulations exhibited a negative ZP below —20 mV, suggesting a suitable stability
of the nanoparticles [31]. The negative charge could be attributed to the ionization of glyceryl
behenate, a fatty acid component of Compritol® 888 ATO [35]. All formulations achieved EE
exceeding 95 % for APG, confirming the complete encapsulation of APG within the APG-MEL-NLC.
However, MEL showed a lower EE into the APG-MEL-NLC. It could be attributed to its higher
solubility in the agqueous phase containing Tween® 80 [15,36].

[20



A)
B phase C:Solid lipid I 3
00— — Biipkdphure —
— 1 R ——
CO  — O:Surfactant
D:Surfactant  — AAPGMEL I
BC BE I
W 1 AA
caosan | — oc  E—
‘Solid ] AD .
A m— BC
e W
AB  Em coc =
AD [ |
cc = ac |
c) o 1 F 3 - 5 D, o 1 2 a .
Dttt —— — K e — -
B0  E— - A E— =
C:Solid lipid I C:Solid lipid I
Silivkiphave  — Olipkiphtes | EE—
AB N DSurfactant I
€D BB
AD N BD
— BC
A:MLW ] co e
A mEm A8 .
g w !
AR
[ 2 4 [ [ ° 2 4 L] L]
Solid lipid=75%; Surfactant=: = F APG/MEL=0.15%; Surfactant=3% o
(a ) - 0,0
= 0.05
- 01
- 015
0.6 LT -II'J
05 “l!".lg? 5 4 :::x
04 e - n,';!
go? -::5
02 - 0.5
0.1 85
o s 5
]
3 6 9 12 4 ss "0 Soldipd(x)
Lipid phase (%)
H) APGIMEL=0.15%; Lipid phase=12.5%
EE MEL (%)
- 0,0
40 - 10,0
= 200
30 - 300

EE MEL (%)
s B
-
-
i
3888
ceer

e
@

L YT o 1 ‘Surfactant (%) 55 &5

7% 85 es O
APGIMEL (%) Solid lipid (%)

Figure 1. DoE optimization of APG-MEL-NLC. (A-D) Pareto’s chart of the influence of the independent
variables for each dependent variable. (A) Z.; (B) PCI; (C) ZP; (D) EE APG. (E-H) DoE surface response of
APG-MEL-NLC; (F) Concentration of APG/MEL regarding to the lipid phase influence on Z.; (F)
Concentration of Lipid phase regarding to the lipid phase influence on PDI; {G) Concentration of Surfactant
regarding to the SLinfluence on ZP; {H) Concentration of Solid lipid regarding to the Surfactant influence on
EE MEL.

In Figure 1 Pareto’s diagram with significant effects on the formulation parameters are shown.
The lipid phase highly influenced the Z,, of the NLC, in which a higher amount of the mixture of
lipids increased the size of the formulation {p < 0.001). PDI was significantly influenced by the lipid
compaosition, in which a higher amount of lipid phase (p < 0.05) but low SL proportion {p < 0.01),
decreased the PDI. Moreover, the surface charge was significantly influenced by the surfactant (p
< 0.0001), and the APG EE was significantly influenced by the amount of APG/MEL in the particle
(p < 0.0001).

As illustrated in Figure 1, increasing the lipid phase concentration resulted in larger NLC with
reduced size dispersion. Surface respense analysis (Figure 1E) suggested that employing less than
10 % lipid phase generated APG-MEL-NLC with diameters below 200 nm. The smallest particles
were obtained using mixtures containing less than 0.1 % of APG/MEL. However, to achieve PDI
below 0.2, high lipid phase concentrations were needed containing low SL concentration (Figure
1F). Regarding to the ZP, a more negative surface charge was obtained when a lower
concentration of surfactant was added (Figure 1G). MEL EE was influenced hy the SL
concentration, in which the central values around 75 % obtained the highest EE (Figure 1H).
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Considering all the evaluated parameters and their subsequent trends, a formulation containing
0.67 mg/mL of APG and 0.33 mg/mL of MEL, 5 % of lipid phase formed by a 75 % of SL, and 4 % of
surfactant has been optimized to carry out further experiments.

Table 1. Design of experiments and characterization of the different formulations developed.

Independent variables Dependent variables

Factorial points

D1 -1 0.1 1 0 1 8 -1 2 2704£36 0.245:0004  -21.0:04 98202 5303
D2 1 0.2 -1 5 1 8 1 4 1503+3.2 0.283+0.008 -21.0+02 99.1+0.1 22.8+13
D3 1 0.2 1 0 1 8 -1 2 279628 0.275:0006 -21.6:0.1 98805 23.2105
D4 -1 0.1 1 0 -1 65 -1 2 2202+1.4  0.189+0.021 -21.2+#0.1 97303 202t01
D5 1 0.2 1 10 1 8 1 4 200.5+15  0.264+0.023 -19.3+05 987+01 100£12
D6 1 0.2 -1 5 1 65 1 2 172.5+1.4  0.230+0.005 -21.6+0.3 99102 42%01
D7 -1 0.1 -1 5 4 65 1 2 153.9+09  0223+0.006 -23.1+06 97.7+0.1 134:19
D8 -1 0.1 -1 5 1 8 1 4 151709  0.216:0.001 221203  97.7+£11 14307
D9 -1 0.1 1 10 -1 65 1 4 190.9+0.7 0.157+0.015 -19.9+06 97.6+03 146120
D10 1 0.2 -1 5 -1 65 1 4 209.5+25  0.229:+0.018 -184+0.3 985:01 19.8+£11
D11 -1 0.1 -1 5 4 65 1 4 176.2+29  0.182+0.015 -17.4+05 959+09 25806
D12 1 0.2 -1 5 1 8 -1 2 187.0£1.8 02840020 -228:03 984:01 19.1:01
D13 -1 0.1 -1 5 1 8 -1 2 1642+0.8 0.273+0.004 -23.2+06 982+01 173:01
D14 1 0.2 1 10 1 65 1 4 1952+23 0.197+0.008 -214+04 99.1+0.1 234:19
D15 -1 0.1 1 10 1 85 1 4 185.7+1.1  0.250+0.013 -19.4+0.1 97.7+06 1201£10
D16 1 0.2 1 0 -1 65 -1 2 2411417  0.212+0.015 -21.8+0.1 98.7+07 14301
Axial points

D17 -2 005 0 75 0 75 0 3 170.9+13  0.206+0.009 -225+13  948+%12 109+0.2
D18 2 025 0 75 0 75 0 3 192.4+04  0.272:0.003 -19.6£09  99.2:06 193106
D19 0 015 2 25 0 75 0 3 188.7+33  0.442+0.012 -207+0.4 97.3+0.7 133101
D20 0 015 2 125 0 75 0 3 2454+29  0.233+0.009 -19.4+0.1  985+01 171101
D21 0 015 0 10 -2 5 0 3 1748+34  0.174+0.025 -21.2+0.3 981+03 26.0£08
D22 0 015 0 10 2 95 0 3 202.8+34  0.353:0.012 -21.9+0.2 988:01 68%10
D23 0 015 0 1 o0 75 -2 1 176.3+0.1  0.245+0.008 -19.3+0.5 989+01 317104
D24 0 015 0 10 o0 75 2 5 289.4+£35 0.119+0016 -164:02 98208 155106
Central points

D25 0 015 0o 75 0 75 0 3 179.3+14  0.253+0.012 -21.0+0.1  984%01 299+0.1
D26 0 015 0 75 0 75 0 3 1755+23 02390010 -21.6+07 989+01 321+13

1

3.2. Interaction studies of APG-MEL-NLC

The interactions between both drugs and the lipid matrix carried out by DSC, FTIR, and XRD are
shown in Figure 2. DSC was used to investigate the variations in the crystallinity and melting point
of the lipid mixtures in comparison with APG-MEL-NLC (Figure 2A). The results showed that the
melting temperature (Tw) of the lipid mixture was slightly higher than that of the lipid mixture
with drugs (67.06 °C and 66.24 °C, respectively). Additionally, the T,, of APG-MEL-NLC was slightly
lower than both physical lipid mixture (65.60 °C), which could be attributed to the small size and
surfactant incorporation into the APG-MEL-NLC [37]. The enthalpy values (AH) were similar
between the lipid mixture and lipid mixture-APG/MEL (77.55 Jg ! and 80.00 Jg %, respectively), and
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the AH of APG-MEL-NLC was lower (56.98 Jg™'). APG alone was also assessed, showing a T, of
365.50 °C and AH = 198.50 Jg*, and MEL had a T, of 118.52 °C and AH = 134.70 Jg™%, indicating
their higher crystallinity and melting point when compared to the lipid mixtures.

FTIR analysis was used to study the interactions between the drugs, surfactant, and the lipid
matrix (Figure 2B). FTIR spectra of APG presented vibrational bands at approximately 3278 em™,
characteristic of the O-H group, multiple small peaks at 2800 cm™! from C-H groups, and additional
peaks at 1650 and 1605 cm™ from the C-O groups [38]. Otherwise, MEL presented characteristic
peaks at 3303 cm-! from the N—H group, at 1629 cm™ from the C=0 groups, at 1555 cm™ from the
C-0 groups, and at 1212 cm™ from the C-N group. The spectra of the APG-MEL-NLC showed a
pronounced peak at 1100 cm™ which corresponds to the surfactant [39]. Furthermore, there was
no evidence of new strong bonds formed in the formulation, and APG and MEL peaks were not
observed, or the peaks were too small, thus confirming drug encapsulation in the lipid matrix.

The XRD patterns in Figure 2C provide evidence of the physical state of the drugs incorporated
into the NLC. APG, MEL and the solid mixture of lipids exhibit a crystalline structure, as indicated
by the strong and sharp peaks observed in the XRD spectra. Some of the characteristic MEL peaks
(19.83°,22.67°, and 24.30°) showed a lower intensity in the APG-MEL-NLC profile and APG peaks
were not visible, indicating that both drugs were present in a dissolved state, corroborating the
EE data. The crystallinity of other formulation components was also studied. The physical mixture
of lipids (bulk lipid) and the mixture with both drugs (bulk lipid + APG/MEL) showed 3 pronounced
peaks at 19.36° (20) i.e. d=0.46 nm, indicating the most stable form of triacylglycerols, the B form,
and two pronounced peaks at 21.36° (20) i.e. d=0.42 nm), and 23.59° (20) i.e. d=0.38 nm,
indicating the second stable form of triacylglycerols, the f’ form [40,41]. APG-MEL-NLC showed a
peak at 19.36° (20) i.e. d=0.46 nm, attributed to the p form [40].
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Figure 2. Interaction studies of APG-MEL-NLC and their components. (A} DSC curves; (B} FTIR analysis; (C)
X-ray diffraction patterns.
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3.3. Morphological studies

The morphology of the APG-MEL-NLC was evaluated by TEM and DLS to ensure a comprehensive
characterization. TEM images revealed almost spherical and soft round shapes of the NLC (Figure
3). DLS measurements confirmed the TEM findings, showing Z., below 200 nm. These results were
consistent with the negative ZP values (-20 mV), indicating stable colloidal dispersions without
aggregation. In comparison to the formulations containing APG or MEL, they shared a similar
round and soft shape morphology.
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Figure 3. Physicochemical and morphological characterization. (A) TEM images with scale bar 100 nm; (B)
Histogram of average size distribution measured by DLS; (C) TEM images with scale bar 100 nm; (D) ZP plot
measurad by laser-Doppler electrophoresis.

3.4. Stability of APG-MEL-NLC

Stability assessments were performed by evaluating Z.,, PDI, ZP, and EE of APG-MEL-NLC along
with analysing BS profiles at different temperatures. BS specifically provides insights into
destabilization mechanisms like sedimentation, agglomeration, or aggregation, which can be
discerned upon detecting differences exceeding 10 % [28]. BS profiles of APG-MEL-NLC were
evaluated at 4, 25, and 37 °C (Figure 4). The APG-MEL-NLC formulation demonstrated stability at
4 °C for 4 maonths, preserving its physicochemical parameters, while at 25 °C, stability lasted 3
months, and at 37 °C, stability was limited to 15 days.
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Figure 4. Backscattering profiles of APG-MEL-NLC stored at (A) 37 °C; (B) 25 °C; and (C) 4 °C.

Furthermore, higher temperatures accelerated particle destabilisation by increasing the ZP to
neutral. As it can be seen in table 2, the formulaticns maintained their physicochemical
parameters until ZP decreased in the case of 25 and 37 °C or increased PDI at 4 °C. These
phenomena can be easily observed in the BS results at 37 °C in which the profile increased because
of the decrease in ZP, promoting aggregation phenomena. In the case of 4 and 25 °C, the BS
changes were not visible, probably because it was in an early stage of destabilisation in which the
BS changes were not patent. Considering these results into account, APG-MEL-NLC stored at 4 °C
showed suitable stability up to 4 months.

Table 2. Physicochemical parameters of APG-MEL-NLC stored at different temperatures.

Temperature pay Z,,tSD PDI + SD ZP + SD EE APG = SD EE MEL = SD

i) (nm) (mv) (%) (%)
0 147.4+04 | 0.125+0.018 | -22.1+1.6 99.9+0.1 522+0.2
37 15 1514+ 0.6 | 0.140+£0.003 | -12.7+2.0 999101 50.1+1.2
30 152.9+1.0 | 0.142+0.013 | -19.7+0.4 98.9+0.2 52.2+0.2
25 60 | 155219 | 0.121+0.015 | -149+0.7 99.5+0.3 51.9+0.5
120 | 158.9+2.0 | 0.130+0.024 -9.2+1.0 999101 52901
30 151.4+06 | 0.140+0.003 | -19.9+0.1 99.8+0.1 52.1+0.2
4 60 155.6+2.0 | 0.164+£0.012 | -21.1+0.4 98.5+0.9 50.5+19
120 | 1449104 | 0.143+£0.023 | -24.4+1.0 99.7+0.1 51.7+03
160 | 131.2+04 | 0.221+0.011 | -243+1.4 99.9+0.1 52.2+02

3.5. Biopharmaceutical behaviour

The in vitro release profile of APG and MEL from NLC against its respective free counterparts
demonstrated that the formulation had a kinetic profile characteristic of prolonged drug release
formulations. As shown in Figure 5, APG release from APG-MEL-NLC best fit was a two-phase
association. An initial burst release of APG was observed during the first two hours, probably due
to the rapid diffusicn of APG molecules from the outer lipid shell of the NLC. Subsequently, a
slower release phase occurred, possibly reflecting the release of APG encapsulated within the
inner lipid core of the NLC. In contrast, free APG exhibited a rapid and complete release within 24
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hours, reaching 100 % release, while APG from APG-MEL-NLC released only approximately 35 %
of its APG content under the same conditions. APG release from APG-MEL-NLC was adjusted to
two phase association equation, and its kinetic constant {(Ky) demonstrated that after the fast
initial release of APG from the NLC, showed a slow release due to its smaller Ky in comparison to
free APG. This fact was also corroborated by the higher half-time life (ti, the time required for
the initial concentration to decrease to half) of the slow-release phase respect to the free APG,
5.259 vs 4.5934 h respectively. Otherwise, MEL from APG-MEL-NLC was fitted to one-phase
association (r’=0.9787). In this case, both the free MEL and MEL from the NLC showed a slow
initial release, followed by a complete faster release. Free MEL achieved 100 % during the first 24
h, while the encapsulated MEL reached a 75 % approximately, demonstrating a slower prolonged
release. The kinetic parameters highlighted this fact, in which the K4 was the half of the value of
free MEL, and the ty;; was the double for MEL from APG-MEL-NLC.

Free APG = Free MEL
A) -+ APG from APG-MEL-NLC B) * MEL from APG-MEL-NLC
100 T % 100 | .
g ! ’ 9
- ) g
a 1 ]
8 s 1 $ 50 ‘
R S
(V] 1 .
S i H /
f#,
O r T T O T T
0 20 40 20 40
Time (h) Time (h)
K4 (h™) t,,, (h) Plateau (%) r2
Free APG 0.151 4.5934 100.4 0.9382
K, =4.651 |t =0.1490
APG from APG-MEL-NLC | ‘%t 1/2fast 34.5 0.7844
Kasiow=0.132 | t3,0504=5.259
Free MEL 0.109 6.372 105.5 0.9940
MEL from APG-MEL-NLC 0.051 13.720 76.6 0.9787

Figure 5. In vitro release profile of APG and MEL from APG-MEL-NLC vs free APG and MEL carried out for 48
h and adjustment to a two-phase association, one-phase association, exponential Plateau, and Plateau
followed by one phase decay madel respectively. (A} APG release profile from APG-MEL-NLC; (B} MEL
release profile from APG-MEL-NLC.

3.6. Cytotoxicity towards selected cancer cell lines

The antiproliferative activity of APG-NLC, MEL-NLC and APG-MEL-NLC, towards leukemia (MV4-
11), lung (A549) and two breast MCF-7 (ER+) and MDA-MB-468 (triple-negative breast cancer,
TNBC) cancer cell lines were evaluated after 24 and 72 h. The toxicity of these compounds was
also tested towards the human normal breast epithelial MCF-10A cells. The results were obtained
by cellular viability assessment MTT (MV4-11) or SRB colorimetric assay. The data for the in vitro
anticancer activity are reported in Table 3, expressed as the |Cso concentration of the individually
loaded NLC {based on either APG or MEL concentration) or the sum of compounds (APG + MEL
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concentration) that inhibits proliferation of the cells by 50 % compared to the untreated control
cells.

Table 3. ICso of APG-NLC, MEL-NLC and APG-MEL-NLC against selected cancer cell lines and non-tumorigenic
human breast epithelial cell line (MCF-10A).

Cell lines |Cso [pg/mL]

Compound
MVv4-11 A549 MDA-MB-468 MCF-7 MCF-10A
24 h 72h 24 h 72h 24 h 72 h 24 h 72h 24 h 72h
APG-NLC 09:£04 0.7£0.2 2109 1.1£0.7 73117 2.1£05 18.9+£4.4 2913 17.4£66 12.1+£0.6
MEL-NLC n.a. 1.0+£05 123£26 2904 8719 5305 13.2+08 2106 8837 5202

APG-MEL-NLC 0.7£0.1 06£0.1 149+£38 30+£08 10.5+£0.3 79£15 13.9+£4.7 29+1.2 122+£19 10.1+£0.5

Moreover, detailed results at three different concentrations of MEL and APG are detailed in Figure
6. Specifically, in Figure 6A, the highest effect for all the samples was found on the leukemia cell
line MV4-11, in which after 72 h, the tested formulations caused a potent cytotoxic effect.
Statistically significant {p < 0.05) higher cell growth inhibition was observed for APG-MEL-NLC in
comparison to MEL-NLC after 24h and 72h (Figure 6A). APG-MEL-NLC showed the highest
effectiveness and having into account the drug ratio and their release, probably the first and faster
MEL release from the NLC exerted a sensibilizing effect on the cells, allowing to APG to provoke a
higher cytotoxic effect, by using a lower concentration than the APG-NLC or MEL-NLC. On A549
cells, APG-NLC showed higher effects than APG-MEL-NLC and MEL-NLC (statistically significant, p
< 0.05); Figure 6B), specially at high doses which is also correlated with high 1Cse values obtained
with the latter formulations. Moreover, in MCF-7 cells the antiproliferative effect of APG-MEL-
NLC was similar to effect of APG-NLC and MEL-NLC individually loaded. In addition, for MDA-MB-
468 cells (triple negative breast cancer, TNBC), similar effects than A549 cells were found showing
superior properties with APG-NLC after 72 h of incubation (which correlates with APG slowed

release).
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Figure 6. Cell growth inhibition of the formulations in each cancer cell line at ditferent concentrations and
ncubation times. (A) Cell growth inhibition in the MV4-11 cell line; (B} Cell growth inhibition in A549 cell
line; (C) Cell growth inhibition in the MCF-7 cell line; (D} Cell grawth inhibitian in the MDA-MB-468 cell line.
Statistical analysis: Kruskal-Wallis test (GraphPad Prism 7}; * significant statistically (p < 0.05) differences
between APG-NLC and MEL-NLC; ¥ significant statistically {p < 0.05} differences between MEL-NLC and
APG+MEL-NLC.

3.7. Accumulation of APG-MEL-NLC in tumoral cells

To evaluate the ability of APG-MEL-NLC to accumulate in leukemia cells, a cytometric approach
with the fluorescent dye NR was employed. NR selectively binds to neutral fats and phospholipids,
and the amount of bound dye is directly proportional to the cellular neutral fat content. MV4-11
leukemia cells were incubated with fluorescently labelled APG-MEL-NLC-NR formulation (in a
concentration of 0.335 pg/mL). Cell fluorescence was assessed using flow cytometry at various
time points, and the findings are presented in Supp. 1. The results corroborate NLC could serve as
an effective transport for delivering biologically active compounds into cells. The mean
fluorescence intensity (MFI} of cells treated with APG-MEL-NLC-NR was compared to that of the
control (unlabelled cells). As shown in Suppl. 1A, after 5 minutes of incubation with APG-MEL-
NLC-NR, significant fluorescence was observed. At all-time points, the MFl was significantly higher
than that of the control (p < 0.05). Notably, the accumulation of APG-MEL-NLC in cells was fast
and stable. MF| values remained stable after 4 h of incubation. The graph in Supp. 1B further
confirms APG-MEL-NLC-NR accumulation in cancer cells, demonstrating a change towards higher
fluorescence intensity (A.U.) in histograms for cells treated with labelled formulations compared
to control, unlabelled leukemia cells.

4. Discussion

In the present study, a novel formulation involving the incorporation of APG and MEL into rosehip-
based NLC was used. In previous studies, both drugs encapsulated into NLC showed a potential
antiproliferative activity in different cancer cell lines, which could lead to a highest therapeutic
activity when they were combined [5,8,11]. A full factorial design was employed to optimize this
formulation through an experimental approach. The analysis showed that the lipid phase had a
statistically significant effect on Z. (p < 0.001), when the amount of the mixture of lipids
increased, the mean size of the particle also increased. Other authors also reported similar results,
obtaining larger nanoparticles when increasing amounts of lipids were added [42]. Moreover, it
was observed on the surface response plot that the lowest amount of APG/MEL, leaded to the
smallest sizes. That fact has been also reported for other authors that increasing amounts of drug,
produced larger SLN and NLC [42]. Otherwise, the lipid phase also affected significantly to the PDI,
lowering it when increasing amounts were added. Furthermore, when the proportion of SLin the
lipid matrix was higher, a more polydisperse formulation was obtained, as other studies also
reported [43]. Regarding to the ZP, in this study was found to become more neutral with
increasing Tween® 80 concentration, which could be attributed to the adsorption of the surfactant
onto the nanoparticles surface and neutralizing its charge [44]. Lastly, the encapsulation of both
drugs followed different trends. APG encapsulation was high in all the formulations (> 95 %),
probably due to its high lipophilic character, possessing a highest affinity for the internal lipid
matrix than the aqueous phase [45). Otherwise, MEL presented a lower EE, which could be
attributed to its slightly greater aqueous solubility [36]. There are no studies that co-encapsulate
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APG and MEL, and there are very few studies that combine APG or MEL with other drugs in
nanocarriers. In this area, APG has been combined and co-encapsulated with the anticancer drug
5-fluorouracil [46]. The authors prepared liposomes that resulted smaller than our formulation
(105.2 nm vs 155.3 nm respectively), with a similar PDI. However, the ZP was practically neutral,
which could result in an unstable formulation. Regarding to the EE of both drugs, the results were
similar than those obtained in this study, in which APG was mostly encapsulated (about 90 %), but
the 5-fluorouracil had a 35 % EE, which could be related to its higher aqueous solubility [47]. MEL
has been also co-encapsulated with another drug, tretinoin, into chitosan nanocarriers [48]. In
this study, the nanoparticles obtained were higher than the obtained NLC (199.0 nm vs 155.6 nm
respectively), with a lower PDI. Their particles obtained a positive ZP due to chitosan [49], and the
obtained EE was of 99 %, without specifying the amount of encapsulated drug.

Interaction studies carried out showed that the lipid bulk became more amorphous when both
drugs were incorporated, indicating the great solubility of APG and MEL into the matrix. This fact
could be observed by the AH and T, reduction when more amorphous was the sample, in this
case, the most amorphous was the APG-MEL-NLC [40,41,50]. FTIR studies confirmed that no
covalent bonds were formed between the drugs and the lipid matrix. This suggests that hydrogen
bonds and hydrophobic forces may be the main forces responsible for the encapsulation and
release of both drugs from NLC [51]). Furthermore, XRD results showed that the formulation had
the characteristic peak of the most stable form of triacylglycerols, the B form, which could be
attributed to a long-term stability. These results agree with the stability studies, in which the
formulation was stable at 4 °C for 4 months. In comparison to the formulations containing APG or
MEL alone, the XRD spectra showed only one of the characteristic peak of stables forms of
triacylglycerols with less intensity, which could be related to its reduced stability (APG-NLC
endured 12 moths, MEL-NLC 17 months, and APG-MEL-NLC 4 months). Furthermore, the APG-
MEL-NLC formulation contained less lipid matrix (5 % in APG-MEL-NLC vs 7.5 % in APG-NLC and
MEL-NLC), which probably could contribute to present a lower stability.

Biopharmaceutical behaviour studies showed a sustained in vitro release profile compared to free
drugs. The release of APG from APG-MEL-NLC fitted the two-phase association model, in which
the formulation provided a first fast release followed by a slower liberation, in which APG reached
approximately 35 %. In comparison to previous studies with APG-NLC, the APG-MEL-NLC was able
to liberate into the medium APG in a faster manner, achieving a higher amount of APG in the
medium. Comparing the kinetic parameters of the prolonged release phase, the ti/s 40w was lower
for APG-MEL-NLC (160.5 h vs 5.3 h), and the kinetic constant was also lower (0.0662 h' vs 0.1318
h1), thus indicating that APG-MEL-NLC released slightly faster APG than APG was alone
encapsulated. Otherwise, the release of MEL from APG-MEL-NLC fitted the one-phase association
model, in which MEL was released slowly during all the experiment {48 h), achieving
approximately a 75 %. As mentioned above, MEL probably had a higher EE, that agrees with the
in vitro release study, in which more of a 50 % of MEL had been released into the receptor
medium. In comparison to the previous studies with MEL-NLC, the release of MEL from APG-MEL
NLC had a similar kinetic behaviour, owning similar Ks and ti» values. The main difference
between both studies was the release medium, in which the actual ones contained the surfactant
Tween® 80 (5 %), which has been described that could cause a slower release of drugs [26], and
the previous one for MEL-NLC, was formed by 0.1 % sodium dodecyl sulphate (SDS). The medium
containing SDS was not used because of the insolubility of APG in it. In this way, free MEL showed
a slower release in comparison to the previous study, which could be attributed to the high
concentration of the surfactant.
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The antiproliferative activity of APG-MEL-NLC towards five different cell lines was evaluated after
24 and 72 h and compared with APG-NLC and MEL-NLC. In the leukemia cell line MV4-11 it was
observed a high cytotoxic effect which was maintained up to 72h. Furthermore, in comparison
with individually loaded formulations, they exhibited an equal or slightly higher activity. APG and
MEL have been investigated using different leukemia cell lines by other authors. In this area, APG
is advocated to induce leukemia cell-cycle arrest, being a potential chemopreventive [52]. MEL is
also reported to exhibit anti-proliferation, apoptosis induction, and immunomodulation activities
against leukemia during in vitro and in vivo experiments [53]. These mechanisms led us to the
hypothesis of a possible additive effects between them which may be highlighted by NLC
entrapment. In this sense, our screening confirms this fact for leukemia cells but it was not found
in the other cell lines analyzed. Specifically, for lung cancer cell line A549, APG-MEL-NLC effects
were similar to MEL-NLC and APG-NLC showed higher cytotoxic effects. In other studies, it has
been reported that APG showed an inhibitory effect on growth, migration and invasion through
the downstream of several protein expression, such as Akt and pro-inflammatory cytokines [54—
56]. MEL upregulates the expression of occluding, suppressed cell proliferation through Akt
pathway and downregulated several pro-inflammatory cytokines [57-60]. These mechanisms
could be related to APG-MEL-NLC lower activity against A549 in comparison to APG-NLC [61].
However, further studies in this area may be necessary. Otherwise, TNBC is a subtype of breast
cancer that lacks expression of estrogen receptors (ER}, progesterone receptors (PR), and human
epidermal growth factor receptor 2 (HER2). These causes TNBC cells to be less responsive to
traditional hormone therapy and targeted HER2 therapies, and as a result, these tumors show
poor prognosis compared to other breast cancer subtypes [62]. Results obtained showed that
APG-MEL-NLC were toxic to TNBC cells but similarly to A549 cells, APG-NLC showed higher
therapeutic efficacy. APG has been reported to target different signal transduction pathways,
reducing the proliferation of MDA-MB-468 cell line through inhibiting interferon-y-induced PD-L1
upregulation, G2/M phase cell cycle arrest, production of reactive oxygen species, and reducing
phosphorylation of Akt [63-65]. Otherwise, other authors in the recent years found out that MEL
reduced cell viability, migration, and/or proliferation in a time- and concentration-dependent
manner, decreasing protein expression of IGF-1R, HIF-1a, VEGF and TRPC6 expression [66-68].
Interestingly, in the breast cancer cell line MCF-7, APG-MEL-NLC showed high antitumoral
properties, with similar 1Cso values in comparison to APG-NLC, which had a higher effect than MEL-
NLC. In comparison to MDA-MB-468 cell line, MCF-7 cells present a hormone sensitivity through
expression of ER and PR, leaking of HER2. These cell line also form tightly cohesive structures
displaying strong cell-cell adhesions, while TNBC cell line form a loosely cohesive grape-like or
stellate structures [69]. It has been described that APG increased intracellular ROS levels, leading
to G2/M cell cycle arrest and activation of the p53 and caspase-cascade signaling pathway, and
also caused significant damage to lipids and DNA. This results in changes in cell morphology,
decreased viability, and ultimately apoptosis [70-72]. Otherwise, MEL has been shown to exert
antiproliferative and anti-invasive effects on MCF-7 breast cancer cells. It achieves this by
modulating cell cycle progression through the control of the p53—p21 pathway, as well as by
reducing cell attachment and motility, likely through its impact on estrogen-regulated
mechanisms. In addition, MEL antiestrogenic properties and the reduction of aromatase activity,
contributed to its inhibitory effects on MCF-7 cell growth and invasion [73-75]. The different
molecular mechanisms of both drugs seemed to have a significant effect in this breast cell line,
while on the TNBC their pathways did not increase its therapeutic activity.

On the other hand, the lipid matrix used for the preparation of APG-MEL-NLC contained rosehip
oil, which demonstrated remarkable antitumor activity against the studied cancer cell lines in our
previous research. Furthermore, the formulation contained Tween 802, this non-ionic surfactant
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is known to effectively inhibit P-gp and play a crucial role in opening tight junctions, enhancing
the paracellular uptake of NLC and increasing their permeability [76]. Rosehip oil, traditionally
used for skin care, has recently shown novel pharmacological features. This oil, derived from the
seeds of Rosa canina sp., is rich in polyunsaturated fatty acids, linoleic acid, linolenic acid, and
phytosterols, particularly B-sitosterol [77]. Studies have assessed the efficacy of rosehip extract
against various cancer cell lines, including colon, lung, prostate, cervix, liver, brain, and breast,
suggesting its potential use in chemotherapy. Treatment with rosehip extract or its purified
fractions resulted in a significant reduction in cell viability, due to its antioxidant properties.
However, its activity may not only be attributed to its antioxidant nature, as it also exhibited
antiproliferative effects. Additionally, in combination with conventional chemotherapeutic
agents, rosehip extract effectively reduced cell proliferation and migration in tissue cultures,
indicating its potential as a valuable addition to cancer treatment regimens [22,78-80]. The
combination of APG and MEL loading of NLC containing rosehip oil demonstrated promising
therapeutic potential for the treatment of leukemia.

The cellular uptake of APG-MEL-NLC was investigated using flow cytometry by encapsulating the
fluorescent dye NR. Leukemic cells were selected for this study due to their high cytotoxic activity.
APG-MEL-NLC-NR demonstrated rapid uptake within the first 5 minutes, and the fluorescence
intensity remained stable throughout all experiments (4 hours). These results suggest that APG-
MEL-NLC were able to effectively penetrate and remain within the leukemic cells, providing a
possible explanation for their high cytotoxic activity against these cells. It is widely recognized that
lipid nanoparticles possess the capacity to quickly penetrate lipid membranes due to their lipidic
composition [81]. These findings could potentially explain the observed high efficacy against these
cells, as the NLC were able to effectively infiltrate and persist within the cell membranes.

5. Conclusions

APG and MEL were effectively encapsulated into NLC containing rosehip oil, resulting in particles
with a mean size below 200 nm, with a PDI lower than 0.2 indicating the uniform size. The EE of
APG was high, reaching nearly 100 %, and for MEL was lower because its higher aqueous solubility.
The APG-MEL-NLC formulation demonstrated excellent stability over a four-month period, with a
sustained release profile for both active compounds. In vitro studies across various cancer cell
lines underscored the therapeutic potential of this novel combination, particularly in leukemia
cells, where the dual natural drugs exhibited an additive effect. This synergy amplified their
pharmacological impact, resulting in heightened cytotoxic activity.

These findings constitute a promising step towards the exploration of combining natural active
ingredients like APG and MEL with bioactive matrices as rosehip oil NLC. By leveraging the diverse
pharmacological mechanisms of these compounds, this approach could pioneer a new avenue in
cancer treatment—potentially outperforming conventional therapies by targeting multiple
pathways simultaneously.
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Abstract

Ocular inflammation is a complex pathology with limited treatment options. While
traditional therapies have side effects, novel approaches, such as natural compounds like
Apigenin (APG) and Melatonin (MEL) offer promising solutions. APG and MEL, in
combination with nanostructured lipid carriers {NLC), may provide a synergistic effect in
treating ocular inflammation, potentially improving patient outcomes and reducing adverse
effects. NLC could provide a chemical protection of these compounds, while offering a
sustained release into the ocular surface. Optimized NLC exhibited suitable
physicochemical parameters, physical stability, sustained release of APG and MEL, and
were biocompatible in vitro in a corneal cell line, and in ovo by using HET-CAM test. /n vitro
and in vivo studies confirmed the NLCs' ability to attenuate inflammation by reducing IL-8,
IL-8 and MCP-1 cytokine levels and decreasing inflammation in a rabbit model. These
findings suggest that the co-encapsulation of APG and MEL into NLC could represent a
promising strategy for managing ocular inflammatory conditions.

Keywords

Lipid nanoparticles, Apigenin, Melatonin, co-encapsulation, ocular inflammation, in vitro.

1. Introduction

Ocular inflammation constitutes a significant and multifaceted challenge in
ophthalmology. Encompassing a spectrum of disorders affecting several occular structures,
from the orbit to the optic nerve, ocular inflammaticon treatment requires a comprehensive
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approach involving multiple medical disciplines (1). The eticlogy of ocular inflammation is
diverse, ranging from infectious and autoimmune processes to vascular and degenerative
conditions (2). While often considered a secondary manifestation of systemic diseases,
such as rheumatoid arthritis or lupus, ocular inflasnmation can also be a primary disorder
with potentially severe consequences, including vision loss (3,4).

The management of ocular inflammation involves substantial therapeutic challenges.
Traditionally, corticosteroids and nonsteroidal anti-inflammatory drugs (NSAIDs) have
constituted the first-line treatment (5,6), but these agents are associated with significant
adverse effects, both locally and systemically (7). The emergence of novel therapeutic
strategies, including immunomodulatory and biologic agents, offers promising avenues for
improved patient outcomes (8). In this area, a better understanding of the underlying
pathophysiology of ocularinflammatory diseases is crucialin order to develop targeted and
effective therapies (9). Recent research has highlighted the role of inflammatory mediators
in conditions previously considered non-inflammmatory, such as age-related macular
degeneration (AMD) and diabetic retinopathy, emphasizing the need for a re-evaluation of
treatment paradigms {(10,11).

Among anti-inflammatory molecules, natural compounds constitute an emerging novel
therapeutic field. In this area, two compounds stand out: Apigenin (APG), the main flavone
of chamomile, and Melatonin {MEL), a neurohormone. APG exhibits potent anti-
inflammatory properties primarily by inhibiting the expression of inducible nitric oxide
synthase {iNOS) and cyclooxygenase-2 (COX-2), key enzymes in inflammatory pathways
(12,13). This reduction in pro-inflammatory mediators is attributed to APG ability to
suppress the activation of transcription factors, such as NF-kB, responsible for regulating
inflammatory gene expression. Additionally, APG antioxidant properties contribute to its
anti-inflammatory effects (14). On the other hand, MEL, an indoleamine synthesized
primarily in the pineal gland, exhibits also potent anti-inflammatory properties. Its
antioxidant activity, including direct radical scavenging and induction of antioxidant
enzymes, mitigates oxidative stress, a key driver of inflammation (15). MEL also modulates
inflammatory responses by inhibiting the nuclear translocation of NF-kB, a transcription
factor pivotal in regulating pro-inflammatory gene expression (16). Consequently, MEL
suppresses the production of cytokines, such as TNF-a and IL-8, and adhesion molecules,
thereby attenuating inflammatory processes (17). Furthermore, it is well-known that MEL is
able to decrease intraocular pressure (IOP), which could counteract the side effects of
NSAIDs and corticosteroids (18). In this way, the combination of PAG and MEL via
complementary therapeutic pathways to inhibit inflasnmation, could represent a disruptive
therapeutic strategy to treat ocular inflammatory pathologies also avoiding common
adverse effects of conventional treatments. Despite the promising synergistic potential of
this combination, a primary limitation is the low bioavailability of both components. MEL
exhibits poor aqueous solubility, rapid clearance, and susceptibility to photodegradation,
while APG suffers from extensive metabolism and low aqueous solubility {19,20).

The ocular surface presents a barrier to drug delivery, characterized by rapid tear turnover,
anatomical corneal barrier, enzymatic degradation, and efficient drug efflux. These
physiological challenges, coupled with the delicate nature of ocular tissues, significantly
hinder the development of effective ophthalmic formulations {21). Conventional dosage
forms, such as solutions and suspensions, often exhibit poor bicavailability due to rapid
drainage and precorneal loss. Consequently, frequent administration is required,
increasing patient burden and potentially inducing ocular irritation. To address these
limitations, nanotechnology-based drug delivery systems have emerged as promising
alternatives (22,23). Lipid nanoparticles offer several advantages including enhanced drug
solubility, prolonged ocular residence time, and protection from enzymatic degradation.
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This approach holds the potential to improve therapeutic efficacy, reduce dosing frequency,
and minimize adverse effects, ultimately enhancing patient compliance and treatment
outcomes (22). Furthermore, last generation of lipid nanoparticles, the nanostructured lipid
carriers (NLC), alsc incorporate a liquid lipid which, in this case is rosehip oil, since it also
may reinforce the intrinsic anti-inflammatory and anti-oxidant properties of APG and MEL
{24,25).

Previous studies have demonstrated the potential of NLC encapsulating APG for dry eye
disease (26), or MEL for the potentialtreatment of uveal melanoma (27). In order to combine
the potential of both compounds, a novel cationic NLC formulation co-encapsulating APG
and MEL was developed. The incorporation of dimethyldioctadecylammonium bromide
{DDAB) as a cationic surfactant aimed to improve the ocular bicavailability of the NLC by
promoting electrostatic interactions with the negatively charged ocular mucosa (28). This
approach was supported by previous studies demonstrating DDAB's safety and efficacy in
ocular drug delivery {29). The present investigation sought to optimize this cationic NLC
formulation for the treatment of ocular inflammation through comprehensive in vitro and in
vivo evaluation of biocompatibility, cytotoxicity, and anti-inflammatory properties in vitro
and in vivo.

2. Materials and methods
2.1. Materials

APG was procured from Apollo Scientific (Cheshire, UK). MEL was obtained from Thermo
Fisher Scientific (Massachusetts, USA). Compritol® 888 ATO (glyceryl distearate) was
supplied by Gattefossé (Madrid, Spain). Tween® 80 {Polysorbate 80) and Nile red (NR) were
purchased from Sigma-Aldrich {Madrid, Spain). Rosehip cil was acquired from Acofarma
Férmulas Magistrales (Barcelona, Spain), and DDAB was obtained from TCI| Europe
{Zwijndrecht, Belgium). All additional reagents employed were of analytical grade purity.
Ultrapure water was generated using a Millipore Milli-Q Plus system.

2.2. APG-MEL-NLC preparation and optimization

APG-MEL-NLC were fabricated by the hot high-pressure homogenization using a
Homogenizer FPG 12800 {Stansted, UK) previously optimized (30). Briefly, a pre-emulsion
was initially formed by subjecting the components to 8000 rpm agitation for 30 seconds
using an Ultraturrax® T25 (IKA, Germany). Subsequent homogenization was conducted
under controlled conditions of 85 °C, with three cycles at a pressure of 200 bar. In crder to
produce a positive surface charge NLC, incremental amounts of the cationic lipid DDAB
were integrated into APG-MEL-NLC obtained in previous investigations (data not shown).

2.3. Physicochemical characterization

The physicochemical properties average size (Z.,) and polydispersity index (Pl) were
characterized by photon correlation spectroscopy (PCS), using a Zetasizer NanoZS
{Malvern Instruments, UK) at 25 °C. Samples were diluted 1:10 in Milli-Q water. Zeta
potential {ZP) was assessed using the same instrument, by laser-Doppler electrophoresis,
with samples diluted 1:20 in Milli-Q water. All measurements were conducted in triplicate
{31).

Encapsulation efficiency (EE) was determined indirectly by quantifying the free APG and
MEL in the supernatant after centrifugation of the APG-MEL-NLC dispersion through an
Amicon® Ultra 0.5 centrifugal filter device. The free drug concentrations were determined
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by high performance liquid chromatography {(HPLC), and EE was calculated based on the
difference between the initial drug amount and the free drug content using Eq. 1 (32).

_ Totalamount of APG+MEL — Free amount of APG+MEL
- Total amount of APG+MEL

EE

x100 Equation1

APG and MEL concentrations were quantified via reverse-phase HPLC. An HPLC Waters
2695 separation module (Waters, Massachusetts, USA) equipped with a Kromasil® C18
column (5 pm, 150 x 4.6 mm) was used for analysis. The mobile phase comprised a water
phase containing 2 % acetic acid and an organic phase composed of methancl. A gradient
elution was implemented, initiating with 40 % water phase, progressing to 60 % water phase
over 5 min, followed by a reverse gradient returning to 40 % water phase in the subsequent
5 min. The flow rate was maintained at 0.9 mL/min. Drug quantifications were achieved
using a Waters® 2996 diode array detector at 300 nm, with data processed using Empower®
3 Software (30).

2.4. Characterization of optimized APG-MEL-NLC

2.4.1. Transmission electron microscopy

The morphology of the NLC was examined using transmission electron microscopy (TEM)
on a JEOL 1010 microscope (Akishima, Japan). Negative staining with 2 % uranyl acetate
was performed on UV-activated copper grids to visualize the morphology of APG-MEL-NLC
(33).

2.4.2. Interaction studies

Thermal properties of APG-MEL-NLC were characterized using differential scanning
calorimetry (DSC) on a DSC 823e System (Mettler-Toledo, Barcelona, Spain). The system
was calibrated with an indium pan and an empty pan as reference. Samples were heated
from 25 to 105 °C at 10 °C/min under nitrogen atmosphere. Data were analyzed using
Mettler STARe V 9.01 dB software. The crystallinity of the samples was evaluated using X-
ray diffraction (XRD) with CuKa radiation in the 28 range of 2° to 60°. Fourier transformed-
infrared (FTIR) analysis of APG-MEL-NLC was conducted using a Thermo Scientific Nicolet
iZ10 spectrometer equipped with an ATR diamond and a DTGS detector (34).

2.5. Stability studies

APG-MEL-NLC samples were subjected to storage at 4, 25, and 37 °C for several days.
Stability was assessed by monitoring light backscattering (BS) profiles using a Turbiscan®
Lab instrument at 30-day intervals. A glass cell containing 10 mL of sample was utilized,
with measurements conducted using a pulsed near-infrared light-emitting diode (A = 880
nm) and a detector positioned at a 45° angle. Simultaneously, Z.., Pl, ZP, and EE values were
determined (35).

2.86. Biopharmaceutical behavior

In vitro release of APG and MEL from NLC formulations was evaluated using Franz-type
diffusion cells with a diffusion area of 0.20 cm? and cellulose dialysis membranes (MWCO
12 kDa). Experiments were conducted under previously described conditions (30), using a
PBS soluticn containing 5 % Tween® 80 and 20 % ethanol (pH 7.4) as the receptor medium.
NLC formulations were compared to APG and MEL solutions as controls. Release studies
were performed at 37.0 = 0.5 °C for 48 h. Formulations {300 pL) were applied to the donor
compartment, and samples (150 pL) were collected at specific time intervals, replaced with
fresh receptor solution. APG and MEL concentrations in the receptor medium were
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determined by HPLC, and cumulative release amounts were calculated. Each sample was
analyzed in triplicate.

2.7. Oculartolerance
2.7.1. Invitro study: HET-CAM test and HET-CAM TBS

The HET-CAM assay was employed to assess the in vitro ocular tolerance of APG-MEL-NLC
formulations for ophthalmic suitability. Adhering to ICCVAM guidelines, 300 pL of each
formulation {free APG/MEL, APG-MEL-NLC, NaOH 0.1 M, and NaCl 0.9 %) were applied to
the cheriolantoic membrane (CAM) of fertilized chicken eggs {(n=3/group) for 5 min. Signs of
irritation, coagulation, and hemorrhage were monitored and the ocular irritation index (Oll)
was calculated using Eqg. 2, where H, V, and C represent time (seccnds) to hemorrhage,
vasoconstriction, or coagulation, respectively. Formulations were categorized as non-
irritating {Oll = 0.9), weakly irritating {0.9 < Oll < 4.9), moderately irritating (4.9 < Oll = 8.9), or
irritating (8.9 < Oll = 21) (38).

(301-H)5 | (301-V).7 , (301-C)9
= + +
300 300 300

oIl

Equation 2

To quantify membrane damage, trypan blue (TBS) was applied to the CAM following the HET-
CAM assay. The CAM was incubated with 1 mL of 0.1 % TBS for 1 min, then rinsed with
distilled water to remove excess dye. Subsequently, the stained CAM was excised,
homogenized in 5 mL formamide, and the absorbance of the extract measured
spectrophotometrically at 595 nm to determine trypan blue incorporation. A calibration
curve of TBS in formamide was used to quantify the absorbed dye (26).

2.7.2. Invivo study: Draize test

All experimental procedures were conducted in accordance with the guidelines of the UB
Ethical Committee for Animal Experimentation and prevailing regulations (Decree 214/97,
Gencat). To corroborate HET-CAM results, the Draize primary eye irritaticn test was
performed on male New Zealand albinoc rabbits (2.0-2.5 kg, San Bernardo farm, Spain). Fifty
microliters of each formulation were instilled into the conjunctival sac of each rabbit
{n=3/group), followed by gentle massage for corneal penetration. Irritation signs {(corneal
opacity, conjunctival hyperaemia, chemosis, ocular discharge, iris abnormalities) were
monitored immediately, at 1 h, and at 24 h, 48 h, 72 h, 7 days, and 21 days post-instillation.
The contralateral untreated eye served as a negative control. Draize scores were assigned
based on corneal opacity/cloudiness, iris changes, and conjunctival alterations
{hyperaemia, chemosis, swelling, discharge) {(37).

2.8. Cellular experiments

2.8.1. Cellculture

Human corneal epithelial {HCE-2) cells were maintained in keratinocyte serum-free growth
medium (SFM; Life Technologies, Invitrogen, GIBCO®, Paisley, UK) supplemented with
bovine pituitary extract (0.05 mg/mL), epidermal growth factor (5 ng/mL}, insulin {0.005
mg/mL), penicillin {100 U/mL}), and streptomycin (100 mg/mL). Cells were incubated in
flasks at 37 °C with 10 % CO; in a humidified environment until reaching 80 % confluence
{28).
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2.8.2. Cellviability

The cytotoxicity of APG-MEL-NLC was evaluated using the MTT assay, which quantifies
metabolic activity of viable cells via tetrazolium salt reduction by intracellular
dehydrogenases. HCE-2 cells (100 pL, 2 x 10° cells/mL) were seeded in a 96-well plate and
incubated for 48 h at 37 °C. To simulate corneal conditions, cells were exposed to several
sample concentrations (6.67 x 10 - 5.00 x 10 mg/mL of drugs combination) for 5, 15, or
30 min. Following incubation, MTT solution {0.25 % in PBS) was added, and after 2 h,
replaced with DMSO. Cell viability was determined by measuring absorbance at 560 nm
using a Modulus® Microplate Photometer, expressed as a percentage of untreated control
cells (26,38).

2.8.3. Determination of proinflammatory cytokines

To assess the anti-inflammatory activity APG-NLC and free drug combination, HCE-2 cells
were seeded at a density of 2 x 10° cells/mL in 12-well plates and cultured until reaching 90
% confluence. Samples were administered for 30 min incubation at a concentration of 0.02
mg drugs combination/mL, and inflammation was induced with lipopolysaccharide {LPS) at
10 pg/mL. LPS-stimulated cells served as a positive control, and untreated cells as a
negative control. For the inflammation prevention, treatments were incubated for 30 min,
washed with PBS, and incubated with LPS for 24 h. Following 24 h incubation, supernatants
were collected, centrifuged at 16,000 g for 10 min at 4 °C, and stored at —80 °C. For the
inflammation treatment, LPS was administered for 24 h, and then the treatments were
applied for 30 min. Afterwards, supernatants were processed inthe same manner.

The levels of pro-inflammatory cytokines interleukin 6 (IL-6), IL-8 and monoccyte
chemoattractant protein 1 {MCP-1) were quantified in the supernatants using Custom
ProcartaPlex Multiplex immunoassays (Labclinics, Barcelona, Spain) according to the
manufacturer's protocol, with results expressed as pg/mL.

2.9. Invivo anti-inflammatory efficacy

All experimental procedures adhered to the guidelines of the UB Ethical Committee for
Animal Experimentation, complying with current regulations (Decree 214/97, Gencat), and
wereapproved under protocol code 326/19. To assess the preventive and anti-inflammatory
efficacy of APG-MEL-NLC against ocular inflammation, New Zealand male albino rabbits
{n=8/group) were used. Formulations included APG-MEL-NLC, free APG/MEL, and NaCl 0.9
% {control). For the prevention study, 50 pL of each formulation was topically administered,
followed by 50 pL of 0.5 % sodium arachidonate (SA) in PBS to induce inflammation in the
right eye after 30 min (left eye as control). Conversely, in the anti-inflammmatery study, SA
was applied 30 min prior to formulation administration. Ocular evaluations were conducted
from initial application to 210 min using a modified Draize scoring system {26,39).

2.10. Statistical analysis

Data analysis was performed using GraphPad Prism 9. Two-way ANOVA followed by Tukey's
post-hoc test was applied for multiple group comparisons, while Student's t-test was used
for pairwise compariscns. Data are presented as mean * standard deviation (SD}, with
statistical significance set at p < 0.05.
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3. Results
3.1. APG-MEL-NLC preparation and optimization

The present study used a previously optimized formulation {lipid phase 5.0 % containing
3.25 % of lipid solid, surfactant 4.0 %, APG 0.087 % and MEL 0.033 %) as a starting point. To
investigate the influence of the cationic surfactant on nanoparticle physicochemical
properties, increasing concentrations of DDAB were added to APG-MEL-NLC (Table 1). The
selection of the optimal cationic formulation was based on achieving a ZP exceeding + 15
mV and a Pl below 0.3. In accordance with these parameters, the formulation containing
0.06 % DDAB was determined to be optimal.

Table 1. Effect of cationic lipid on the physicochemical parameters.

DDAB (%)  Z,. * SD (nm) Pl+SD ZP+SD(mV) EEAPG+SD(%) EEMEL=SD (%)
0.05 187.5+05 0.211+0.008 11.4:0.2 99.9+ 0.1 54.9+0.4
0.06 166.2+2.4  0.265+0.007  16.8%0.7 99.9+ 0.1 54.5%0.2
0.07 148.3+1.3 0.299:0.016 15.3:0.5 99.8+ 0.1 55.1£1.0

3.2. Characterization of optimized APG-MEL-NLC

TEM analysis revealed that APG-MEL-NLC particles exhibited a predominantly spherical
morphology with a mean hydrodynamic diameter below 200 nm, as confirmed by PCS
(Figure 1A). No evidence of particle aggregation was observed.

FTIR spectroscopy was used to investigate molecular interactions among the drugs,
surfactant, and lipid matrix {(Figure 1B). The FTIR spectrum of APG exhibited characteristic
peaks at approximately 3278, 2800, 1650 and 1605 cm™, attributed to O-H, C-H, and C-O
functional groups, respectively (29). MEL displayed distinct peaks at 3303, 1629, 1555, and
1212 cm™, corresponding to N-H, C=0, C-0, and C-N groups. FTIR spectra obtained from
the APG-MEL-NLC system exhibited a prominent absorption band centered at 1100 cm'1,
indicative of the presence of the surfactant {40). Notably, nc new intense bands were
observed in the formulation, suggesting the absence of significant covalent bond formation.
Additionally, the diminished or absent peaks of APG and MEL support the encapsulation of

both drugs within the lipid matrix.

DSC analysis was employed to evaluate alterations in the crystallinity and melting behavior
of the lipid mixtures relative to APG-MEL-NLC (Figure 1C). The melting temperature (Tr) of
the lipid mixture was equal than that of the drug-loaded lipid mixture {69.50 °C). Otherwise,
Twm of APG-MEL-NLC was lower than that of the physical lipid mixture {67.59 °C), potentially
attributed to its reduced particle size and surfactant incorporation {41). Enthalpy values
(AH) were comparable for the lipid mixture and drug + lipid mixture (74.1 Jg‘1 vs. 79.2 Jg‘1),
whereas APG-MEL-NLC exhibited a lower AH (55.4 Jg~"). Thermograms of APG and MEL
revealed significantly higher T, and AH values {365.50 °C, 198.50 Jg‘1 and 118.52°C, 134.70
Jg”, respectively), suggesting greater crystallinity and melting points compared to the lipid
mixtures.

XRD patterns (Figure 1D) provided insights into the physical state of the drugs within the
NLC. APG, MEL, and the solid lipid mixture exhibited crystalline characteristics, as
evidenced by the presence of sharp, intense peaks in their respective XRD spectra. A
reduction in peak intensity for some characteristic MEL diffraction angles (16.34, 20.44 and
26.14°) within the APG-MEL-NLC profile, coupled with small APG peaks (7.02, 11.25 and
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15.95°), suggested that both drugs were solubilized within the lipid matrix, consistent with
EE data. The crystallinity of other formulation components was also evaluated. The bulk
lipid and drug-loaded lipid mixture displayed prominent peaks at 19.36° (26) i.e. d = 0.46
nm, indicative of the stable B-form of triacylglycerols. Additionally, two distinct peaks at
21.36° (20} i.e. d = 0.42 nm and 23.59° (20) i.e. d = 0.38 nm were attributed to the p’-form of
triacylglycerols. APG-MEL-NLC also exhibited these characteristic signals, corresponding
to the most common triacylglycerol crystallin forms (42,43).
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Figure 1. Characterization of optimized APG-MEL-NLC and their components. (A) TEM image (scale
bar 100 nmy}, (B) FTIR analysis, (C) DSC curves, (D) XRD patterns.

3.3. Stability studies

Stability of APG-MEL-NLC was assessed by monitoring changes in Z.,, Pl, ZP, and EE over
time. Additionally, BS profiles were acquired at 4, 25, and 37 °C to detect potential
destabilization processes, such as sedimentation, agglomeration, or aggregation, indicated
by BS variations exceeding 10 %. The APG-MEL-NLC formulation exhibited stability for 3
months at 4 °C, maintaining consistent physicochemical properties. At 25 °C, stability was

observed for 1 months, whereas at 37 °C, the formulation demonstrated stability for only 15
days.
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Figure 2. Backscattering profiles of APG-MEL-NLC stored at (A) 37 °C; (B) 25 °C; and (C) 4 °C.

Higher temperatures were associated with accelerated particle destabilization,
characterized by a neutralization of ZP. As indicated in Table 2, the formulations maintained
their physicochemical properties until a decrease in ZP was observed at 25 and 37 °C, or a
decrease in Z,, at 4 °C. These alterations were visually observed in the BS profiles, in which
a decrease in BS due to the mean size difference regarding to the original formulation
occurred. In all the cases, the destabilization was observed because of the 10 % BS
difference on the profiles, where the data collectively suggest that APG-MEL-NLC stored at
4 °C exhibited higher stability for up to 3 months.

Table 2. Physicochemical parameters of APG-MEL-NLC stored at different temperatures.

20

Temperature vxSD ZP +SD EE APG = EE MEL =

°C) Day Pl+SD

(nm) (mv) SD (%) SD (%)

0 160.4+1.6 0.217+0.018 16.1+0.5 99.9+0.1 55.9+0.5

37 15 135.1+1.9 0.201+0.002 11.4+0.4 99.7+0.3 54.2+0.8

15  156.0+1.2 0.175+0.014 15.7+0.3 99.9+0.1 53.8+0.4

25 30 157.8+x2.3 0.189+0.006 13.7+0.3 99.3+0.3 54.1+0.2
60 1479+1.0 0.189+0.011 13.1+1.1 99.9 +0.1 55.1+0.2
15 159.6+1.1  0.199*0.007 15.8+0.8 99.9+0.1 55.7+0.4
a 30 160.2+5.0 0.173+0.003 15.0+1.3 99.9+0.1 54.9+0.7

60 157.8+x2.1 0.185*0.019 15.9+0.6 99.8+0.2 556.0+0.3
120 139.1+0.6 0.200+0.010 15.0+0.8 99.9+0.1 54.1+0.9

3.4. Biopharmaceutical behaviour

In vitro release profiles of APG and MEL from NLC were compared to their respective free
drug counterparts to characterize the drug release kinetics of the formulation.

As depicted in Figure 5, APG release from APG-MEL-NLC exhibited a biphasic pattern
adjusted to a two-phase association model. An initial rapid release phase, likely attributed
to APG diffusion from the NLC outer lipid layer, was followed by a sustained release phase
associated with APG liberation from the inner lipid core. In contrast, free APG demonstrated
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a complete release within 24 h, adjusted to an exponential plateau model. APG-MEL-NLC
released approximately 30 % of its APG content over the same period. Kinetic analysis
revealed a smaller rate constant (Kq) and a longer half-life (t;,) for the sustained release
phase of APG from NLC compared to free APG, confirming the prolonged release profile of
the formulation.

MEL release from APG-MEL-NLC followed a biphasic pattern with an initial faster release
compared to free MEL, followed by a slower one. While free MEL was completely released
within 24 h, approximately 75 % of encapsulated MEL was released. Kinetic parameters
demonstrated a lower Kq and a higher ty,> for MEL from NLC, indicating a sustained release
profile.
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Figure 3. In vitro release profile of APG and MEL from APG-MEL-NLC vs free APG and MEL carried out
for 48 h and adjustment to a two-phase association, two-phase association, exponential Plateau,
and Plateau followed by one phase decay model respectively. (A) APG release profile from APG-MEL-
NLC. (B) MEL release profile from APG-MEL-NLC.

3.5. Ocular tolerance

Ocular tolerance was evaluated both in vitro using the HET-CAM assay and in vivo using the
Draize test (Figure 3). The HET-CAM test demonstrated that 1 M NaOH, as a positive control,
induced severe hemorrhage with increasing intensity over a 5 min observation period,
indicative of a severe irritant. In contrast, the negative control (0.9 % NaCl) and both loaded
and empty formulations, and the free drugs did not elicit any irritant responses on the
choriolantoic membrane, classifying them as non-irritant. These findings were
corroborated by quantitative TBS analysis, which confirmed the non-irritant nature of APG-
MEL-NLC. Because of the limitations of in vitro models in predicting in vivo ocular tolerance,
Draize tests were conducted on free compounds, empty NLC, and APG-MEL-NLC
formulations. Results indicated that neither formulation induced ocular irritation in vivo.
Collectively, these data support the conclusion that APG-MEL-NLC possess a favorable
ocular tolerance profile being suitable for further anti-inflammatory studies.
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1o



A) B) C)

Figure 4. In vitro and in vivo irritation assay. {A) Negative control, NaCl0.9 %, (B) Free APG+MEL and
(C) APG-MEL-NLC.

3.6. Cellular experiments

3.6.1. Cell viability

The cytotoxicity of various concentrations of free APG/MEL, APG-MEL-NLC, and empty NLC
was assessed on HCE-2 corneal epithelial cells. This cell line was selected to simulate the
in vivo contact between the formulations and the cornea following topical administration
(44). Cell viability was evaluated after 5, 15, and 30 min of incubation to mimic real exposure
conditions. According to ISO 10993-5, cell viability exceeding 80 % indicates non-
cytotoxicity, while values between 60 % and 80 %, 40 % and 60 %, and below 40 %
correspond to weak, moderate, and strong cytotoxicity, respectively (45). Results
demonstrated that free drug solution (MEL+APG) did notinduce significant cytotoxic effects
(=280 % viability) at any concentration or incubation timepoint. Otherwise, both formulations
showed a moderate toxicity in the higher tested concentration (0.05 mg/mL of total drug
concentration). When increasing the dilution, the formulations became less toxic for the
cells, but with higher incubation time, the formulations were slightly more toxic. However, it
can be observed that APG-MEL-NLC were safer (higher cell viability) in all the studied
concentrations than empty NLC.
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Figure 5. Cell viability assays. Effect APG-MEL-NLC and empty NLC on the viability of HCE-2 cells at
5, 15 and 30 min. Free drug solution did notinduce cytotoxicity at any concentration (= 80 % viability).
3.6.2. Anti-inflammatory activity of nanoparticles in HCE-2 cells

The anti-inflammatory potential of the NLC was assessed in vitro by evaluating their ability
to inhibit LPS-induced cytokine secretion in HCE-2 cells in a prevention and treatment
model. IL-6, IL-8 and MCP-1 were selected as inflammatory markers. LPS stimulation
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resulted in significantly elevated levels of cytokines. In the treatment of inflammation, when
the tested formulations were applied after LPS stimulus, free drug solution was not able to
reduce the inflammatory response, but APG-MEL-NLC was able to inhibit significantly the
secretion of the cytokines. Otherwise, in the prevention of the inflammation, in which the
formulation was applied for 30 min incubation before LPS stimulation, the free drugs and
the formulation were not able to reduce IL-6 and IL-8 cytokines, but they decreased
significatively the MCP-1 levels (****p < 0.001).
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Figure 6. (A) Quantification of secreted IL-6 proinflammatory cytokine in LPS-stimulated HCE-2 cells
in inflammation treatment; (B) Quantification of secreted IL-8 inflammation treatment. (C)
Quantification of secreted MCP-1 inflammation treatment; (D) Quantification of secreted IL-6
proinflammatory cytokine in LPS-stimulated HCE-2 cells in inflammation prevention; (B)
Quantification of secreted IL-8 inflammation prevention. (C) Quantification of secreted MCP-1
inflammation prevention. Negative control: no treatment; Positive control: LPS. Results are
expressed as the mean+SD with statistically significant differences (***p<0.005 and
*xkkn <0.001).

3.7. Anti-inflammatory efficacy

To assess the in vivo anti-inflammatory potential of APG-MEL-NLC, its prophylactic and
therapeutic efficacy in an ocular inflammation model was evaluated.

The therapeutic efficacy of APG-MEL-NLC was determined by administering treatment 30
min post-inflammatory stimuli. Inflammation severity was monitored over time. Figure 6A
demonstrates a significant reduction in inflammation within 30 min post APG-MEL-NLC
administration. Furthermore, the combination of both drugs was demonstrated also a
significant reduction of inflammation in the first 30 min. In all the monitored times, the
formulation showed a significant anti-inflammatory effect.
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The preventive capacity of NLC against inflammation was also investigated. Treatment with
APG-MEL-NLC or free drugs was administered 30 min prior to induction of ocular
inflammation. Subsequent inflammation severity was evaluated. Figure 6B illustrates a
significant reduction in inflammation following exposure to the inflammatory stimulus
compared to untreated control. In this study, also both treatments showed a significant
anti-inflammatory effect, in which APG-MEL-NLC showed a higher activity.
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Figure 7. Comparison of ocular anti-inflammatory efficacy of free APG/MEL and APG-MEL-NLC. {A)
Inflammation treatment, (B) inflammation prevention. Values are expressed as mean = SD; **p <
0.01, ***p < 0.005, and ****p < 0.001 significantly lower effect of the tested formulation than the
inflammatory effect induced by SA; ###p < 0.005 and ####p < 0.001 significantly lower effect of APG-
MEL-NLC than the free drugs.

4. Discussion

A cationic NLC derived containing rosehip oil was formulated to co-encapsulate APG and
MEL. The negatively charged corneal mucus layer presents a barrier for drug delivery (46).
For this reason, this study aimed to modify a previous formulation by incorporating a
cationic surfactant to revert surface charge, potentially enhancing mucoadhesion to the
ocular mucosa and subsequently improving bioavailability following topical administration
(47). Besides the cationic charge of the NLC, it is expected to obtain an enhanced and
synergistic effect with the rosehip oil contained in the lipid matrix, which has been
described as an anti-inflammatory active (25,26,48).

To optimize DDAB concentration, the surfactant was incrementally added to a previously
optimized formulation (data not shown). Z,, remained relatively below 200 nm, whereas the
Pl increased at higher DDAB concentrations. Otherwise, ZP did not increase from .06 to
0.07 %, remaining at ~16 mV, and EE was stable in all the tested concentrations. In this way,
a DDAB concentration of 0.06 % was selected, yielding a Pl below 0.3 and a ZP of
approximately 17 mV, achieving a suitable physicochemical parameters (21).

Interaction studies revealed an enhancement of lipid matrixamorphismupon APG and MEL
incorporation, suggesting its integration within the lipid structure (49). FTIR analysis
confirmed the absence of covalent bonds between both drugs and the lipid matrix,
indicating that non-covalent interactions, commonly hydrogen bonding and hydrophobic
forces, were predominantly responsible for APG and MEL entrapment within the NLC
system. This interaction facilitated the sustained release profile of APG and MEL from the
particles (50). DSC analysis of APG-MEL-NLC revealed a significantly lower melting point
compared to the bulk lipid samples. This suggests a highly amorphous state, possibly
attributed to the incorporation of the drug within the amorphous lipid matrix (51). In
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comparison to the negatively charged formulation, the Ty, values were slightly higher with a
similar AH, which could be attributed to a greater crystallinity of the present formulation.
This fact was also observed in previous studies encapsulating MEL, in which the positively
charged formulation showed a higher degree of crystallinity, and consequently, a lower
stability {27). XRD patterns exhibited characteristic diffraction peaks corresponding to the
B and B' polymorphic forms of triacylglycerols (42,52). In comparison to the negatively
charged formulation, the present formulation showed the two main forms of
triacylglycerols, the stable {B) and the metastable {§’) ones, which could be related to its
slightly lower stability of the formulation at 4 and 25 °C. Moreover, the formulations
encapsulating each compound showed higher stability, which could be mainly attributed to
the more neutral ZP of the APG-MEL-NLC (+21 mV for APG-NLC and +20 mV for MEL-NLC),
but also could be related to its lower concentration of lipid phase (5 % in APG-MEL-NLC vs
7.5% in APG-NLC and MEL-NLC). Inthe case of the formulation containing only MEL (27), it
was also cbserved that the stability of the positively charged formulation presented a
reduced stability in comparison to the negatively one, which could be related to the
increased crystallinity of the NLC when DDAB was incorporated.

Regarding to the biopharmaceutical behaviour of APG-MEL-NLC, it has been demonstrated
a slow-release profile compared to a rapid diffusion observed for the drugs sclution. The
release kinetics of APG-MEL-NLC were best described by a two-phase association model,
indicative of a biphasic release pattern. This pattern was characterized by an initial burst
release phase followed by a sustained release period, during which approximately 30 and
75 % of the encapsulated APG and MEL respectively were liberated into the receptor
medium. The observed biphasic behavior suggests that the NLC formulation effectively
encapsulates APG and MEL while simultaneously permitting its gradual diffusion through
the carrier matrix. In comparison to the dually negatively charged formulation release
studies performed {data not shown), the positively charged APG-MEL-NLC showed a slower
APG release but a faster MEL diffusion, the latter probably due to the modification of the
release media. Otherwise, both actives were able to achieve a higher plateau {34.5and 76.6
% for APG and MEL respectively in the negatively charged formulation vs 45.9 and 77.5 %
for APG and MEL respectively in the positively charged formulation). In the case of APG, this
slower release from the positive formulation has been described by other authors (53,54).
Wang et al. (53) related this effect to the long carbon chains of the cationic surfactant,
which could form an ordered close packing and strengthening the interfacial layer in the
particles. In the case of MEL, other authors also found a faster release from a positively
charged formulation in compariscn to a negatively and neutral charged lipid nancparticle
(55). In contrast, in comparisonto the formulations containing each compound by itself, the
co-encapsulation of APG and MEL resulted in a slower release of both compounds. This
difference could be related to the lower concentration of each compound in the dually
loaded NLC or the lowest concentration of lipids {26,27).

To evaluate the ocular safety profile of the formulation, a combination of in vitro and in vivo
assessments was conducted. The in vitro HET-CAM assay demonstrated no irritation
phenomena following direct application of APG-MEL-NLC. Posterior quantitative analysis
of trypan blue uptake corroborated these findings, indicating no toxicity. Subsequently, an
in vivo ocular irritation study using the Draize test was performed. Results revealed no
clinically significant ocular irritation or hyperemia in animals treated with either free
APG/MEL or APG-MEL-NLC, suggesting suitable ocular tolerability for the formulation.

Furthermore, in vitro cytotoxicity assays demonstrated that a solution of APG and MEL
exhibited no toxic effects on corneal cells across the tested concentration range.
Otherwise, empty NLC showed moderately toxicity the majority of the assessed
concentrations. The cationic nature of the particles may contribute to enhanced
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electrostatic interactions with the negatively charged cell membrane, potentially inducing
oxidative stress and subsequent reactive oxygen species {ROS) generation (56).
Additionally, the lipid constituents of the NLC might exhibit affinity for cellular membranes,
promoting strong interactions {21,57). Nevertheless, APG-MEL-NLC demonstrated a
favorable safety profile across a range of concentrations, except for moderate toxicity
observed at the highest tested dose. This protective effect could be related to the drugs
properties. Jung (58) demonstrated that APG attenuated H,O,-induced downregulation of
PI3K, AKT2, and ERK2, essential components of cell survival signaling. Concurrently, APG
stimulated the expression of antioxidant enzymes SOD1, SOD2, and GPx1. These findings
suggested that APG exerts its protective effects by counteracting oxidative stress and
restoring cellular redox balance. Cavelier et al. (59) showed that APG can suppress
inflammation-related gene and protein expression. Otherwise, it has been widely described
that MEL exerts its antioxidant effects by stimulating enzymatic defenses within cells,
safeguarding mitochondrial membrane phospholipids from oxidative damage, thereby
preserving membrane integrity. Additionally, this indolamine influences mitochondrial
membrane potential, contributing to its overall protective role in cellular homeostasis, and
regulates inflammation processes (60-62). In this way, the initial burst that both drugs
possessed, could contribute to their fast protective effects in HCE-2 cells.

IL-6, IL-8, and MCP-1 are key inflammatory mediators implicated in ocular diseases. [L-8
primarily recruits neutrophils and eosinophils, while MCP-1 attracts monocytes and
lymphocytes. Both chemokines are upregulated in various ocular inflammatory conditions
and contribute to monocyte infiltration (63). |IL-6, a pleiotropic cytokine involved in
inflammation and hematopoiesis, is also upregulated in these settings. These cytokines
exhibit synergistic effects, with IL-8 and MCP-1 promoting inflammation and angiogenesis,
while |L-6 amplifies inflammmatory responses {64). Collectively, they play pivotal roles in the
pathogenesis of ocular disorders characterized by chronic inflammation and
neovascularization. In this way, the in vitro anti-inflammatory potential was evaluated by
analyzing these three pro-inflammatory cytokines. In the treatment assay, the results
showed that in 30 min exposition to inflamed human corneal cells, APG-MEL-NLC were able
torevert inflammation levels of LPS in comparison to the free combination drugs. Probabily,
this strong anti-inflammatory activity of the NLC was related to the interactions of the lipid
matrix with the cellular membrane, enhancing the uptake of the formulation in comparison
to the free drugs, facilitating its therapeutical action (65). Other authors found that APG was
abletoreduce IL-6, IL-8 and MCP-1 cytokine levels in different cell lines (66,67). Inthe case
of MEL, it has been also described that the neurchormone was able to reduce the levels of
the same cytokines (15,68). However, the prevention results showed that both, APG-MEL-
NLC and the combination of free drugs were not able to decrease |L-6 and IL-8 levels. This
fact could be related with the exposure of the treatments to the cells, in which during the
treatment when the cells were already inflamed, their membrane could be more
permeable, promoting a higher uptake of NLC facilitating its action {69).

Finally, to corroborate in vitro experiments, an /in vivo inflammation assay was performed to
evaluate both, inflasmmation prevention and treatment. The results showed that APG-MEL-
NLC possessed a faster and more effective anti-inflammatory properties than the free
combination drugs. In the inflammation treatment, during the first 30 min post-instillation,
APG-MEL-NLC were able to reduce significantly ocular inflammation, which correlated with
the in vitro results. Furthermore, in the inflammation prevention, APG-MEL-NLC also
showed promising results, decreasing the ocular inflammation score after 30 min. As in vivo
processes are more complex than in vitro cnes, both experiments are needed to corroborate
the possible therapeutical properties of a formulation. Each NLC containing each drug by
itself were also tested in previous studies (26,27). Free APG showed a faster and higher anti-
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inflammatory effect on the inflammation prevention, while free MEL showed the same
effect in the inflammation treatment. In the present study, the combination of both drugs
acted in a faster way, which could be related to the faster release of MEL in the burst initial
phase, and the higher amount of each drug released in each timepoint. It is well-
documented that both compounds possess a promising anti-inflasmmatory activity in vivo.
Benedeto et al. (70) demonstrated that in an jn vivo model, MEL prevented an LPS-induced
increase in pro-inflammatory cytokines TNF-a and IL-6 and NF-kB levels. Moreover, APG
was able to reduce NF-kB and STAT3 activity, inhibiting the inflammation process (71).

5. Conclusions

NLC encapsulating APG and MEL demonstrated promising activity as a potential
therapeutic for ocular inflammation. The formulation exhibited physical stability and
sustained release of both encapsulated drugs, enhancing their biopharmaceutical profiles.
In vitro and in vivo assessments confirmed the biocompatibility of the NLC, with no
evidence of ccular irritation or cytotoxicity. Moreover, NLC-mediated delivery of APG and
MEL effectively attenuated inflammation /n vitro by reducing IL-8, IL-8 and MCP-1 cytckine
levels and in vivo by decreasing the SA inflammation in a rabbit model. These findings
collectively suggest that the developed NLC formulation represents a promising strategy for
the management and prevention of ocular inflammatory conditions.
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4. Discusion

Los NLC son unos sistemas nanoestructurados capaces tanto de transportar
activos y liberarlos de manera sostenida de manera dirigida, como de ejercer
una accion local al ser administrado tdpicamente. En esta tesis doctoral se
exploraron ambas caracteristicas de estos sistemas, encapsulando APG, MEL
0 ambos activos para el tratamiento de procesos tumorales, 0 su
administraciéon en forma de colirio para el tratamiento de enfermedades

oculares.

Los procesos tumoralesy las enfermedades oculares representan dos desafios
para la salud publica a nivel mundial. Ambas afecciones tienen como
caracteristicas comunes a diferente nivel su impacto significativo en la calidad
de vida de los pacientes, la complejidad de sus mecanismos patogénicos, el
incremento de la incidencia anual y la necesidad de estrategias terapéuticas

innovadoras.

4.1. NLC para el tratamiento de enfermedades
proliferativas

El método de fabricacion seleccionado para la preparaciéon de las NPs fue la
homogeneizacion de alta presién en caliente, debido a sus multiples ventajas,
tales como la capacidad de produccién a gran escala, la ausencia de solventes
organicos y su bajo coste [12,156]. La optimizacién de los parametros de la
técnica mediante un disefno de experimentos (DoE) permite obtener un espacio
de diseno asociado a un elevado grado de informacién sobre las tendencias
que siguen estos sistemas, realizando un numero minimo de experimentos
[157]. Este se llevé a cabo analizando el efecto de las variables independientes
seleccionadas (presion, numero de ciclos de homogeneizacion y tiempo de
emulsién primaria) sobre las variables dependientes (tamafo promedio de
particula (Za) y el indice de polidispersién (Pl)). Utilizando una formulacién sin
farmaco encapsulado, la optimizaciéon del método mostré que, a mayor presion
y mayor numero de ciclos de homogenizacién, se producian NLC mas
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pequenosyhomogéneos. Un comportamiento similar fue reportado por Ding et
al. [158], analizando los cambios de Z,, a medida que modificaban la
concentracién de lipido liguido, tensioactivo y la presiéon de trabajo. También
observaron una tendencia en la presién, cuyo incremento disminuia el tamafo
de las NPs, mientras que la proporcién de los deméas componentes Unicamente
disminuia el tamafo en rangos intermedios del estudio. El efecto de la presidn
fue atribuido a que las colisiones entre gotas, que aceleran su ruptura, se
intensificaron al aumentar la presion. Los experimentos llevados a cabo por
Nekkanti et al. [159] pusieron en relieve que al aumentar el nimero de ciclos de

homogenizaciéon de 5 a 60, las NPs obtenidas eran cada vez mas pequenas.

La concentracién de los componentes se optimizé mediante un disefio de
experimentos compuesto de cuatro niveles y cuatro factores para cada
farmaco y uno para la combinacién de estos, seleccionando como variables
independientes la concentracién de farmaco, la concentraciéon de fase lipidica,
la proporcion de lipido sélido en ésta y la concentracidn de tensioactivo. Para
las tres formulaciones, se observé la misma tendencia respecto al Z,,, donde
los incrementos de la concentracidon de fase lipidica, aumentaba el tamafo.
Este hecho ya ha sido reportado por otros autores [160]. Por otra parte, en el Pl
se obtuvieron tendencias opuestas y la variable independiente que influia
significativamente en el DoE fue la concentracion de lipido sdélido. En el caso de
los APG-NLC, a menor concentracién de lipido sélido aumentaba el Pl, y de
manera opuesta en los MEL-NLC y los APG-MEL-NLC. Se observé que, en las
formulaciones cargadas con los farmacos individuales, el efecto de esta
tendencia era mayor que en la formulaciéon dual, por lo que se atribuyd esta
tendencia a la diferencia estructural quimica de los farmacos, que podria estar
relacionada con sus diferentes solubilidades. Por otro lado, el ZP mostré la
misma tendencia en todas las formulaciones, donde a mayor concentracion
del tensioactivo no i6énico Tween® 80, el ZP se volvia mas neutral. Este
comportamiento, descrito también por otros autores, puede atribuirse a que el
caracter negativo de las NPs, (en este caso debido principalmente a la
ionizacion del lipido s6lido Compritol® 888 ATO [161]), se ve disminuido por la
adsorcion del tensioactivo en la superficie de la particula [162]. El ultimo
parametro estudiado, la EE, no se vio afectado significativamente por ninguna

variable independiente en el caso de las formulaciones cargadas con cada
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farmaco individualmente, donde la EE fue elevada en ambos casos (superior al
80 % en practicamente todas las formulaciones del DoE), pero si en las co-
encapsuladas, donde a mayor proporcién de farmacos, aumentaba la EE. Esta
tendenciayafue observada por otros autores [163], que atribuyeron este efecto
a la capacidad de los NLC a tener una mayor carga de activos debido a la
incorporaciéon del lipido liquido a la matriz y a la naturaleza lipofilica del
farmaco utilizado. Colectivamente, se obtuvieron NLC con un tamafo
promedio inferior a 200 nm, un Pl menor a 0,2, una carga superficial de

alrededor de —20 mV y una elevada EE para ambos farmacos.

Los estudios de interacciéon farmaco-matriz mostraron un incremento en el
caracter amorfo de la matriz lipidica tras la incorporaciéon de los farmacos,
sugiriendo su solubilizacién en la fase lipidica [164]. Los termogramas
obtenidos mostraron que las mezclas de lipidos fueron en todos los casos mas
cristalinas, debido a que tenian una temperatura de fusién (T) y una entalpia
de fusidon (AH) mayores que los NLC estudiados, indicando que necesitaban
mas energia para conseguir su fusién [165]. En cambio, las formulaciones de
NLC en todos los casos mostraron valores menores, indicando que eran
estructuras mas amorfas. Comparando todas las formulaciones cargadas
negativamente, la estructura maés cristalina fue la de los MEL-NLC,
probablemente debido a que éstos estaban compuestos por un alto porcentaje
de lipido sélido en comparacion a los APG-NLC y los APG-MEL-NLC. Por otro
lado, la formulacién mas amorfa que mostré valores menores de Tr, y AH fueron
los APG-MEL-NLC, que podria estar atribuido a su porcentaje menor de fase
lipidica, con una alta proporciéon de lipido liquido. La espectroscopia de
infrarrojos de transformada de Fourier (FTIR) confirmé la ausencia de enlaces
covalentes entre cualquiera de los dos farmacos y los componentes lipidicos
de la matriz, sugiriendo que los enlaces de hidrégeno y las fuerzas hidréfobas
eran las fuerzas predominantes que median la asociacion farmaco-lipido,
permitiendo asi la acomodacién tanto de la APG como de la MEL dentro de la
NLC vy facilitando la posterior liberacién de los farmacos [166]. El analisis de
difraccién de rayos X (XRD) puso de relieve que la presencia de las formas
polimérficas estables B y B’ de los triacilglicéridos contribuye a una mejor

estabilidad de los NLC [24,167]. Concretamente, todas las formulaciones
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mostraron uno de los picos caracteristicos de la forma mas estable de los
lipidos, la forma B, pero con diferentes intensidades, lo cual se correlacioné
con su estabilidad, siendo las intensidades de mayor a menor el de MEL-NLC,
seguida de APG-NLC y el de menor intensidad la combinacién de farmacos
APG-MEL-NLC [165].

Los resultados de los estudios de estabilidad revelaron que todas las
formulaciones fueron mas estables almacenadas atemperaturade 4 °C, donde
la formulacién MEL-NLC presentd la mayor estabilidad durante un periodo de
16 meses, seguida por APG-NLC que mantuvo sus parametros fisicoquimicos
y perfil de BS durante 10 meses, y finalmente APG-MEL-NLC, que tuvo una
estabilidad de 4 meses. La mayor estabilidad de MEL-NLC podria ser atribuida
a la formacién de una estructura cristalina mas estable, que protege a la
formulacidn contra la agregacion y sedimentacion [24]. Por otro lado, la menor
estabilidad de los APG-MEL-NLC podria estar relacionada con su menor
contenido de matriz lipidica y la posible disminucién de las fuerzas
electrostaticas entre las particulas [168]. Estos hallazgos sugirieron que la
composicion lipidicay la estructura cristalina fueron los factores cruciales que

influyeron en la estabilidad a largo plazo de estas formulaciones.

Los estudios de liberacién in vitro realizados demostraron perfiles de liberacion
sostenida para ambos activos en comparacién con sus soluciones o farmacos
libres. En las tres formulaciones se observé una liberacién inicial rapida (“burst
release”) seguida de una liberacion lenta y prolongada. La liberacién inicial
rapida podria corresponder a la liberacién del farmaco adsorbido en la
superficie de la nanoparticula, mientras que la liberacion lenta y prolongada
podria estar relacionada con la liberacion del farmaco encapsulado en el
nucleo lipidico interno. En cuanto a los parametros farmacocinéticos, se
observaron diferencias en la liberacion entre los diferentes farmacos
dependiendo de laformulacion. La liberacién de la APG desde los APG-NLC fue
mas lenta que la MEL desde los MEL-NLC, lo que podria estar relacionado con
la mayor solubilidad de APG en la matriz lipidica[169,170]. La incorporacién de
ambos farmacos en una Unica nanoparticula lipidica afecté la liberacién de
APG en comparacion con los APG-NLC. Los APG-MEL-NLC liberaron APG a una
velocidad ligeramente superior y alcanzaron una mayor cantidad de farmaco

163



Discusion

liberado en el medio. En cambio, la MEL se liberé de una manera mas lenta
desde la formulacién dual, lo cual podria estar relacionado con la diferente
composicion del medio de liberacidn, formado por el tensioactivo Tween® 80 a
una elevada concentracion, el cual esta descrito que produce una liberacién
mas lenta en comparacién al medio de liberacidn del estudio previo, formado
por dodecilsulfato sédico a una concentracién menor [171]. La adicién del

Tween® 80 fue necesaria para asegurar la completa disolucion de la APG.

Se realizaron estudios in ovo para investigar un posible mecanismo de accién
de los APG-NLC y para demostrar la biocompatibilidad de los MEL-NLC. Los
resultados de los ensayos de angiogénesis in ovo corroboraron la actividad
antiangiogénica de las NPs lipidicas cargadas con APG. Como controles se
emplearon una solucién salina fisiolégica como control negativo y para el
estudio de la actividad angiogénica, el factor de crecimiento fibroblastico
basico (bFGF) como control positivo de angiogénesis, que es un potente
inductor de la formacién de nuevos vasos sanguineos, y su implicacién en la
angiogénesis patolégica es ampliamente reconocida debido a su capacidad
para estimular la proliferacidon de células endoteliales vasculares [172]. Por un
lado, se evalué el efecto del APG libre a la misma concentraciéon que la utilizada
en los APG-NLC. Los resultados indicaron una reduccién no significativa en el
numero de microvasos de la membrana corioalantoidea (CAM) tras el
tratamiento con APG. En otros estudios se ha demostrado que
concentraciones de APG superiores a las empleadas en este trabajo pueden
inhibir la angiogénesis en la CAM. En cambio, los APG-NLC fueron capaces de
reducir significativamente la angiogénesis en el embrién. Los resultados
obtenidos sugirieron que la encapsulacion de la APG incrementd tanto su
biodisponibilidad como su bioactividad [173]. Dado que la APG es un inhibidor
de diversos factores de crecimiento, como el factor de crecimiento endotelial
vasculary el bFGF [174,175], y considerando que las NLC vacias no ejercieron
ningun efecto modulador sobre la angiogénesis, se concluyé que las NPs
desarrolladas favorecieron la penetracion de la APG potenciando asi su
actividad antiangiogénica. Por otra parte, debido a que la CAM es una
membrana extraembrionaria altamente vascularizada que carece de
inervaciony es funcionalmente analoga a la placenta de los mamiferos, ofrece

un método de cribado inicial, que podria complementar a los estudios
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posteriores convencionales en roedores [176]. Por ese motivo, para confirmar
la compatibilidad de los MEL-NLC se realizé el mismo estudio analizando la
CAM en la busqueda de dafios en ésta. Los resultados mostraron que tanto la
MEL libre como los MEL-NLC no causaron ningun efecto letal en el embrién de
gallina ni dafiaron o provocaron cambios morfolégicos en la CAM, confirmando
asi su seguridad y biocompatibilidad. Tanto el farmaco libre como la
formulacidon tampoco indujeron cambios en la angiogénesis del embrion. Esto
puede ser debido a que la MEL en tejidos sanos contribuye a regular la
angiogénesis. Su actividad reguladora estd bien documentada, donde el
triptéfano, la serotonina y la MEL participan en procesos clave durante la
gestacion, incluyendo el desarrollo fetal y la funcién placentaria [177]. La
placenta humana presenta capacidad para sintetizar MEL y estudios
experimentales sugieren un papel beneficioso de esta hormona en el
crecimiento fetal [177,178].

La actividad antiproliferativa de las formulaciones se evalué frente a cinco
lineas celulares diferentes después de 24 y 72 horas. Las lineas celulares
seleccionadas fueron de pulmén A549 y dos de mama, uno que expresa
receptores de estrégeno (MCF-7) y el triple negativo MDA-MB-468, que no tiene
los receptores hormonales mas comunes. Estas lineas representan dos de los
tipos de tumores solidos que mas muertes causan mundialmente [74].
También se escogio una linea celular de leucemia (MV4-11), debido a que es la
neoplasia maligna infantilL mas comun en todo el mundo [179,180]. Los
resultados mostraron que las soluciones de farmacos libres no tuvieron efecto
sobre la proliferacion celular a las 24 horas, excepto en el caso de la APG sobre
la linea celular de leucemia. En cambio, las NLC tuvieron efecto
antiproliferativo desde las 24 horas, excepto en el caso de MEL-NLC en la linea
celular de leucemia. Este efecto se atribuyé a la capacidad de los NLC para
penetrar en las células, resultando un aumento de la concentracidn
intracelular del farmaco [181]. A las 72 horas, los farmacos libres mostraron
cierta actividad antiproliferativa contra todas las lineas tumorales utilizadas.
En cambio, los NLC mostraron una gran actividad citotdxica en todas las lineas
celulares a las 72 horas, probablemente relacionado con su capacidad de
liberar lenta y sostenidamente el farmaco de su interior [182]. Comparando

todas las formulaciones, los resultados demostraron una marcada actividad
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antiproliferativa de APG-MEL-NLC en la linea celular de leucemia MV4-11,
superior a las formulaciones individuales. Esta sinergia potencialmente se
atribuye a la combinacién de los mecanismos de acciéon de APG y MEL,
favorecida por la encapsulacion en NLC. Sin embargo, en la linea celular de
cancer de pulmoén A549, la actividad de APG-MEL-NLC fue similar a la de MEL-
NLC, sugiriendo una posible interaccion entre ambos compuestos que impide
un efecto sinérgico. En el contexto del cancer de mama se observé un contraste
interesante. Mientras que APG-MEL-NLC mostré una alta citotoxicidad en la
linea celular MCF-7, su efecto fue menos pronunciado en la linea celular triple
negativa MDA-MB-468. Estos resultados sugieren que la estructura celulary el
microambiente tumoral pueden influir en la eficacia terapéutica proveniente de
la co-encapsulacion de APGy MEL. Por otro lado, los NLC vacios mostraron una
notable actividad antitumoral debido principalmente al RHO y también su
combinacion con el tensioactivo Tween® 80. El tensioactivo mejora la
penetracion celular de los NLC [183], mientras que el RHO presenta
propiedades antioxidantes y antiproliferativas. Estudios previos han
demostrado la eficacia del RHO en diferentes tipos de cancer, incluyendo su
capacidad para reducir la migracién celular e inhibir el crecimiento tumoral
[90,113]. Por lo tanto, la combinacién de APG con NLC que contienen RHO
podria ser una estrategia terapéutica prometedora.

Los resultados de la internalizacién celular a través de citometria de flujo
demostraron que los NLC son rapidamente absorbidos por las células
leucémicas y permanecen en su interior durante un periodo prolongado. Esta
capacidad de penetracién celular podria explicar su alta eficacia antitumoral.
La composicién lipidica de los NLC, especialmente la presencia de lipidos
liquidos, favorece su absorciény retencién intracelular, lo que los convierte en

un sistema de liberacién prometedor para farmacos [184,185].
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4.2. NLC para el tratamiento de enfermedades
oculares

A partir de cada formulacién con carga superficial negativa se prepararon 3
nuevas formulaciones conteniendo un co-tensioactivo que le aporté un ZP
positivo. Este cambio de carga superficial, de negativa a positiva, se realizé con
el objetivo de aumentar la biodisponibilidad ocular de la formulacion,
favoreciendo la adhesién de las particulas a la mucosa ocular negativa gracias
a las interacciones electrostaticas, aumentando asi el tiempo de residencia de
la formulacion en la superficie ocular [186]. Ademas, a la formulacidn
conteniendo APG se leincorporé HA, un polisacarido aniénico de origen natural
con propiedades muco-miméticas, formando asi HA-APG-NLC. El HA permite
prolongar el tiempo de residencia precorneal y reducir la desecacion de la
superficie ocular, y ademas aumenta la viscosidad en dispositivos de
liberacién ocular [187].

La concentracion del bromuro de dimetildioctadecilamonio (DDAB) se escogié
en base a obtener un Z,, inferior a 200 nm, un PDI lo menor posible y un ZP
cercano a +20 mV. La adicidon de cantidades crecientes del co-tensioactivo
cationico DDAB afecté de manera similar a todas las formulaciones. A mayor
concentracion de éste, el Z,, disminuia, lo cual podria estar relacionado con la
disminucion de la tension superficial [188], el PDI aumentaba y el ZP se volvia
mas positivo. Basandose en estos parametros, las concentraciones escogidas
fueron 0,05 % para HA-APG-NLC, 0,07 % para la formulacién de MEL cargada
positivamente (MEL-NLC+) y 0,06 % para la formulacién dual positiva (APG-
MEL-NLC+), concentraciones muy similares que afectaron de diferente manera

a cada formulacion.

Los estudios de interaccién demostraron que la adicién de cada uno de los
activos a la matriz lipidica dio lugar a un aumento de la estructura amorfa de los
lipidos, sugiriendo que estos fueron internalizados en la matriz lipidica. En el
caso de la APG, tanto la T,, como la AH fueron menores en la formulacién
cargada positivamente (HA-APG-NLC), sugiriendo que estos sistemas tenian
una estructura mas amorfa, ya que necesitaban menos energia para conseguir

su completa fusién [165]. En cambio, los MEL-NLC presentaron un
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comportamiento diferente, siendo la formulacion cargada negativamente la
que mostré menores valores de AH, sugiriendo asi que la estructura de los MEL-
NLC+ era mads cristalina. La formulacién dual también mostré un
comportamiento similar, en este caso con unos valores de AH similares en la
formulacién positiva y negativa, pero mayor T,, en la formulacién positiva, lo
cual podria estar relacionado con una mayor cristalinidad de las particulas
cargadas positivamente [189]. Generalmente, la disminucién del T, y AH
también es resultado del tamafo de particula en el rango nanométrico, la
elevada area superficial especifica y la presencia de tensioactivo [190]. En
cuanto al analisis mediante espectroscopia FTIR, para todas las formulaciones
indicé la ausencia de enlaces covalentes entre los activos y la matriz lipidica,
respaldando la hipdtesis de que su interaccién esta principalmente mediada
por fuerzas no covalentes, como enlaces de hidrégeno e interacciones
hidrofébicas [166]. En los estudios de XRD se pudieron observar las formas By
B’ en las formulaciones. En todas las formulaciones se pudo observar que, en
la mezcla de lipidos habia principalmente la forma 3°, pero las formulaciones
de NLC en cambio, aparecia o aumentaba la sefnal de la forma B, la forma mas
estable fisicamente de las estructuras cristalinas de los lipidos [191]. Ademas,
la cristalinidad de las muestras observadas en los estudios de interaccion se
correlaciona con su estabilidad, de forma que las formulaciones mas amorfas
resultaron formulaciones mas estables. Este efecto también podria estar
relacionado con la concentracién de fase lipidica que contienen estos

sistemas [165].

Los estudios de liberacidn in vitro pusieron de manifiesto que, en todos los
casos, los farmacos fueron liberados lenta y sostenidamente de los NLC en
comparacién con las soluciones de farmaco libre. Todas las formulaciones
mostraron en comun una liberacién bifasica, iniciada con una primera etapa de
liberacion répida del farmaco depositado en la superficie, seguido del
encapsulado en el interior de la matriz lipidica. Por un lado, los HA-APG-NLC y
MEL-NLC+ mostraron una liberacion mas rapida en comparacién con sus
respectivas formulaciones cargadas negativamente. Sin embargo, la co-
encapsulacién de APGy MEL en NLC dio lugar a en una liberacién mas lenta de
ambos compuestos en comparacion con sus formulaciones individuales. Esta

discrepancia podria deberse a la menor concentracion individual de cada
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compuesto en los NLC de carga dual o a una menor concentracién total de
lipidos.

Con el objetivo de evaluar la biocompatibilidad ocular de las formulaciones, se
llevaron a cabo ensayos in vitro utilizando células HCE-2 como modelo celular
corneal. En todas las concentraciones estudiadas, ni APG ni MEL mostraron
toxicidad celular. Por otro lado, los resultados demostraron que los NLC con un
tiempo de incubacién de 5 minutos no presentaron toxicidad, lo cual es
significativo considerando el breve tiempo de residencia en la superficie ocular
debido al drenaje nasolacrimal [192]. Sin embargo, un aumento en eltiempo de
incubacion condujo a una toxicidad leve en la mayoria de las concentraciones
evaluadas. Este hecho se atribuyd a la carga positiva de los NLC, que facilita la
interaccion electrostatica con las células cargadas negativamente. Esta
interaccién puede incrementar el estrés oxidativoy la produccién de ROS [193].
Ademas, la alta afinidad de los NLC por las células favorece su internalizacién,
como se observé en los estudios de fluorescencia [194]. A pesar de la toxicidad
leve detectada en los ensayos de viabilidad celular, la morfologia celular no se
alterd, lo que sugiere que las formulaciones no causan dafo estructural
significativo [195]. Ademas, las formulaciones encapsulando los farmacos,
mostraron menor toxicidad que las formulaciones vacias. Esto podria ser
debido aque APGyMEL podrian ejercer efectos protectores en las células HCE-
2 al contrarrestar el estrés oxidativo y restaurar el equilibrio redox celular. La
APG ha demostrado atenuar la disminucién de proteinas clave en la
sefalizaciéon de supervivencia celular y estimular la expresiéon de enzimas
antioxidantes [196]. Ademas, la MEL ha sido descrita por sus propiedades
antioxidantesy su capacidad para proteger la membrana mitocondrialy regular
los procesos inflamatorios [197]. Estos efectos combinados podrian contribuir
a larapida protecciéon que ambos farmacos brindan a las células HCE-2.

Con el fin de evaluar la seguridad ocular de las diferentes formulaciones se
llevaron a cabo estudios in vitro e in vivo. El ensayo in vitro HET-CAM permite la
evaluacion de respuestas vasculares inducidas por la exposiciéon aguda de la
sustancia de prueba a la CAM. Estas respuestas son comparables a las
observadas en el ojo de conejo debido a la similitud estructural y funcional
entre los tejidos vasculares e inflamatorios de la conjuntiva ocular y la CAM
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[198]. Los resultados de la prueba HET-CAM in vitro indicaron que las
formulaciones no produjeron ningun signo de irritaciéon en la CAM. Asimismo,
el ensayo cuantitativo HET-CAM TBS confirmé la ausencia de dafio celular
significativo. Tanto las soluciones de APG como de MEL causaron cierta
irritacién in vitro, lo cual podria atribuirse al uso de pequefas cantidades de
solventes organicos para disolver los activos. A nivel in vivo, ninguna
formulacidn causd ningun signo de irritacion ocular, unicamente la solucién de
APG causd una ligera molestia al ser aplicada, sin causar posteriormente

enrojecimiento o inflamacion.

En cuanto a los estudios de eficacia terapéutica in vivo, los APG-NLC mostraron
ser una opcién terapéutica prometedora para el tratamiento del DED, debido a
la combinacion de las propiedades antioxidantes y antiinflamatorias del APG
con la capacidad de los NLC para proporcionar una liberacién sostenida y
mejorar la biodisponibilidad [199,200]. En el test de Schirmer, donde se evalué
la cantidad de lagrimas, los APG-NLC mostraron diferencias significativas
(p <0,0001) en comparacion a una solucién comercial basada en HA. Ademas,
en latincion con fluoresceina, que evalla el estado de la cdrnea [201], tanto los
APG-NLC como los NLC vacios mostraron diferencias significativas (p <0,001)
respecto al control tratado con suero fisiolégico. Finalmente, se realizé la
tincion de rosa de Bengala, que se utiliza para evaluar la integridad de la
pelicula lagrimal [202]. En esta tincion, se pudo observar que los unicos
tratamientos capaces de restaurar la pelicula fueron los APG-NLC y los NLC
vacios (p <0,05). La eficacia de los NLC vacios fue principalmente atribuido al
RHO contenido en la matriz lipidica, que podria aportar propiedades
adicionales, como favorecer la cicatrizaciéon de heridas y la regeneracion
tisular, ya que contiene acidos grasos esenciales que desempefian un papel
crucial en la reparacion de tejidos y en la reduccién de la inflamacién [203].

Los MEL-NLC fueron aplicados en estudios in vitro para estudiar su potencial
contra el UM. Los resultados obtenidos sugirieron que los MEL-NLC
presentaron una mayor citotoxicidad contra las células de UM en comparacioén
con la soluciéon de MEL. Esta mayor efectividad podria atribuirse a una mejor
penetracion de los NLC en las células tumorales, lo que aumenta la
concentracion intracelular de MEL. Ademas, se ha descrito que las células de
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UM expresan receptores de MEL [204]. Esto podria ser de relevante
importancia, debido a que los MEL-NLC presentaron una liberacién rapida in
vitro, lo cual podria ayudar a un primer efecto antiproliferativo de la formulacién
cuando se comienza a liberar MEL de los NLC. Los estudios in vivo con los MEL-
NLC marcados fluorescentemente demostraron que penetraban y distribuian
por los tejidos internos del ojo, acumulandose en la retina y los procesos
ciliares. Su elevada penetracidon se atribuyd a su tamafio nanométrico, a su
naturaleza lipidica y a sus propiedades mucoadhesivas [205,206]. Estos
hallazgos son relevantes debido a la ubicacién de los tumores de UM en el
cuerpo ciliar y la coroides [207]. La acumulacién de MEL-NLC en estos tejidos
podria permitir una liberacién dirigida de MEL, aumentando su actividad

terapéutica en este tipo de tumor ocular.

Debido a que la inflamacién ocular es un problema de salud importante que
puede causar pérdida de visién, comprender mejor la fisiopatologia de la
inflamacién ocular es esencial para desarrollar tratamientos mas efectivos
[208]. Investigaciones recientes han demostrado la importancia de los
mediadores inflamatorios en enfermedades oculares como la AMD vy la
retinopatia diabética, lo que sugiere la necesidad de reevaluar los enfoques
terapéuticos actuales [209]. La evaluacién del mecanismo de accion de los
NLC conteniendo APG y MEL puso de relieve de los sistemas duales (APG-MEL-
NLC) fueron capaces de modular la respuesta inflamatoria a través de la
inhibicidon de las citoquinas IL-6 y IL-8, y la molécula de adhesiéon MCP-1,

sugiriendo un mecanismo de accion multifactorial.

La inflamacién es un proceso comun en diferentes enfermedades oculares,
como en el DED, el glaucoma, laAMDy elUM[210]. Particularmente, en el DED,
la inflamacién desencadena una respuesta inmune que dana la superficie
ocular [211], y en el UM crea un microambiente que favorece el crecimiento
tumoral [212]. La evidencia sugiere que la modulacién de la inflamacion podria
ser una estrategia prometedora para tratar muchas de las enfermedades
oculares actuales [213]. Debido al potencial de los activos encapsulados, se
estudio la capacidad de las formulaciones desarrolladas para preveniry tratar
la inflamacién in vivo en un modelo de conejo New Zeland. En cuanto a la

prevencién de la inflamacion se administraron las formulaciones, los farmacos
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libres, o el suero fisioldgico (control positivo de inflamacion) y 30 minutos
después de aplicé araquidonato sdédico. Las soluciones de APG, MEL y su
combinacién ejercieron efecto antinflamatorio inicial, pero mucho menor que
cuando se administraron encapsuladas en NPs, lo cual podria estar
relacionado con una posible eliminacién rapida de la superficie ocular ya que,
generalmente, menos de un 5 % de la dosis administrada entra en la camara
anterior del ojo [214]. Los NLC en cambio, desde los primeros tiempos
analizados, mostraron un mayor efecto antinflamatorio, lo cual podria estar
relacionado con su capacidad de mucoadhesion inducida por su carga
positiva, que facilita la interaccion con las mucinas cargadas negativas de la
superficie ocular [215] y su liberacidn bifasica, iniciandose rapidamente por el
farmaco depositado en la superficie y posteriormente mas lento. En el
tratamiento de la inflamacidn se instilé inicialmente el estimulo inflamatorio y
30 minutos después se administraron cada uno de los tratamientos. En este
caso las soluciones de farmacos mostraron un efecto generalmente mas
rapido que la formulacion, pero las formulaciones mostraron un mayor efecto
antinflamatorio en los tiempos posteriores. Comparando el efecto de las 3
formulaciones, los sistemas duales (APG-MEL-NLC) mostraron un efecto
antinflamatorio mas rdpido y potente en la etapa inicial. Esto podria ser
resultado de mecanismos de accién complementarios y un efecto sinérgico en
su liberacién, ya que la MEL se libera mas maés rapido que la APG en la
formulacién dual y la APG liberada mas lentamente posee un potente efecto
antinflamatorio. Ha sido reportado que tanto la MEL como la APG presentan
propiedades antiinflamatorias [200,216] que podrian actuar de forma sinérgica.
La MEL, ademas de ser un potente antioxidante, inhibe la activacion del factor
de transcripcion NF-kB, reduciendo asi la producciéon de citocinas
proinflamatorias [217]. Por su parte, la APG también inhibe NF-kB y otros
factores de transcripcion como AP-1 y STAT, disminuyendo la expresion de
genes proinflamatorios [218]. Esta accidn combinada sobre NF-kB amplifica el
efecto antiinflamatorio, ya que este factor es un regulador clave de la respuesta
inflamatoria [219]. Ademas, la MEL posee propiedades inmunomoduladoras y
la APG reduce la produccién de moléculas de adhesién, lo que contribuye a
disminuir la inflamacién de forma complementaria [220,221]. En conjunto,
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estas moléculas ofrecen una estrategia terapéutica prometedora para el

tratamiento de enfermedades inflamatorias.
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5. Conclusions

Six formulations of lipid NPs encapsulating APG, MEL, or both have been

developed for the treatment of proliferative diseases, or ocular pathologies by

functionalizing them with a positive charge. In this context and based on the

obtained results, the conclusions of the present doctoral thesis are:

1.

APG-NLC, MEL-NLC, and APG-MEL-NLC prepared with an optimized
hot high-pressure homogenization method exhibit suitable
physicochemical properties, being able to be administered for
proliferative diseases or ocular pathologies as eye drops.

All the NLC formulations have been characterized by spectroscopic
(FTIR and XRD) and thermal analysis (DSC), showing the NLC
amorphous structure and their lipid conformation, which posteriorly
have been related to their physical stability.

All the formulations have a sustained release, characterized with a
biphasic behaviour, in which they show an initial burst release followed
by a slow and sustained phase.

Anti-angiogenic studies performed in ovo with the APG-NLC
demonstrate that these NPs release APG in an efficient manner,
enhancing the APG therapeutic properties.

In vitro assays carried out with 4 different cancer cell lines at two
different incubation times have showed that all the negatively charged
NLC possess anti-proliferative activity, which increases along the
incubation time.

In vitro cytotoxicity and in vivo ocular tolerance demonstrate that the
positively charged formulations are safe and well-tolerated at cellular

and histological level.
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7.

10.

APG-NLC demonstrate excellent efficacy in the treatment of dry eye
disease, restoring both tear flow and damaged corneal surface after five
days of treatment. Moreover, empty NLC also has great properties
against dry eye disease, mainly attributed to the rosehip oil contained in
the lipid matrix.

MEL-NLC demonstrate anti-proliferative activity against uveal
melanoma cells, with a higher cytotoxic effectin comparison to the free
MEL solution. Furthermore, in vivo biodistribution studies show that the
MEL-NLC are able to reach and accumulate at the ciliary processes and
the retina in three hours post-instillation.

APG-MEL-NLC exhibit in vitro anti-inflammatory activity in a treatment
model by using LPS as an inflammatory stimulus, decreasing the levels
of the cytokines IL-6 and IL-8 and the adhesion protein MCP-1.

In vivo anti-inflammatory efficacy studies show that the three positively
charged formulations are effective in the prevention and treatment of

inflammatory disorders at ocular level.

In summary, the nanostructured lipid systems encapsulating APG, MEL, or

both, offer a promising approach for treating proliferative and ocular diseases.

These bioactive compounds, known for their antioxidant and anti-inflammatory

properties, can be effectively delivered to target tissues using a

nanotechnological tool. The combination of these agents may enhance their

therapeutic efficacy, providing a potential tool for innovative and effective

treatments.
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Description
TECHNICAL FIELD
[0001] The present invention relates to a composition comprising lipid nanoparticles comprising at least one liquid
lipid with anti-inlammatory properties, such as for example rosehip oil, at least one solid lipid, at least cne cationic
surfactant and optionally, at least a non-cationic surfactant, and opticnally at least one active ingredient, as well as their

use in a method of treating ocular diseases, such as for example dry eye disease.

BACKGROUND OF THE INVENTION

[0002] Dry eye disease (DED) is a condition frequently encountered in ophthalmology practice worldwide. DED is a
multifactorial disease of the ocular surface characterized by a loss of homeostasis of the tear film, and accompanied by
ccular symptoms, in which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and neu-
rosensory abnormalities play etiological roles. The prevalence of DED in the population ranges from S - 34 % depending
on the country [1]. Topical administration is the preferred route to treat DED because it is painless and easy to handle
Artificial fears in the form of eyedrops, gel or cintment are used to lubricate dry eyes maintaining moisture of the eye's
surface and often constitute the first line of therapy. They instantly relieve symptoms by lowering osmolarity and diluting
inflammatory markers. However, artificial tears have no anti-inflammatory properties and do not deal with the fundamental
pathogenesis of the disease. Moreover, usual treatments for ocular inflammation comprise corticosteroids and non-
steroidal anti-inflammatory drugs (NSAIDs), but its prolonged use involves severe side effects, such as increasing ocular
pressure and cataract formation [2,3].

[0003] Plant cils have been used for a variety of purposes with their integration into foods, cosmetics, and pharma-
ceutical products. Specifically, the use of plant oils for topical skin applications as well as the therapeutic benefits of
these plant oils according to their anti-inflammatory and antioxidant effects on the skin have been described. One of the
plant oils used for such applications is rosehip cil (R.canmna).

[0004] Apigenin {APG) is a natural flavonoid that has been used in the form of plant extract for the treatment of several
discrders and inflammatory conditions, Cf all the flavonoids, APG is one of the most widely distributed in plants, and
one of the most studied phenolics. APG is present in significant amount in its glycosylated form in vegetables, fruits,
herbs and plant-based beverages. Based on preclinical and clinical data, it has been suggested that APG is a potent
therapeutic agent to overcome diseases, such as inflammatory diseases, bacterial, viral, and parasitic infections, au-
toimmune disorders, diabetes, hypertensicn, hypercholesterclemia, and various types of cancers [4,5].Several clinical
trials have been carried out for the use of APG as a dietary supplement. In clinical trial NCT04114816, the reduction of
cardiovascular risk in healthy subjects has been evaluated [€]. In clinical trial NCT01286324 APG, as a natural part of
a chamomile extract, was studied as a dietary supplementfor the treatment of chronic primary insomnia. Itwas concluded
that the extract could provide modest benefits of daytime functioning and mixed benefits on sleep diary measures relative
to placebo in adults with chronic primary insomnia [7]. Furthermore, APG itself is currently commercialized as a dietary
supplement in Spain in the form of capsules containing 50 mg APG for improving prostate health, decrease glucose
levels, and maintain the function of the nervous system [8,9].

[0005] Whilstcommercialized eye drops centaining chamomile extract for the enhancement of ocular discemfort, such
as irritation, tired eves, and itchiness are on the market [10,11], APG itself has to date not been suggested or approved
as a therapy for ocular diseases, such as for example DED. This may partially be due to the disadvantages of APG for
topical treatments caused among other by its low solubility and low bicavailability [12].

[2006] In the recent years new delivery systems, such as lipid nanoparticles, have been developed which provide
multiple advantages, such as low in vivo toxicity, good long-term stability, economic and solvent-free production tech-
niques, easy production at large scale, pessibility t¢ be autoclaved or sterilized, increased kinetic stability compared to
liposomes and niosomes [13]. Moreover, the last generation of lipid nancparticles, nanostructured lipid carriers (NLC),
represent a topical delivery system with improved stability in compariscn to the solid lipid nanoparticles (SLN).

[0007] As menticned above topical administration is a preferred route to treat DED. The currently available remedies
using artificial tears have no anti-inflammatory properties and do not deal with the fundamental pathogenesis of the
disease. Available treatment options for ocular inflammation in general include corticosteroids and NSAIDs which after
prolonged use can be the cause of severe side effects. Another drawback of currently available topical applications is
the generally fast release of the active ingredient{s). Furthermore, topical applications into the eye require that the active
ingredient is able to permeate through the corneal barrier to reach its destination.

[0008] To date, no lipid nanoparticles containing liquid lipids have been described that are suitable for topical use in
the coular system and that can provide for benefits/treatment for ocular inflammatory diseases, such as DED. The
inventors have therefore set out to develop lipid nanoparticles with intrinsic activity that are suitable for such applications
and that provide biocompatibility, capability to reverse disease symptoms as well as anti-inflammatory efficacy.



15

25

30

35

EP 4 410 281 A1
[200S] In addition, the inventors have set out to provide a topical delivery system that is suitable for the application of
APG overcoming its low solubility and low bioavailakility, and that furthermore provides for sustained drug release and

corneal permeability which is essential for improving the pharmacokinetic and pharmacodynamic profile of APG.

BRIEF DESCRIPTION OF THE FIGURES

[001Q]

Fig.1. Scheme of the evaluation of the fluorescein staining on the ocular surface. 9: maximum score; 0: minimum
score

Fig.2: Scheme ofthe evaluation of bengal rose staining on the ocular surface. 9: maximum score; O: minimum score.
Fig 3: Design of Experiments (DoE) surface response of Loaded Lipid Nanoparticles. (A) Concentration of APG
(%) and glyceryl dibehenate + rosehip oil (%) influence on Z,, (hm). (B) Concentration of Polysorbate 80 (%) and
glyceryl dibehenate + rosehip oil (%) influence on PDI. (C) Concentration of Polysorbate 80 (%) and glyceryl dibe-
henate + rosehip oil (%) influence on ZP (mV). (D) Concentration of APG (%) and glyceryl dibehenate + rosehip oil
(%) influence on EE (%)

Fig.4: Physicochemical characterization of optimized Loaded Lipid Manoparticles, empty lipid nanoparticles and
apigenin. (A) Transmission electron microscopy (TEM) image of loaded lipid nanoparticles (scale bar 100 nm). (B)
Differential scanning calorimetry (DSC) curves. (C) X-ray diffraction (XRD) patterns. (D) Fourier-transfermed infrared
(FTIR) analysis.

Fig.5. Backscattering profiles of Loaded Lipid Nanoparticles stored at: (A) 4 “C and, (B) 25 'C.

Fig.€: Biopharmaceutical behavior. Invitro APG release from Loaded Lipid nanoparticles against free-APG (adjusted
to two phase decay and plateau followed by one phase decay respectively) and pharmacokinetic parameters Loaded
Lipid Nanoparticles applied to a one-phase association

Fig.7: Results of the Schirmer test on New Zealand rabbits after dry eye disease induction with statistically significant
differences (* p < 0.05, ™ p < 0.01, *™* p < 0.001; **** p < 0.0001).

Fig.8: Fluorescein staining of the ocular surface of New Zealand rabbits after dry eye disease induction. Results of
the fluorescein staining with statistically significant differences (* p < 0.05, ** p < 0.01, and *** p < 0.001) of. Dry
eye, Lipid Nanoparticles, Loaded Lipid Nanoparticles, Free APG, Commercial solution,

Fig.9: Bengal rose staining of the ocular surface of New Zealand rabbits after dry eye disease induction. Results
of the Bengal rose staining with statistically significant (* p < 0.05) of: Dry eye, Lipid Nanoparticles, Leaded Lipid
Nanoparticles, Free APG, Cemmercial solution.

Fig.10: Ocular inflammation prevention results on New Zealand rabbits. Values are expressed as mean = SD; * p
<005 ™ p<0.01and™ p <0.001and ™ p < 0.0001 significantly different ocular inflammation score.

Fig.11: Ocular inflammation treatment results on New Zealand rabbits. Values are expressed as mean + SD; * p
<005, * p <001 and** p < 0.001 and *** p < 0.0001 significantly different ocular inflammation score.

BRIEF DESCRIPTION OF THE INVENTION

[0011] The proklem addressed by the present invention is to provide a topical ocular nanoparticulated lipid system
that provides biocompatibility, the capability to treat ocular disease cr reverse their symptems, treat andfor prevent ocular
inflammation and the capacity to act as drug delivery carrier. A further problem addressed is the provision of a topical
delivery system for APG that overcomes its disadvantages, such as its low solubility and bioavailability and that provides
for sustained drug release and corneal permeability and thus improved pharmacokinetic and pharmacodynamic profiles
of APG.

SUMMARY OF THE INVENTION

[0012] Inone aspect the present invention relates to a composition comprising lipid nanoparticles, said lipid nanopar-
ticles comprising

a. at least one liquid lipid with anti-inflammatory properties;
b. at least one solid lipid;

c. at least one cationic surfactant

d. optionally, at least one non-cationic surfactant;

e. optionally, at least one active ingredient.

[0013] Inone embaodiment of the composition of present invention the said liquid lipid with anti-inflammatory properties
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is selected from the group consisting of rosehip oil, tea tree oil, lavender oil, linoleic acid, stearic acid, palmitic acid,
castor cil, safflower oil, melon seed oil, salicornia oil, evening primrose oil, poppyseed oil, grape seed cil, prickly pear
oil, artichoke oil, hemp oil, wheat germ oil, cottonseed oil, corn oil, walnut oil, soybean oil, sesame oil, rice bran cil, argan
ail, pistachio oil, peach oil, almond cil, canola oil, avocado oil, flaxseed oil, sunflower oil, peanut oil, palm ail, clive olil,
macadamia ail, coconut oil, rosemary oil, lavender oil, origanum vulgare oil, thyme oil, mint cil, eucalyptus oil, ginger oil,
cuminum cyminum |. ail, turmeric oil, clove oil, oleic acid, oregano oil, rose ail, fennel cil, bergamot cil, chamomile oil,
helichrysum oil, patchouli oil, frankincense oil, copaiba cil, peppermint oil, black pepper oll, sweet marjoram oil, basil oll,
clove oil, clary sage oil, lemongrass oil, geranium oil, wintergreen oil, cannabis oil, cannabidiol, spruce oil, niaouli oil,
cardamom oil, pine tree oil, fir tree oil, juniper tree oil, verbena oil, marjoram oil, katafray oil, bitter orange oil, hypericum
oil, arnica oil, coriander oil, mustard oil, perilla seed oil, centella asiatica oil, calendula oil, laureloil, camphor oil, cinnamen
ail, catmeal oil, docosahexaenocic acid, eicosapentaenocic acid, dandelion oll, krill oil, electrophorus electricus oil, pota-
motrygon motoro oil, boa constrictor oil, cheloncidis denticulate oil, melanosuchus niger oil, inia geoffrensis oll, horse
oil, anchovy oil, prunus seed ail, tropidurus hispidus oil, emu oil, magian fruits essential oil, fructus alpinia oil, cinnamormum
cassia essential oil, angelica sinensis oil, gynura procumbens oll, spirulina cll, citrus limetta oll, citrus aurantium oll,
atractylodes macrocephala oil, artemisia argyi oil, gynura prosumbens oil, acorus gramineusand oil, algal oil, fish oil,
zanthoxylum coreanum nakai oil, cod liver oil, perna canaliculus cil, chia seed oil, or combinations thereof.

[0014] In cne embodiment of present invention the said liguid lipid with anti-inflammatory properties is selected from
derivatives of the above listed liquid lipids

[00186] In a preferred embodiment the said liquid lipid with anti-inflammatory properties is rosehip oil.

[001€] In one embkodiment of the composition of the present invention the solid lipid is selected from menoglycerides,
diglycerides, triglycerides, cholesterols, steroids, fatty alcohols, glycerol esters glyceryl tridecanoate, glycercl trilaurate,
glyceryl trimyristate, glyceryl tripalmitate, glyceryl tristearate, hydrogenated coco-glycerides, hard fat types, mixtures of
triglycerides andfor diglycerides andfor monoglycerides and/for glycersl, acyl glycerols, glyceryl monostearate, glyceryl
distearate, glyceryl moncoleate, glyceryl dibehenate, glyceryl paimitostearate, waxes, cetyl palmitate, fatty acids, stearic
acid, palmitic acid, decanoic acid, behenic acid, glycerol stearate citrate, pclyethylene glycol monostearate, cyclic com-
plexes, cyclodextrin para-acyl-calix-arenes, or mixtures thereof.

[0017] In a preferred embodiment said solid lipid is glyceryl dibehenate.

[0018] Inoneembodiment of the composition comprising lipid nanoparticles of presentinvention the cationic surfactant
is selected from the group consisting of dimethyl-dioctadecyl-ammonium hromide (DDAB), diclecyl phosphatidyleth-
anolamine, 1,2-distearyloxy-N,N-dimethyl-3-aminopropane, 1,2 dicleyloxy-N,N-dimethyl-3-aminopropane, 1,2-dilinoley-
loxy-N,N-dimethyl-3-aminopropane, 1,2-dilinolenyloxy-N N-dimethyl-3-aminopropane, cetyltrimethylammonium bro-
mide, 3B-[N(N'.N'-dimethylaminoethane)-carbamoyllcholesterol,  1,2-dioleoyl-3-trimethylammonium-propane,  1,2-
dimyristoyl-3-trimethylammonium-propane, 1,2-stearoyl-3-trimethylammonium-propane, N-(4-carboxybenzyl)-N N-
dimethyl-2,3-bis(cleoyl-oxy)propan-1-aminium, 1-Palmitoyl-2-cleoyl-sn-glycero-3-phosphoethanolamine, N,N-di-((3-
stearoylethyl)-N,N-dimethyl-ammonium chloride, benzalkonium chloride, cetylpyridinium chloride, cetrimide, N-[1-(2,3-
dicleoyloxy) propyl]-M.N, N-trimethylammonium chloride, 1,2-dilineoyl-3-dimethylammonium-propane, 1,2-dilinoleyloxy-
3-N, N-dimethylaminopropane, 1,2-dilinoleyloxy- keto-N N-dimethyl-3-aminopropane, 1,2-dilinoleyl-4-(2- dimethylami-
noethyl)-[1 3]-dioxolane(3-0-[2"-(meth oxypolyethyleneglycol 2000) succinoyl]-1,2-dimyristoyl-sn-glycol, R-3-[({(e-meath-
axy-poly(ethyleneglycol)2000)carbamaoyl]-1,2-dimyristyloxIpropyl-3-amine, cetyltrimethylamme-nium bromide, octade-
cylamine, 1-cleoyl-rac-glycerol, octadecyl quaternized carboxymethyl chitosan, hexadecyl trimethyl ammonium bromide.
[0019] In a preferred ernbodiment of the compesition of present invention the cationic surfactant is dimethyldioacta-
decylammonium bromide (DDAB).

[0020] In a further embodiment of the composition of present invention the non-cationic surfactant is selected from
the group consisting of polysorbate 80, soya lecithin, sodium dodecyl sulphate, polysorbate 20, polysorbate 40, polys-
orbate 680, PEG-30 glycery! stearate, cholic acid, phosphatidyl choline, phospholipids with phosphatidylcholine, egg
lecithin, poloxamer 188, poloxamerd07, poloxamer 184, poloxamer 338, poloxamine 908, tyloxopol, taurocholate sodium
salt, taurodeoxycholicacid sodium salt, scdium glycocholate, sodium oleate, cholesteryl hemisuccinate, butanol, sodium
cholate, nenionic polyoxyethylene, non-ionic amphiphilic surfactant with an alkyl meoiety and an ethylene oxide chain,
palmitic acid, stearic acid, mixtures of palmitic and stearic acid, lecithin, polyglycerol 6-distearate, caprylylfcapryl gluco-
side, coco-glucoside, sucrose palmitate, sucrose stearate, sucrose distearate, tyloxapol, lecithin, cetylpyridiniumchloride,
sorbitan laurate, polyethylene glycol ether of cety! or stearyl alcohol, castor oil polyoxyethylene ether, macrogolglycerol
ricincleate, diocty! sodium sulfosuccinate, monooctylphosphoric acid sodium, hexadecyl trimethyl ammonium kbromide,
polyvinyl alcohol, polyoxyethylene (40) stearate, polyethylene glycol-polypropylene glycol-polyethylene glycol triblock
copolymer, olyoxyethylene nonylphenyl ether, hexadecyltrimethylammonium bromide, sodium dodecyl sulfate, sodium
cholate, stearate sodium hydrolysed polyvinyl alcohol @000-10000 MW, dioctyl sulfosuccinate, taurocholate, 4-dodecyl
henzenesulfonic acid, long chain carboxylic acid, alkyldiphenyloxide disulfonate, or mixtures thereof,

[0021] In a preferred embodiment the non-cationic surfactant is polysorbate 80.

[0022] In che embodiment the at least ohe active ingredient is apigenin (APG).
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[2023] In one embodiment the at least one active ingredient, preferably apigenin, is encapsulated in the lipid nano-
particles.

[0024] In a further embodiment said lipid nanoparticles further comprise a coating, preferably wherein said coating
comprises hyaluronic acid.

[0025] In cne preferred embodiment of the composition of present invention said lipid nanoparticles comprise

a. 0.01 - 30 % {wiv) lipid liquid with anti-inflammatory properties, preferably rosehip oil;
b. 1-50% (wh) solid lipid, preferably glyceryl dibehenate;

c. 0.001 - 10 % (w/iv) cationic surfactant, preferably DDARB;

d. optionally 0.00 - 10 % (wiv) non-cationic surfactant, preferably polysorbate 80,

e. optionally 0.00 - 10 % (wiv) active ingredient, preferably apigenin

[0026] In cne preferred embodiment of the composition of present invention said lipid nanoparticles comprise

a. 2.5 - 12.5% {wiv) lipid liquid with anti-inflarmmatory properties, preferably rosehip oil;
b. 1 -30 % {wh) solid lipid, preferably glyceryl dibehenats;

c. 0.025 - 0.5 % (wifv) cationic surfactant, preferably DDAB;

d. 1.0 - 5.0% (w/v) non-cationic surfactant, preferably polysorbate 80;

e. optionally 0.1 - 2.5% (wiv) active ingredient, preferably apigenin.

[0027] In cne preferred embodiment of the composition of present invention said lipid nanoparticles comprise

a. 3.0% (w#) rosehip oil

b. 4.5 % (wiv) glyceryl dibehenate
c. 0.05% (w/v) DDAB,

d. 3.5% (wiv) polysorbate 80,

e. optionally 0.1% (wiv) apigenin.

[0028] [n one embodiment the lipid nanoparticles further comprise from 0.00001 % - 0.001 % (w/v), preferably 0.0001
% (wiv) hyaluronic acid, more preferably wherein said hyaluronic acid coats the lipid nancparticles.

[0029] In another aspect the present invention relates to a composition comprising lipid nanoparticles as described
herein for use in the treatment, amelioration or prevention of ocular diseases, such as ocular inflammation, glaucoma,
oculartumors, bacterial and viral infections of the eye, age-related macular degeneration, cataracts, diabetic retinopathy,
or dry eye disease (DED).

[0030] [n one embodiment the composition is administered topically into the eye.

DETAILED DESCRIPTION OF THE INVENTION

DEFINITIONS

[0031] The use of the word "a" or "an" may mean "one," but it is also consistent with the meaning of "one or more,"
“at least one " and "cne or more than one". The use of the term "ancther" may also refer to one or more. The use of the
term'or'" in the claims is used to mean “and/or" unless explicitly indicated to refer to alternatives only or the alternatives
are mutually exclusive.

[0032] As used in this specification and claim(s), the words "comprising" {(and any form of comprising, such as"com-
prise" and "comprises"), "having" (and any form of having, such as "have" and "has"), "including" {and any form of
including, such as "includes" and "include”) or "containing” (and any form of containing, such as "contains" and "contain”)
are inclusive or open-ended and do not exclude additicnal, unrecited elements or method steps. The term "comprises”
also encompasses and expressly discloses the terms "consists of' and "consists essentially of". As used herein, the
phrase "consisting essentially of" limits the scope of a claim to the specified materials or steps and those that do not
materially affect the basic and novel characteristic(s) of the claimed invention. As used herein, the phrase "consisting
of" excludes any element, step, or ingredient not specified in the claim except for, e.g., impurities ordinarily associated
with the element or limitation.

[0033] As used herein, words cf approximation such as, without limitation, "about", "around", "approximately" refers
to a condition that when so modified is understood to not necessarily be absolute or perfect but would be considered
close enough to those of ordinary skill in the art to warrant designating the condition as being present. The extent to
which the description may vary will depend on how great a change can be instituted and still have one of ordinary skilled
in the art recognize the modified feature as still having the required characteristics and capabilities of the unmodified
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feature. In general, but subject to the preceding discussion, a numerical value herein that is modified by a word of
approximation such as "about” may vary from the stated value by =1, 2,3, 4, 5,6, 7, 8, 9, or 10%. Accordingly, the term
"about' may mean the indicated value = £% of its value, preferably the indicated value = 2% of its value, most preferably
the term "about" means exactly the indicated value (+ 0%).

[0034] Theterms "comprise” and "comprising” are used in the inclusive, open sense, meaning that additional elements
may be included. The term "comprises" also encompasses and may be used interchangeably with the terms “"consists
of" and "consists essentially of".

DETAILED DESCRIPTION

[0035] Dry eye disease (DED) is a condition frequently encountered in ophthalmology practice worldwide. Topical
administration is a preferred route to treat DED, but currently available artificial tears have ne anti-inflammatory properties
and do not deal with the fundamental pathogenesis of the disease. Usual treatments for ocular inflammation include
corticosteroids and non-steroidal anti-inflammatory drugs (NSAIDs) which after prolonged use led to severe side effects.
Ancther drawback of topical applications is the generally fast release of the active ingredient(s). Furthermore, for topical
applications into the eye, it needs to be assured that the active ingredient can permeate through the corneal barrier to
reach its destination.

[0036] The inventors have therefore set out to develop a drug delivery system that can overcome these drawbacks
and that provides biocompatibility, anti-inflammatory efficacy as well as capability to reverse ocular disease symptoms,
such as DED. A further aim of the invention is to provide an ocular topical delivery system for APG that overcormes its
love solubility and bioavailability and that provides for sustained drug release as wellas corneal permeabkility thus improving
the pharmacokinetic and pharmacodynamic profile of APG.

[0037] To achieve this the inventors have developed lipid nanoparticles comprising rosehip oil extracted from Rosa
canina seeds as a liquid lipid having antioxidant, anti-inflammatory and regenerative properties. Rosehip oil contains
essential fatty acids, tocopherols, sterols and phenolics with functional properties (15). The inventors could show that
the lipid nanoparticles according to present invention comprising rosehip oil and no further active ingredient, herein
named "lipid nanoparticles’, already provide for an improved tear flow, could restore the corneal surface and were able
to restore the tear film (see Example 7, Figures 7-9).

[0038] Inone aspect the present invention relates to a compesition comprising lipid nanoparticles, said lipid nanopar-
ticles comprising

a. at least one liquid lipid with anti-inflammatory properties;
b. at least one solid lipid;

c. at least one cationic surfactant

d. optionally, at least a non-cationic surfactant;

e. optionally, at least one active ingredient.

[0039] In ohe embodiment the at least one said liguid lipid with anti-inflammatory properties is selected from the group
consisting of rosehip oil, tea tree cil, lavender all, lincleic acid, stearic acid, palmitic acid, castor oil, safflower oil, melon
seed oll, salicornia oil, evening primrose oil, poppyseed cil, grape seed oll, prickly pear oll, artichcke oil, hemp oil, wheat
germ oil, cottonseed ail, corn oll, walnut cil, soybean oil, sesame oll, rice bran oil, argan oil, pistachio oil, peach oll,
almond cil, canola oil, avocado oil, flaxseed oil, sunflower oil, peanut oil, palm cil, olive cil, macadamia oil, coconut oil,
rosemary oil, lavender oil, origanum vulgare cil, thyme oil, mint cil, eucalyptus oil, ginger oil, cuminum cyminum 1. oil,
turmeric oll, clove oil, oleic acid, oregano oil, rose oil, fennel oil, bergamot oil, chamomile oil, helichrysum oil, patchouli
ail, frankincense oil, copaika oil, peppermint oil, black pepper oil, sweet marjoram oil, basil oil, clove oll, clary sage oll,
lemongrass oil, geranium oil, wintergreen cil, cannabis cil, cannabidiol, spruce oil, niaouli cil, cardamom oil, pine tree
cil, fir tree oil, juniper tree oil, verbena oil, marjoram oil, katafray oil, bitter crange cil, hypericum oil, arnica cil, coriander
cil, mustard oil, perilla seed oil, centella asiatica oil, calendula oil, laurel oil, camphor oil, cinnamon oil, catmeal oil,
docosahexaenocic acid, eicosapentaenoic acid, dandelion ail, krill cil, electrophorus electricus cil, potamotrygon motoro
oil, boa constrictor oil, chelonoidis denticulate oil, melanosuchus niger oil, inia geoffrensis oil, horse oil, anchovy oil,
prunus seed oil, tropidurus hispidus oil, emu oil, magian fruits essential oil, fructus alpinia oil, cihnamomum cassia
essential oil, angelica sinensis oil, gynura procumbens oil, spirulina oil, citrus limetta oil, citrus aurantium oil, atractylodes
macrocephala oil, artemisia argyi cil, gynura procumbens oil, acorus gramineusand oil, algal oil, fish oil, zanthoxylum
coreanum nakai oil, cod liver ail, perna canaliculus oil, chia seed oil, or combinaticns thereof,

[0040] The above listed liquid lipids are known to contain anti-inflammatory properties and are thus suitable for use
in the compositions of present invention. Anti-inflammatory properties herein refer to the ability of the liquid lipid to reduce
inflammation and/or redness, and/or pain and/or swelling of a tissue

[0041] The preferred liquid lipid is rosehip oil. The lipid hanoparticles of present invention can comprise from 0.01 -
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30.0% (whv), from Q.1 - 30.0% (whv), from 0.5 - 25.0% (wih), from 1.0 - 20.0% (w#v), from 1.5- 15.0% (wh), from 2.0 -
14.0% (wiv), from 2.5 - 12.5% (whs), from 2.5 - 10.0% (wiv), from 2.5 - 8.0% (wiv), from 2.5 - 8.0% {wiv), from 2.5 - 7.0%
(whv), from 2.7 - 6.0% (wiv), from 2.8 - 5.0% (wiv), from 2.9 - 4 0% (wiv) rosehip oil. Preferred is an amount of from 2.5
- 12.5% (wiv), more preferred an amount from 2.9 - 4.0% (wiv), most preferred 3.0% (wiv)

[0042] In one embodiment of the composition of the present invention the solid lipid is selected from monoglycerides,
diglycerides, triglycerides, cholesterols, steroids, fatty alcchols, glycerol esters glyceryl tridecanoate, glycerol trilaurate,
glyceryl trimyristate, glycervl tripalmitate, glyceryl tristearate, hydrogenated coco-glycerides, hard fat types, mixtures of
triglycerides and/or diglycerides and/or monoglycerides and/or glycerol, acyl glycerols, glyceryl monostearate, glycery|
distearate, glyceryl monooleate, glyceryl dibehenate, glyceryl palmitostearate, waxes, cetyl palmitate, fatty acids, stearic
acid, palmitic acid, decanoic acid, behenic acid, glycerol stearate citrate, polyethylene glycol monostearate, cyclic com-
plexes, cyclodextrin para-acyl-calix-arenes, or mixtures thereof

[0043] The solid lipid can be present in the lipid nanoparticles of present invention from 1.0 - 50 % (whv), from 1.0 -
40 % (wh), from 1.0 - 30 % (wiv), from 1.0 - 20 % (wiv), from 1.0- 15 % (wi), from 1.0 - 10 % (wiv), from 1.5-8.5%
(wiv), from2.0-8.0% (wh), from 2.5-8.5 % (wiv), from 3.0 - 8.0 % (wiv), from 3.2 - 7.5 % (wiv), from 3.5 - 7.0 % (whv),
from 3.7 - 6.5 % (wiv), from 4.0 - 6.0% (wiv), from 4.1 - 5.5 % (wh), from 4.2 - 5.0 % (w/v), from 4.3 - 4.8 % (wh), from
4.4 - 4.8 % (wiv).

[0044] The lipid nanoparticles comprise at least at least one cationic surfactant. The cationic surfactant provides an
increased bioavailability of the formulation when administered onto the ocular mucosa. Cationic surfactants promote
electrostatic interactions between the surface of the cationic particles and the anionic ocular mucosa, with a considerable
improvement of the drug residence time [14].

[0045] In cne embodiment of the composition of present invention the cationic surfactant is selected from the group
censisting of dimethyldioctadecylammeonium hromide (DDAB), dioleoyl phosphatidylethanolamine, 1,2-distearyloxy-N,N-
dimethyl-3-aminopropane, 1.2 dioleyl-oxy-N M-dimethyl-3-aminopropane,1,2-dilinoleyloxy-N, N-dimethyl-3-aminopro-
pane, 1,2- dilinolen-yloxy-M,N-dimethyl-3- aminopropane, cetyltri-methylammonium bromide, 3R-[N(N', N’ -dimethylami-
noethane)-carbamoy(]cholesterol, 1,2-dioleoyl-3-trimethylammo-nium-propane, 1,2-dimyristoyl-3-trimethylammonium-
propane, 1,2-stearoyl-3-tri-methylammonium-propane, N-(4-carboxybenzyl)-N N-dimethyl-2,3-bis(oleoyloxy) propan-1-
aminium, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanclamine, N,N-di-{3-stearoylethyl}-N,N-dimethyl-ammonium
chloride, benzalkonium chloride, cetylpyridinium chloride, cetrimide, N-[1-(2, 3-dicleoyloxy)propyl]-N,N, N-frimethylam-
monium chleride, 1,2-dilineoyl-3-dimethylammonium-propane, 1,2-dilinoleyloxy-3-N,N-dimethylaminopropane, 1,2-dili-
noleyloxy- keto-N N-dimethyl-3-aminopropane, 1,2-dilinoleyl-4-(2- dimethylamincethyl)-[1,3]-dioxolane(3-o0-[2"-(meth
oxypolyethyleneglycol 2000) succinoyl]-1, 2-dimyristoyl-sh-glycol, R-3-[(a-methoxy-poly(ethyleneglycol)2000) car-
bamoyl]-1.2-dimyristylox propyl-3-amine, cetyltri-methylammonium bromide, octadecylamine, 1-cleoyl-rac-glycerol, oc-
tadecyl quaternized carboxymethyl chitosan, hexadecyl trimethyl ammonium bremide.

[0046] A preferred cationic surfactant according to present invention is dimethyl-dioctadecyl-ammonium bromide
(ODAB). DDAB is a commercially available double chain cationic surfactant that is for example used in the prior art for
preparation of lipid bilayer-protected gold nanoparticles (AuNPs) or for delivery systems into mammalian cells, such as
RMNAI delivery.

[0047] The lipid nanoparticles of present invention can comprise from 0.001 - 10 % (wiv), from 0.0015 - 5 % (wh),
from 0.010- 4 % (wiv), frem 0.015- 2 % (whv), from 0.020 - 1 % (wh), from 0.021 - 0.9 % (wiv), from 0.022 - 0.8 % (whv),
from 0.023 - 0.7 % (wiv), from 0.024 - 0.6 % (wiv), from 0.025 - 0.5 % (wiv), from 0.020 - 0.4 % (wiv), from 0.035 - 0.3
% (wiv), from 0.040 - 0.2 % (wihv), from 0.045 - 0.1 % (wh) of a cationic surfactant.

[0048] In previous studies for ocular delivery DDAB had not shown any toxicity at a concentration of 0.5% (18). As
such, in one preferred embodiment the lipid nanoparticles of present invention comprise 0.05% {wiv) of DDAB

[2049] The lipid nanoparticles further comprise at least one further surfactant that is not a cationic surfactant, herein
referred to also as "non-cationic surfactant”. Surfactant type and concentration play an important role in designing lipid
nanoparticles. Lipid nancparticles are stabilized by different types of surfactants which are efficiently adsorbed onto
particles surfaces reducing the interfacial tension. Either a sole surfactant or a mixture of hydrophilic and lipephilic
surfactants can be used for the preparation. A klend can provide improved physical stability and functional properties
to the lipid nanoparticles.

[0050] In one embodiment of the composition of present invention the non-cationic surfactant is selected from the
group consisting of polysorbate 80, soya lecithin, sodium dodecy| sulphate, polysorbate 20, polysorbate 40, polyscrbate
80, PEG-30 glyceryl stearate, cholic acid, phosphatidyl choline, phospholipids with phosphatidycholine, egg lecithin,
poloxamer 188, poloxamerd(7, poloxamer 184, pcloxamer 338, poloxamine 908, tyloxopol, taurocholate sodium saft,
taurodeoxycholicacid sodium salt, sodium glycocholate, scdium oleate, cholesteryl hemisuccinate, butancl, sodium
cholate, nonionic polyoxyethylene, non-ionic amphiphilic surfactant with an alkyl moiety and an ethylene oxide chain,
palmitic acid, stearic acid, mixtures of palmitic and stearic acid, lecithin, polyglycerol 6-distearate, caprylylfcapryl gluco-
side, coco-glucoside, sucrose palmitate, sucrose stearate, sucrose distearate, tyloxapol, lecithin, cetylpyridiniumchloride,
sorbitan laurate, polyethylene glyccl ether of cetyl or stearyl alcohol, caster oil polyoxyethylene ether, macrogolglycerol
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ricinoleate, dioctyl scdium sulfosuccinate, monooctylphosphoric acid sodium, hexadecyl trimethyl armmoniurm bromide,
polyvinyl alcohol, polyoxyethylene (40) stearate, polyethylene glycol-polypropylene glycol-polyethylene glycol triblock
copolymer, olyoxyethylene nonylphenyl ether, hexadecyltrimethylammonium bromide, sodium dodecyl suffate, sodium
cholate, stearate sodium hydrolysed polyvinyl alcohol 9000-10000 MW, dioctyl sulfosuccinate, taurccholate, 4-dodecyl-
benzenesulfonic acid, long chain carboxylic acid, alkyldiphenyloxide disulfonate, or mixtures thereof

[0051] The concentration ofthe non-cationic surfactant particularly influences the particle size of the lipid nanoparticles.
Generally, the higher the non-cationic surfactant concentration, the smaller the particle sizes will be. The non-cationic
surfactant can be present in the lipid nanoparticles from 0.01 - 10% (wiv), from 0.1 - 9.5% (wiv), from 0.2 - 9.0% (wiv),
from 0.3 - 8.5% (wiv), from 0.4 - 8.0% (wiv), from 0.5 - 7.5% (wiv), from 0.6 - 7.0% (wiv), from0.7 - 8.5% {wiv), from 0.8
- 6.0% (wfv), from 0.9 - 5.5% (wiv), from 1.0 - 5.0% (wiv), from 1.5 - 4. 5% (wh), from 2.0 - 4.0% (wiv), from 2.5 - 3.5%
(wiv). For clarity, the ranges disclosed refer to the amount of non-cationic surfactant in the lipid nanoparticles, thus not
including the amount of cationic surfactant. The amount of cationic surfactant is specified further above

[0052] Thelipid nanoparticles of present invention can further comprise at least one active ingredient. In one embod-
iment the at least one active ingredient is selected from the group consisting of flavonoids, resveratrol (3,5 4'-trihydroxy-
trans-stilbene) and curcumin. Preferred active ingredients are flavonoids due to their antioxidant and anti-inflammatory
properties

[0053] A preferred active ingredient of present inventicn is apigenin. APG is a natural flavonoid that is contained in
various plant extracts, among others chamomile extracts, and has been used as plant extract for the treatment of several
discrders and inflammatory conditions. Based on preclinical and clinical data, it has been suggested that APG is a potent
therapeutic agent tc overcome diseases, such as inflammatory diseases, bacterial, viral, and parasitic infections, au-
teimmune disorders, diabeles, hypertension, hypercholesterolemia, and various types of cancers [4,5]. Furthermore,
APG itself is currently commercialized as a dietary supplement in Spain in the form of capsules cortaining 50 mg APG
for improving prostate health, decrease glucose levels, and maintain the function of the nervous system [5,8).

[0054] Whilst commercialized eye drops containing chamomile extract for the enhancement of ocular discomfort, such
as irritation, tired eyes, and itchiness are on the market [10,11], APG itself has to date not been suggested or approved
as a therapy for ocular diseases, such as for example DED. This may partially be due to the disadvantages of APG for
topical treatments caused among cther by its low solubility and low bioavailability [12]. The same problem occurs with
cther flavonoids. To overcome these disadvantages the inventors have encapsulated APG into the lipid nanoparticles
as described above. APG encapsulation into biocompatible and biodegradable lipid nanoparticles has been carried out
to overcorne its compromised stability and increase therapeutic activity and half-life on the ocular surface, granting its
prolonged release

[0053] In afurther embediment said lipid nanoparticles further cemprise a coating. The coating can cemprise carborm
ers, such as CMC (carboxymethyl cellulose), chitosan or hyaluronic acid. In a preferred embodiment said coating com-
prises hyaluronic acid. Hyaluronic acid (HA) is one of the most utilised viscosity-building macromolecules in ocular
delivery devices. This anionic polysaccharide with ocular mucomimetic properties exhibits the capacity of prolonging
the precorneal residence time and reducing surface desiccation [15]. In addition, hyaluronic acid can act as a lubricant
and provide for an additional moisturizing effect

[0056] This hanosystem has been proven to be physically stable with a prolonged APG release as well as high corneal
permeability, thus improving biopharmaceutical APG behavior. In addition, in vitro and in vivo tests corrcborate that the
developed formulation is biocompatible without any sign of ccular irritation. As already described above, empty lipid
nanoparticles showed an ability to revert DED symptoms due to its composition. When the lipid nanoparticles were
loaded with APG {"Loaded Lipid Nanoparticles"), tear secretion improved due to the therapeutic properties of APG. In
addition, a complementary anti-inflammatory effect of such Loaded Lipid Nanoparticles is also confirmed {see Example
7, Figures 7-9). Hence, Loaded Lipid Nanoparticles constitute a suitable system for the treatment, amelioration and
prevention of ocular inflammatory diseases, such as DED.

[0057] In cne preferred embodiment of the compositicn of present invention said lipid nanoparticles comprise

a. 0.01 - 30 % (whv) lipid liquid with anti-inflammatory properties, preferably rosehip oil;
b. 1 -50 % (wh) solid lipid, preferably glyceryl dibehenate;

c. 0.001 - 10 % (w/v) cationic surfactant, preferably DDAB;,

d. optionally 0.00 - 10 % (wiv) non cationic surfactant, preferably polysorbate 80;

e. opticnally 0.00 - 10 % (wiv) active ingredient, preferably apigenin.

[0058] In cne preferred embodiment of the composition of present invention said lipid nanoparticles comprise
a. 0.01 - 30 % (wh) lipid liquid with anti-inflammatory properties, preferahly rosehip oil;

b. 1 -50 % (wh) solid lipid, preferably glyceryl dibehenate;
c. 0.005 - 10 % (wv) cationic surfactant, preferably DDAB;
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d. 0.01 - 10 % (w/v) non cationic surfactant, preferably polysorbate 80;
e. optionally 0.01 - 10 % (w#v) active ingredient, preferably apigenin.

[0059] In cne preferred embodiment of the compositicn of present invention said lipid nanoparticles comprise

a. 0.1 - 10 % (wiv) lipid liquid with anti-inflammatory properties, preferably rosehip cil;
b. 1-30 % (wiv) solid lipid, preferably glyceryl dibehenate;

c. 0.01 - 5% (wh) cationic surfactant, preferably DDAB,;

d. 0.5 - 7 % (w/fv) non cationic surfactant, preferably polysorbate 80;

e. optionally 0.01 - 10 % (wiv) active ingredient, preferably apigenin

[0060] In cne preferred embodiment of the compositicn of present invention said lipid nanoparticles comprise

a. 2.5 - 12.5% (w/v) lipid liquid with anti-inflammatory properties, preferably rosehip oil;
b. 1 -30 % {wiv) solid lipid, preferably glyceryl dibehenats;

c. 0.025 - 0.5 % (w/v) cationic surfactant, preferably DDAB;

d. 1.0 - 5.0% (w/v) non cationic surfactant, preferably polysorbate 80;

e. opticnally 0.1 - 2 5% (wiv) active ingredient, preferably apigenin

[00681] In cne preferred embodiment of the composition of present invention said lipid nanoparticles comprise

a. 3.0% (wiv) rosehip oil,

b. 4.5 % (wiv) glyseryl dibehenate
c. 0.05% (wiv) DDAB.

d. 3.5% (wiv) polysorbate 80,

e. opticnally 0.1% (wiv) apigenin.

[0082] In one embodiment the lipid nanoparticles further comprise from 0.00001 % - 0.001 % {w/v), preferably 0.0001
% (wiv) hyaluronic acid, more preferably wherein said hyaluronic acid coats the lipid nancparticles.

[0063] In another aspect the present invention relates to a composition comprising lipid nanoparticles as described
herein for use in the treatment, amelioration or prevention of ocular diseases, such as ocular inflammation, glaucoma,
ccular tumors, bacterial and viral infections of the eye, age-related macular degeneration, cataracts or diabetic retinop-
athy, Dry Eye Disease. In a preferred embodiment the treatment of, amelioraticn or prevention of DED is envisaged.
[0064] Itis finally contemplated that any features described herein can optionally be combined with any of the embod-
iments of any product, method or medical use of the invention; and any embodiment discussed in this specification can
he implemented with respect to any of these. It will be understood that particular embodiments described herein are
shown by way of illustration and not as limitations of the invention

[0065] All publications and patent applications are herein incorporated by reference to the same extent as If each
individual publication or patent application was specifically and individually indicated to be incorporated by reference.
[0086] The following examples serve 1o illustrate the present invention and should nct be construed as limiting the
scope thereof.

EXAMPLES
Materials

[0067] APG was obtained from Apollo Scientific (Cheshire, UK). Compritol® 888 ATO (Glyceryl dibehenate) was kindly
gifted from Gattefossé (Madrid, Spain). Tween® 80 (Polysorbate 80), Bengal Rose and Fluorescein were purchased to
Sigma Aldrich (Madrid, Spain). Rosehip oilwas purchased to Acofarma Formulas Magistrales (Barcelona, Spain). Dimeth-
yldioactadecylammonium bromide (DDAB) was purchased to TCI Europe (Zwijndrecht Belgium). Sodium hyaluronate
was kindly donated by Bloomage Freda Biopharm (Jinan, China). All others chemical reagents and components used
in this research were of analytical grade. A Millipore Milli-Q Plus system was used to obtain purified water.

Example 1. LOADED LIPID NANOPARTICLES PREPARATION AND OPTIMIZATION
[0068] The production of Loaded Lipid Nanoparticles was carried out by high-pressure homogenization method (Ho-

mogenizer FPG 12800, Stansted, United Kingdom) after generating a primary emulsion with the mixture of components
with an Ultraturrax T25 (IKA, Germany) at 8000 rom for 30 s. The production conditions were 85 °C, three homogenizaticn
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cycles and 800 bars of pressure [16]. A design of experiments approach {DoE)} used in crder to optimize formulation
parameters. A central composite factorial design {containing 2 replicated centre points, 16 factorial points and 8 axial
points) was developed using statistical program Statgraphics Centurion 18® version 18.1 12 software (Virginia, USA).
Four independent variables: APG concentration (%), surfactant concentration (%), glyceryl dibehenate + rosehip oil
concentraticn (%) and glyceryl dibehenate concentration contained in the mixture glyceryl dibehenate + rosehip cil {%)
were evaluated to determine their influence on the NLC properties. Mean particle diameter size (Z,,), polycispersity
index (PDI), entrapment efficiency (EE) and Zeta potential (ZP) were designated as the dependent variables. Once the
optimized formulation was obtained, increasing amounts of a cationic surfactant were added in crder to obtain a cationic
surface charge. Then, scdium hyalurcnate was added to the formulation [16,17].

1.1 PHYSICOCHEMICAL PARAMETERS

[0069] Z,, and PDI were assessed by photon correlation spectroscopy (PCS8) with a ZetaSizer Nano 7S (Malvern
Instruments, Malvern, UK). ZP was estimated by electrophoretic mobility. For these measurements, samples were diluted
with Milli-Q water 1:10 and analysed by triplicate at 25 °C. EE was determined indirectly. Previously to the analysis, the
non-loaded drug was separated from NPs by filtration/centrifugation at 14,000 r.p.m. (Mikro 22 Hettich Zentrifugen,
Germany) using an Amicon® Ultra 0.5 centrifugal filter device (Amicon Millipcre Corporation, Ireland). The encapsulation
efficiency (EE) was calculated by the difference between the total amount of drug and the free drug, present in the filtered
fraction, using Eq. 1 [18]:

Torai amaunz ofAPGC—Free PG
Tobal wmounk o f 4P

EE{%) = fg. 1

[0070] The quantification of APG was perfermed by amodified reverse-phase high-performance liguid chromatography
(RP-HFLC). Briefly, samples were quantified using HPLC Waters 2695 (Waters, Massachusetts, USA) separation module
and a Kromasil® C18 column (5 pm, 150 X 4.6 mm) with a mobile phase formed by a water phase of 2 % acetic acid
and an organic phase of methanol, in a gradient (from 40 % to 80 % of water phase in 5 min and back in next 5 min}) at
a flow rate of 0.8 mL/min. A diode array detector Waters® 2998 at a wavelength of 300 nm was used to detect the APG
and data were processed using Empower 3% Software [16,19].

1.2 CHARACTERIZATION OF OPTIMIZED LOADED LIPID NANOPARTICLES

1.2.1 Transmission electron microscopy

[0071] Transmission electran microscopy (TEM) was used to investigate the morphology of the Loaded Lipid Nano-
particles on a Jeol 1010 (Jeol USA Dearborn Road, Peabody, MA 01860, USA). Copper grids were activated with UV
light and samples were diluted (1:10) and placed on the grid surface to visualize the particles. Samples were previously
subjected to negative staining with uranyl acetate (2%) [18].

1.2 2 Interaction studies
Interaction studies were carried out with the formulation without HA.

[0072] Differential scanning calorimetry (DSC) analysis was performed using a DSC 823e System Mettler-Toledo,
Barcelona, Spain. A pan with indium (purity 289.95%; Fluka, Switzerland) was used to check the calibration of the
calorimetric system. An empty pan served as areference. The DSC measurements were carried out in the Loaded Lipid
Nanoparticles formulations using a heating ramp from 25 to 105 °C at 10 °C/min in a nitrogen atmosphere. Data was
evaluated using the Mettler STARe V 9.01 dB software (Mettler-Toledo, Barcelona, Spain) [16,18].

[0073] X-ray spectroscopy (XRD) was used to analyse the amorphous or crystalline state of the samples. Samples
were sandwiched between 3.8 nm polyester films and expcsed to CuKw radiation (45 kV, 40 mA, & = 1.5418 A} in the
range {28) of 2-60° with a step size of 0.028” and a measuring time of 200 s per step [16]

[0074] Fouriertransforminfrared (FTIR) spectra of Loaded Lipid Nanoparticles were obtained usinga Thermo Scientific
Nicolet iZ10 with an ATR diamond and DTGS detecter (Barcelona, Spain).

11
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RESULTS:

a) LOADED LIPID NANOPARTICLES PREPARATION AND OPTIMIZATION

[0075] Table 1 shows the effect of independent variables used on dependent variables analysed and the values
obtained. Z,, values are mostly around 200 nm. The developed Loaded Lipid Nanoparticles exhibit a negative surface
charge ZP < -20 mV. In all cases EE was higher than 95 %, thus meaning that APG was completely encapsulated. Most
of the formulations have PDI values below 0.3, indicating a homogeneous distribution of nanoparticles [20].

Table 1. Design of experiments and characterization of the different formulations developed.

Independent variables Dependent variables
APG (%) Liguicl Lipid Solid Lipid Polysorbate 80 Z,,—SD PDI =  ZP=*SD EE +
(%) (%) (%) (nm) sD (mv)  SD (%)
Factorial points
M4 1 A4 075 1 435 I Y
AZ 1 2 4 175 1 325 1 4 22; g = OS;?; ’22_)"; = 96571 =
A2 1 2 1 350 -1 650 - 2 253‘2 = 0'02_3?2: ’2%'2 = 996.91 =
A4 4 1 1 150 1 850 o FlAx prisc 2Ox 808
A5 4 1 1 380 1 650 , FBTE DML 28z TS
A6 1 1 1 35 1 650 1 g FlElwooa8 s 82e 888
A7 1 1 A ors 1 428 1 4 16? g = O'Ozgfzt . gg = 990'_91:’
A8 1 1 1 175 A 325 2 16;2 - Oggg; ’2%'2’ - 95;;
A9 1 2 1 450 1 850 A 4 221282 Obz,ggi . %g - 996?11
A0 4 1 1 150 1 850 A 4 232 g - 0‘(]2_3?; . %’g - 9952‘*
M1 1 2 4 075 1 425 1 s TS19% 0SBk A%2s S99
M2 4 1 4 175 1 325 1 4 203: v 0'0283 2+ . %"72 N 97{')‘7;
A3 1 2 1 150 1 850 -1 2 48w 02T 20TE SeTE
Ale 1 2 4 175 1 325 A
A5 1 2 1 150 1 850 1 4 2422 - 0'02;: 5 . %’2 - g%ii
ME& 1 2 4 075 1 425 A 2 202:2 = 0';(2]’15; '2%_2 - 990'?1 -
Axial points
w2 e s e o 3 0 s W o ws
M8 2 25 0 1875 O 255 0 3 232? N ngg;; '2%‘22 - 99;’1 -
M9 0 15 2 0625 0 '27 0 3 20; g v Obég?; '2%_3 N 990'_9;
12
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(continued)

Axial points

A0 0 15 2 3125 0 9'27 0 3 282:3 = 0'02_23 N '2%; * Q%it
A21 O 15 0 450 -2 550 0 3 18:;2 v 0013?; -zgé * 996.91+
AZ2 O 15 0 080 2 950 0 3 20;:2 = Ooég; et '2%; = ggcﬂt
AZ3 0O 15 0 25 0 750 -2 1 2712 = 062,73;0: ’2‘5‘717 = 99(']?11’
A24 0 15 0 25 0 750 2 5 23?:; = 0;35; ’WE'E = 986_131'
Central points

N T
A6 0 15 0 1875 O 525? 0 3 ﬂgg:g - Ob?gg . 'ﬂ%ﬁ - 99(')?

[0078] As it can be appreciated in Figure 3, the four variables studied had a significant effect on the formulation of the
NLC. Average size and PDI of Loaded Lipid Nanoparticles are directly influenced by the concentration of glyceryl dibe-
henate + rosehip oil. Higher concentrations of glyceryl dibehenate + rosehip oil provide bigger Loaded Lipid Nanoparticles
but lower PDI (Figure 3A, 3B). ZP is influenced by the amount of surfactant, a higher concentration of surfactant, less
superficial charge is obtained (Figure 3C). EE is highly influenced by the proportion of glyceryl dibehenate added to the
formulation. At higher glyceryl dibehenate concentrations, lower encapsulation of APG is obtained (Figure 2D). With
these trends, the optimized formulation contains 0.1% of APG, 4.5% glyceryl dibehenate, 3.0% rosehip oil, and 3.5% of
non-cationic surfactant.

[0077] Tothe optimized formulation, increasing amounts of the cationic surfactant were added (Table 2). The optimized
formulation was chosen based on the physicochemical parameters, where values of ZP higher than 20 mV and PDI
lower than 0.3 were selected. Because of that fact, the cationic optimized formulation was 0.05% of cationic surfactant.

Takle 2. Effect of cationic surfactant on the physicochemical parameters.

DDAB (%) | Za = SD{nm) PDI+SD | ZP = SD(mV)
0.025 3018120 | 0186 10003 | -0.8L0.1
0.05 1468+ 0.8 | 02530003 | 21.2=04
0.06 1443224 | 03260036 | 27310
0.075 1500+ 3.8 | 0363 +0040 | 20.3+05

0.1 148215 | 0427 0018 | 356=08
0.3 1566+ 1.9 | 0407 0011 | 548216
05 1477+03 | 0382 +000S | 544+ 06

[0078] Tothis, 0.0001 % of HA was added and then, the optimized Loaded Lipid Nanoparticles were obtained (Table 3).
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Table 3. Composition and physicochemical parameters of optimized formulation, Loaded Lipid
Nanoparticles

Compasition of Loaded Lipid Nanoparticles

ARG {01 % (i),

Glycery dibehenate . 4.5 % fwfv}

Resehip oil 3:0% (we)

Poiysorbate 80 Y AT

DOAR | TSR W

HA - 0.0001 % {w/iv)

Physycochemical parameters of Loaded Lpid Nanoparticles

T anasmmy) T EE e s T

resSDi w0 e, T

0.254 £6.008 i 21.B: 06 99.9£0.1

by CHARACTERIZATION OF OPTIMIZED LOADED LIPID NANOPARTICLES

[0079] The morphology of Loaded Lipid Nanoparticles obtained by TEM shows almost spherical and soft shapes and
the size below 200 nm is consistent with the results found by PCS. Particle aggregation phenemena is not cbserved
(Figure 4A).

[0080] DSC was carried out in order to study the crystallinity and the melting point variations of the lipid mixtures and
Loaded Lipid Nancparticles. Thermogram (Figure 4B) shows endothermal peaks, of 70.37 °C for lipid mixture, 69.78 °C
for lipid mixture-APG and 68.16 °C Loaded Lipid Nanoparticles. Melting point of Loaded Lipid Nanoparticles is slightly
lower because of its small size and the addition of a surfactant {Polysorbate 80) in the formulation (28). The peaks maove
to slightly lower temperatures when APG is added and the enthalpy is similar between the lipid mixture and lipid mixture-
APG being AH Lipid mixture =82.69 Jg-1, AH Lipid mixture-APC = 84.03 Jg-1 and a smaller enthalpy for the nanoparticles,
being AH Loaded Lipid Nanoparticles = 54.11 Jg-!. APG melting transition is characterized by an endothermal peak at
365.5°C (AH = 198.5 Jg'1) followed by decomposition [21]

[0081] XRD profiles in Figure 4C show the physical state of APG incorporated in NLC. Intense and sharp peaks for
APG and for the solid mixture of lipids are shown, indicating that these components have a crystalline structure. The
peaks found for APG are not detected in Loaded Lipid Nanoparticles profile, which could mean that the drug is present
in & dissolved state inthe NLC {molecular dispersion). The crystallinity of the structure of all the components was studied.
The lipid mixture shows three peaks in 19,34 (20), i.e. d=0,46 nm indicating the most stable form of triacylglycerols, the
B form, 21,28 (26) i.e. d=0,42 nm and 23,43 (28) i.e. d=0,38 nm, indicating the second stable form of triacylglycerals,
the B' form. The Leaded Lipid Nanoparticles profile shows also the three peaks, which could indicate a good stability of
the formulation [21-23].

[0082] FTIR analysis was used to study the interactions between the drug, the surfactant and lipid mixture {Figure
4D). The FTIR spectra of pure APG presented vibrational bands with characteristic peak at the wave number of 3278
em-1 for O-H group. However, C-H group presented multiple small peaks at 2800 em-1. The characteristic peaks at 1650
and 1605 cm™! were obtained for the C-O functional group [24]. There was no evidence of strong bonds between APG
and lipid mixture and the surfactant. APG peaks were not found in the NLC. These results meaning that APG was
encapsulated in the NLC.

Example 4. STABILITY STUDIES
[0083] Loaded Lipid Nanoparticles were stored at 4 and 25 °C during several months. The study was assessed

analysing light backscattering {BS) profiles by a Turbiscan® Lab equipment. A glass measurement cell containing 20 m|
of sample was used. Data were acquired every 30 days. The radiation source used was pulsed near-infrared light-
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emitting diode LED (» = 880 nm), the signal was detected by a BS detector at an angle of 45° from the incident beam.
At the same time interval, values of Z,,,, PDI, ZP and EE were measured (20). The study is still running.

[0084] Stability studies were carried out by the backscattering (BS) profiles of each sample at different temperatures.
BS profiles provides information of destabilization mechanisms in the media, such as sedimentation, agglemeration, or
aggregation [25]. In this way, BS profiles of Loaded Lipid Nanoparticles were studied at 4 °C and 25 °C. The Loaded
Lipid Nanaparticles farmulation is stable at 4 °C for a period of 18 months, while at 25 °C the stability endures 2 months.
The physicochemical parameters kept constant at 4 °C for all the study. The best storage temperature is at 4 °C.

Example 5: BIOPHARMACEUTICAL BEHAVIOUR

[0085] The in vitro APG release test for Loaded Lipid Nanoparticles was performed using Franz-type diffusion cells
(Crown Glass, NY, USA) with a diffusion area of 0.20 ¢cm2 and dialysis membranes of cellulose (MWCO 12 kDa). A
solution of PBS with 5% polysorbate 80 and 20% ethancl under continuous stirring was used as a receptor medium
assuring sink conditions (ability of the medium to dissolve the expected amount of drug) [28]. The formulations were
compared with free-APG solution. The assay was carried out at 32 + 0.5°C along 48h. 300 pl of each farmulation were
added to the donor compartment by direct contact with the membrane. At a certain timepoints, 150 pl of sample wers
collected with a syringe and the volume withdrawn was replaced with receptor sclution. Drug content of the samples
was analysed with HPLC. The test was performed by triplicate, and the cumulative amount of APG was calculated [16].
[0086] The in vitro release profile of APG frem the NLC demonstrates that the formulation has a kinetic profile that is
characteristic of prolonged drug release formulations. The release best fit for NLC was two phase decay. Figure & shows
a faster release of APG from the NLC during the first 8h, after that the speed was decreased. The free APG had a faster
release, achieving a 100% at 24h while the Loaded Lipid Nanoparticles released less than 20%. It has been reported
that modifying the surface of nanccarriers with hyaluronic acid can restrict water diffusion into the carrier matrix which
subsequently slows down the drug release process [27]. These results indicated the formulaticn had a prolonged release
of APG

Example 8: OCULAR TORELANCE
8.1 In vitre study: HET-CAM test and TBS

[0087] In vitro ocular tolerance was assessed using the HET-CAM test to ensure that the formulations of Loaded Lipid
Nanoparticles were non-irritating when administered as eye-drops. Irritation, coagulation, and haemorrhage phenomena
were measured by applying 300 pL of the formulation studied on chorioallantoic membrane of a fertilized chicken egg
and monitoring it during the first 5 min after the application. This assay was conducted according to the guidelines of
ICCVAM (The Interagency Coordinating Committee on the Validation of Alternative Methods). The development of the
test was carried out using 3 eggs for each group (free APG, Loaded Lipid Nanoparticles, positive contral (NaOH 0.1 M)
and negative control (0.9 % NaCl)). The ocular irritation index {O1) was calculated by the sum of the scores of each
injury accerding to the following expression (Eq 3) [18]:

£35L—-HEE + 30— T % fAGr—<)8 -

glf = ; g 2% £q. 3
E{u ] 300 340

where H, V and C are times (s) until the start of haemorrhage (H), vasoconstriction (V) and coagulation (C), respectively.
The formulations were classified according to the following: Oll £ 0.8 non-irritating; 0.9 < Oll < 4.9 weakly irritating; 4.9
< Oll £ 8.9 moderately iriitating; 8.8 < Oll < 21 irritating.

[0088] Furthermore, atthe end ofthe HET-CAM experiment, in order to quantify the damage of the memkrane, trypan
blue staining {TBS) was applied. The CAM was treated with 1000 pl of 0.1% trypan blue solution for 1 min. Excess dys
was rinsed off with distilled water. The dyed CAM was excised and extracted with 5 mL formamide, and the abscrbance
of the extract was measured spectrophotcmetrically at 585 nm. The absorbed trypan blue was determined from a
calibration curve of trypan blue in formamide [28].

[0089] HET-CAM test was applied showing that the positive controls (NaOH 1 M) resulted in severe haemorrhage,
which increased over five minutes grading this solution as a severeirritant. On the other hand, application of the formu-
lations to the choricallantoic membrane did not cause irritation and therefore, the formulations were classified as non-
irritant. Moreover, TBS quantitative results supported the results of the HET-CAM test, where Loaded Lipid Nanoparticles
were nen-irritant while free APG resulted irritant
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6.2 In vivo study; Draize test

[0090] Allof the procedures were approved by the Ethical Committee for Animal Experirmentation of the UBand current
legislation (Decree 214/97, Gencat). Theformulations were evaluated using primary eye irritation test of Draize to ensure
the results obtained from the HEM-CAM test For this experiment, New Zealand male albino rabbits (2 0-2 5 kg, San
Bernarde farm, Navarra, Spain) were used. 50 L of each sample were instilled in the ocular conjunctival sac (n =
3igroup) and a mild massage was applied to guarantee the passage of the sample through the eyeball. The possible
appearance of irritation signs (corneal opacity and area of corneal involvement, conjunctival hyperemia, chemosis, ocular
discharges, and iris abnormalities) was observed at the time of ingtillation and after 1 h from its application and if
necessaty, at predefined intervals: 24 h, 48 h, 72 h, 7 days, and 21 days after administration. The opposite untreated
eye was used as a negative control. Draize test score was determined directly by observing the anterior segment of the
eye and changes in the structures of the cornea (turbidity or opacity), iris and conjunctiva (congestion, chemosis, swelling
and secretion) [2].

[0091] Thetests were carried cut with free APG, Lipid Nancparticles, Loaded Lipid Nancparticles. In this sense, none
of the developed NLC were irritant in vivo or in vitro, while the free APG resulted irritant in vitro and non-irritant in vivo
but caused an intial discomfort. These results confirmed the non-irritant potential of APG loaded lipid nanoparticles,
meanwhile the free APG can induce some discomfort.

Example 7: IN VIVO EFFICACY STUDIES

[0092] In order to evaluate the potential to treat dry eye of Loaded Lipid Nancparticles, Schirmer test, fluorescein and
rose Bengal assessments were performed against Lipid Nanoparticles, free APG and 0.15% hyaluronic acid (commercial
solution Hyabak®)

7.1 Inducticn and treatment of dry eye

[0093] Twelve male New Zealand white rabbits (purchased from Livestock Research Institute, Council of Agriculture,
Executive Yuan, Taiwan) weighing between 2.0 and 2.5 kg were used for the study. The rabbits were randomly divided
into 4 groups: Lipid Nancparticles, Loaded Lipid Nanoparticles, free APG solution and 0.15% hyaluronic acid (commercial
solution (Hyabak®). All rabbits were housed at a room temperature of 23° + 2 °C with relative humidity 75% + 10% and
alternating 12-hour light-dark cycles (8 a.m. to 8 p.m.). Beoth eyes of each rabbit were treated twice-daily by a topical
administration of 0.1% benzalkonium chloride (BAC) drops for 2 weeks. On day 14, DES was confirmed by Schirmer
test, fluorescein and rose Bengal staining. The treatment began after the confirmation of DES, where on eye of each
rabbit was chosen randomly for twice-daily topical administration of Lipid Nanoparticles, Loaded Lipid Manoparticles,
free APG solution and a commercial solution. After one week of treatment, Schirmer test, fluorescein and rose Bengal
staining were performed [2,29].

7.11. Measuremeant of aqueous tear production

[0094] Tear production was measured using Schirmer test strips. After the topical application of anaesthetic drops (1
mg/mltetracaine hydrochloride/4 mg/ml oxybuprocaine hydrochloride), the lower eyelid was pulled down, and a Schirmer
paper strip was placed on the palpebral conjunctiva near the junction of the middle and cuter thirds of the lower evelid.
After 5 min, the wetted length (mm) of the paper strips was recorded [2,29]

[0095] A severe decrease in the aqueous tear secretion was achieved after the application of benzalkonium chloride
for 2 weeks. Figure 7 shows the differences between each group of treatment. Lipid Nanoparticles and Loaded Lipid
Nanoparticles were able tc increase the tear flow in the animals, with statistically significant differences against dry eye
group, p <0.01 and p < 0.0001 respectively. Otherwise, free APG and the commercial solution did not improve the tear
flow. Loaded Lipid Nanoparticles showed statically significant differences between all the groups. p < 0.01 against Lipid
Nanoparticles, and p < 0.0001 against free APG and commercial solution. Lipid Nanoparticles showed statistically
significant differences between free APG group (p < 0.01). Loaded Lipid Nanoparticles were the treatment that attained
the best score in the Schirmer test, followed by the Lipid Nanoparticles, meaning that both were able to restore the tear
secretion of the animals. These results reveal the potential of the composition of the nanoformulations because of the
restoring of the tear flow in the animals. Loaded Lipid Nanoparticles presented a better score due to the encapsulation
cf APG, which it has anti-inflammatory properties, leading tc a better improvement of cne of the symptoms of DED.

7.1.2. Fluorescein staining on the ocular surface

[0096] Fluorescein staining is an effective method for ocular surface evaluation. Fluorescein staining is the result of
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uptake caused by the disruption of corneal epithelial cell-cell junctions or damaged corneal epithelial cells [29]. Corneal
fluorescein staining was performed after 2 pL of 1 % flucrescein sodium were dropped into the conjunctival sac for 2
min. The ccular surface was examined under a slit lamp microscope with a cobalt blue filter. The images were collected
by a digital camera (Figure 1) and punctuated acceording to the stained score (9: maximum score; 0: minimum)[3C].
Figure 8 shows the differences between each group of treatment. There were statistically signfficant differences between
all the groups against dry eye control. However, the two treatments that had a better improvement of the ocular corneal
surface were Lipid Nanoparticles and Loaded Lipid Nanoparticles (p < 0.001). Moreover, free APG solution and the
commercial solution presented worse punctuation in the staining, meaning that both did not have the ability to restore
the corneal surface as Lipid Nanoparticles and Loaded Lipid Nanoparticles.

7.1 3. Bengal rose staining on the ocular surface

[0097] Bengal rose is an effective method to evaluate the tear film integrity. Bengal rose has been demonstrated to
stain corneal and conjunctival epithelial cells that are not adequately protected by the preocular tear film. It can stain
live and dead cells if they are not protected by an intact mucin layer [29]. Ocular flucrescein staining was performed
after 2 pL of 0.1% Bengal rose were dropped into the conjunctival sac for 2 min. The ocular surface was examined under
a slit lamp microscope with a white light. The images were collected by a digital camera. Using the Van Bijsterveld
grading system, the scores were graded after 15 seconds (Figure 2) (9: maximum score; O: minimum) [29].

[0098] There were statistically significant differences between dry eye and Lipid Nanoparticles and Loaded Lipid
Nanoparticles intensity (Figure 9). The results showed that only NLC were akle to restore tear film in the animals. The
worst punctuation for the rose Bengal staining was the commercial solution. Thus, indicating that Loaded Lipid Nanc-
particles were able to restore the tear film,

[0088] These results showed the ability of the lipid nanoparticles to revert the symptoms of the DED. Lipid Nanoparticles
and Loaded Lipid Nanoparticles were able to improve all the studied parameters of DED. These results could be due to
the novel composition of the lipid nanoparticles. The addition of the rosehip oil provides anti-inflammatory and antioxidant
propertiestothe Lipid Nanoparticles [31,32]. Because of this fact, Lipid Nanoparticles improves the score of both different
staining of the ocular surface, showing interesting properties against DED. The addition of the APG had improved the
tear secretion on the Schirmer test, which could mean that NLC protects APG fc be released and enhance the anti-
inflammatcry properties of the formulation, improving the DED symptomatology.

7.1 4 Anti-inflammatory efficacy

[0100] Invive anti-inflammatory efficacy was assayed to explore the capacity of the NLC to prevent and treat ocular
inflammation through two different tests. The assays were carried out throughout the evaluation test for the inflammation
prevention ability and the anti-inflammatory efficacy using New Zealand male albino rabbits (n = 3/group), described
previously. The activity of Loaded Lipid Nanoparticles in comparison with free APG and NaCl 0.9% (control group) was
measured. The inflammation prevention study consisted of the ocular application of 50 ;. of each formulation.

[0101] After 30 min of exposure, an inflammatory stimulus, 50 (L of 0.5% sodium arachidcnate (SA) dissolved in PBS,
was instilled in the right eye and the left eye was used as a control In the anti-inflammatory treatment study, the
inflammatory stimulus was applied 30 min before than the application of each formulation tested. The evaluation of
prevention and treatment of each formulation were carried out from the first application up te 210 min, according to the
Draize modified test scoring system [2,18].

[0102] Invivoinflammatory prevention test showed significant differences between the degree of inflammation of APG
formulations or physiological serum during all the timepoints tested (Figure 10). Nevertheless, eyes treated with Loaded
Lipid Nanoparticles presented a faster swelling reduction rather than free APG, mainly owing to tear clearance in case
of free APG and the improved ocular surface adherence of lipid nanoparticles, thus presenting lenger residence time in
the cornea. Loaded Lipid Nanoparticles exhibited significant differences regarding positive control over the time. Thus,
Loaded Lipid Nanoparticles exhibited a preventive effect of inflammation caused by the sustained release of APG to the
comeal cells.

[0103] In addition, the in vive inflammation treatment was assessed. Loaded Lipid Nanoparticles and free APG were
applied after 30 min of SA exposure, and the degree of inflammation was quantified. Figure 11 revealed that the degree
of inflammation was significantly reduced after the first 90 minutes post-administration of Loaded Lipid Nanoparticles.
Free APG were able to treat faster inflammation due to the NLC had a controlled release. After 90 min of contact, both
APG formulations were effective in treating inflammation symptoms. Hence, it can be concluded that the controlled
release system hased on Loaded Lipid Nanoparticles has ocular anti-inflammatory activity, both for prevention level and
inflammation treatment.
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7.1.5 STATISTICAL ANALYSIS

[0104] Two-way ANOVA followed by Tukey post hoc test was performed for multi-group comparison. Student's t-test
was used for two-group comparisohs. All the data are presented asthe mean + S D. Statistical significance was set at
p < 0.05 by using GraphPad Prism 6.0.1
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Claims
30 1. A composition comprising lipid hanoparticles, said lipid nanoparticles comprising

a. at least cne liguid lipid with anti-inflammatory properties;
b. at least cne solid lipid;
c. at least one cationic surfactant,
35 d. optionally, at least one non-cationic surfactant;
e. optionally, at least one active ingredient,

2. The composition of claim 1, wherein the said liguid lipid with anti-inflammatory properties is selected from the group
consisting of rosehip oil, tea tree oil, lavender oil, linoleic acid, stearic acid, palmitic acid, castor cil, safflower oll,
40 melon seed oll, salicornia oll, evening primrose oll, poppyseed oil, grape seed oll, prickly pear cil, artichoke oil, hemp
oil, wheat germ oil, cottonseed oll, corn oll, walnut oll, soybean oil, sesame oll, rice bran oil, argan cil, pistachio oil,
peach oil, almond oil, cancla cil, avocado oil, flaxseed oil, sunflower oil, peanut oil, palm oil, olive ail, macadamia
oil, coconut oil, rosemary oil, lavender ail, criganumvulgare oil, thyme cil, mintaoil, eucalyptus oil, ginger oil, cuminum
cyminum |. oil, turmeric oil, clove oil, oleic acid, oregano oil, rose oil, fennel cil, hergamot oil, chamomile oil, heli-
45 chrysum oil, patchouli cil, frankincense oil, copaiba oil, peppermint oil, black pepper oil, sweet marjoram cil, basil
oil, clove oil, clary sage oil, lemongrass oil, geranium oil, wintergreen oil, cannabkis cil, cannabidiol, spruce oil, niaouli
oil, cardamom oil, pine tree oil, fir tree cil, juniper tree oil, verbena oil, marjoram cil, katafray oil, hitter crange oil,
hypericum cil, arnica oil, coriander cil, mustard oil, perilla seed oil, centella asiatica oil, calendula oil, laurel oil,
camphor gil, cinnamon oil, oatmeal oil, docosahexaenoic acid, eicosapentaenoic acid, dandelion oil, krill gil, elec-
50 trophorus electricus oil, potamotrygon motoro oil, boa constrictor oil, chelohoidis denticulate cil, melanosuchus niger
oil, inia geoffrensis oil, horse oil, anchovy oil, prunus seed oil, tropidurus hispidus oil, emu oil, magian fruits essential
oil, fructus alpinia oil, cinnamomum cassia essential oil, angelica sinensis oil, gynura procumbens oil, spirulina oil,
citrus limetta oll, citrus aurantium oll, atractylodes macrocephala oil, artemisia argyi oil, gynura procumbens oll,
acorus gramineusand cil, algal oil, fish oil, zanthoxylum coreanum nakai oil, cod liver oil, perna canaliculus cil, chia
55 seed oil, or combinations thereof.

3. The composition of claim 1, wherein the liguid lipid with anti-inflammatory properties is rosehip oil
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The composition of any one of the preceding claims, wherein the solid lipid is selected frorm monoglycerides, dig-
lycerides, triglycerides, cholesterols, steroids, fatty alcohols, glycerol esters glyceryl tridecancate, glycerol trilaurate,
glyceryltrimyristate, glyceryl tripalmitate, glyceryl tristearate, Hydrogenated coco-glycerides, Hard fattypes, mixtures
of triglycerides and/or diglycerides and/or monoglycerides and/or glycerol, acyl glycerols, glyceryl menostearate,
glyceryl distearate, glyceryl moncoleate, glyceryl dibehenate, glyceryl palmitostearate, waxes, cetyl palmitate, fatty
acids, stearic acid, palmitic acid, decancic acid, behenic acid, glycerol stearate citrate, polyethylene glycol monos-
tearate, cyclic complexes, cyclodextrin para-acyl-calix-arenes, or mixtures thereof.

The composition of any one of the preceding claims, wherein the cationic surfactant is selected from the group
consisting of dimethyldioctadecylammonium bromide (DDAB), dioleoyl phosphatidylethanclamine, 1,2-distearyloxy-
N,N-dimethyl-3-aminopropane, 1,2 dicleyl-oxy-N,N-dimethyl-3-aminopropane,1,2-dilinoleyloxy-N,N-dimethyl-3-
aminopropane, 1,2 - dilinolenyloxy-N,N-dimethyl-3- aminopropane, cetyltri-methylammonium bromide, 3p-[N(N',N*-
dimethylaminoethane)-carbamoyl]cholesterol, 1,2-diolecyl-3-trimethylammo-nium-propane, 1,2-dimyristoyl-3-tri-
methylammonium-prepane, 1,2-stearoyl-3-tri-methylammonium-propane, N-(4-carboxybenzyl)-N,N-dimethyl-2,3-
bis(oleoyloxy) propan-1-aminium, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-amine, N, N-di-(fp-stearoyle-
thyl)-N,N-dimethyl-ammonium chloride, benzalkonium chloride, cetylpyridinium chloride, cetrimide, N-[1-(2 3-dicle-
oyloxy) propyl]-N,N,N-trimethylammonium chloride, 1,2-dilineoyl-3-dimethylammonium-propane, 1,2-dilincleyloxy-
3-N,N-dimethylaminopropane, 1,2-dilincleyloxy- keto-N,N-dimethyl-3-aminopropane, 1,2-dilincleyl-4-(2- dimethyl-
aminoethyl)-[1,3]-dioxclane(3-0-[2"-(meth oxypolyethyleneglycol 2000 succihoyl]-1,2-dimyristoyl-sn-glycol. R-
3-[(m-methoxy-poly(ethyleneglycol)2000)  carbamoyl]-1,2-dimyristyloxipropyl-3-amine,  cetyftrimethylammonium
bromide, octadecylamine. 1-oleoyl-rac-glycerol, octadecyl quaternized carboxymethyl chitosan, hexadecyl trimethyl
ammonium bromide.

The composition of any one of the preceding claims, wherein the caticnic surfactant is dimethyl-dioctadecyl-amme-
nium bromicde (CDAB).

The compaosition of any one of the preceding claims, wherein the non-cationic surfactant is selected from the group
consisting cf polysorbate 80, soya lecithin, sodium dodecyl sulphate, polysorbate 20, polysorbate 40, polysorbate
60, PEG-30 glyceryl stearate, chelic acid, phosphatidyl choline, phosphelipids with phosphatidychaline, egg lecithin,
poloxamer 188, polaxamer 407, poloxarmer 184, poloxamer 338, poloxamine 908, tyloxopol, taurocholate sodium
salt, taurodeoxycholicacid sodium salt, sodium glycocholate, sodium cleate, cholesteryl hemisuccinate, butanol,
sodium cholate, nonionic polyoxyethylene, non-ionic am-phiphilic surfactant with an alkyl moiety and an ethylene
oxide chain, palmitic acid, stearic acid, mixtures of palmitic and stearic acid, lecithin, polyglycerol €-distearate,
caprylylicapryl glucoside, coco-glucoside, sucrose palmitate, sucrose stearate, sucrose distearate, tyloxapol, leci-
thin, cetylpyridinium chloride, sorbitan laurate, polyethylene glycol ether of cetyl or stearyl alcohol, castor cil poly-
oxyethylene ether, macrogolglycerol ricinoleate, dioctyl sodium sulfosuccinate, monooctylphosphoric acid sodium,
hexadecyl trimethyl ammonium bromide, polyvinyl alcohol, polyoxyethylene (40) stearate, polyethylene glycol-poly-
propylene glycol-polyethylene glycol triblock copolymer, olyoxyethylene nonylphenyl ether, hexadecyftrimethylam-
monium bromide, sodium dodecy! sulfate, sodium cholate, stearate sodium hydrolysed polyvinyl alcohol 9000-10000
MW, dioctyl sulfosuccinate, taurocholate, 4-dodecylbenzenesulfonic acid, long chain carboxylic acid, alkyldicheny-
loxide disulfenate, or mixtures thereof, preferably polysorbate 80

The compoesition of any one of the preceding claims, wherein the at least one active ingredient is apigenin.

The composition of any one of the preceding claims, wherein the at least one active ingredient is encapsulated in
the lipid hanoparticles.

The composition of any one of the preceding claims, wherein said lipid nanoparticles further comprise a coating,
preferably wherein said coating cocmprises hyaluronic acid.

The composttion of any one of the preceding claims, wherein said lipid nanoparticles comprise

2. 0.01 - 30 % (wh) liguid lipid with inflammatory properties, preferably rosehip oll
b. 1 - 50 % (wiv) solid lipid, preferably glyceryl dihehenate;

c. 0.001 - 10 % (wiv) cationic surfactant, preferably DDAB;

d. optionally 0.00 - 10 % (w/v) non-cationic surfactant, preferably polysorbate 80;
e. optionally 0.00 - 10 % (w/v) active ingredient, preferably apigenin
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The composition of any one of the preceding claims, wherein said lipid nancparticles comprise

a.2.5-12.5% (wi) liguid lipid with inflammatory properties, preferably rosehip oil
b. 1 -30 % (whv) solid lipid, preferably glyceryl dibehenate;

¢ 0.025- 05 % (whiv) cationic surfactant, preferably DDAB;

d. 1.0- 5.0% {wh)} non-cationic surfactant, preferably polysarbate 30;

e. optionally 0.1 - 2.5% (w/v) active ingredient, preferably apigenin.

The composition of any one of the preceding claims, wherein said lipid nanoparticles comprise

a. 3.0% (wh) rosehip oil,

b. 4.5% (wh) glyceryl dibehenate,
c. 0.05% (wiv) DDAB,

d. 3.5% (w/v) polyscriate 80,

e. optionally 0.1% (whv) apigenin.

The composition of any one of the preceding claims, wherein the lipid nanoparticles further comprise from 0.00001
% - 0.001 % (wiv), preferably 0.0001 % (wiv) hyaluronic acid, more preferably wherein said hyaluronic acid coats
the lipid nanoparticles

A composition comprising lipid nanoparticles according to any one of the precading claims for use in the treatment,
amelioration or prevention of ocular diseases, such as ocular inflammation, glaucoma, ocular tumors, bacterial and
viral infections of the eye, age-related macular degeneration, cataracts, diabetic retinopathy, or Dry Eye Disease
(DED)
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FIG.1
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FIG.3

(%) Dav
e n_._Saxzs_.amacM u: ..mE._. . ‘«a. sLo k_..a. s0'0 o
- a8
Lo
v I
96 2
‘zok
L a0r
o diyacoy %52 "oIIdweD %e (aseyd pidl] 19,0'gm0g OBM | (a
{2} 1o diyesoy+oidues
9 g zl & o .

topuaemy b o0 e T F D

112 diyesoy %52 "ewdwog ¥,g) (aseyd pio %S 0=DdY ﬁ&

) oguoamy 0 S

2

11 diyesey %6z opduiog %l

(%) (1o AyosausduOD, 920

6

112 dgpsoy sz ‘lonidwen el

(%) 1o cijasoy+joiduiog
zk B

0 St'e Vo

soseyd pydiy ¢

raseyd pidyy

s 3

%GHO=DdY

%) Ddv

%0'E=08 uaaml

500

iam) gz

24

36



FIG.4

A}

B}

C)

D)

Heat flow —> exo _
4{ +
i
i
i
i
i
i
!
i
H
i
H
i
H
}
1]
|
i
1
§
i
,

Y
!

20 70 120 170 220

{a p A.)

Intensi

Absorbance

EP 4 410 281 A1

- ~ APG il
-------- Lipid Nanoparticles i
—— loaded Lipid Nanoparticies ;

‘35000

30000 | - = ~ - Lipid Nanoparticles
‘ Loaded Lipid Nanoparticles

25000 !

U
e
<
o
8

eenee APG
== == o= | Inid Nanoparticles
Loaded Lipid Nanoparticies

4000 3500 3000 2500 2000 1500 1000 500 |
_ Wavenumber {em-!) i

25



FIG.5

A)

B)

Backscattering (%)

Backscattering (%)

ut

{

EP 4 410 281 A1

e

s

.:,?,.bwn-wi:?

Height {cm

16

i

8 12

Height {cm])

20

0 Month
w2 Months
- = = 4 Months
= =5 Manths
e 8 Naiths
e e 10 Months
- = = 12 Monihs
mn e« 14 Months
memeeensnas ] 6 Months

------ 19 Moriths

womsmemme WA QEER O
v - MOAEH 1

== == hdonth 2

26

H



EP 4 410 281 A1

FIG.6

(y)swy
05 44 og 174

STT80__

_ 8057007 9ESZOD "
LOZ0OFSLOZO | TIFOFLITTN

e LU asFy

9'TF900T ! SL9T907T {36) Qs F*vg |
| sappiedouen i sspipedouen pid pepec
Ddy 2244 _ pidiq papeo | 12)8Weled DdY 3944 ==

(%) paseajas ndy

27



210

EP 4 410 281 A1

FIG.7
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