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Resumen

En el abordaje terapéutico de las enfermedades inflamatorias
oculares se han utilizado tanto farmacos antiinflamatorios no esteroideos
como corticoides en diferentes formas de dosificacion, con la finalidad de
devolver la homeostasis ocular. En el tratamiento de aquellos estados
inflamatorios oculares que afectan estructuras del segmento anterior,
generalmente los farmacos se administran en forma gotas oftalmicas, las
cuales presentan un limitado efecto farmacologico, debido a las rutas de
eliminacion precorneales como la renovacion lagrimal, que permite el
acceso a los tejidos intraoculares de un 5% de la formulacién instilada.
Cuando el segmento posterior del ojo se ve afectado, la utilizacion de formas
invasivas de administracion como los implantes y las inyecciones
intraoculares, conllevan a la incomodidad para el paciente y dificultan la
adherencia al tratamiento. Particularmente, la utilizacion de corticoides en
inflamaciones de la tivea (uveitis) causadas por enfermedades sistémicas
como el Lupus, manifiestan un aumento de la presion intraocular como
efecto secundario. Sin embargo, la Fluorometolona (FMT) es un corticoide
de potencia moderada utilizado para el tratamiento de alergias e
inflamaciones del segmento anterior del ojo sin inducir modificaciones
apreciables de la presion intraocular (uno de los principales efectos adversos
de estos farmacos). De acuerdo a lo anterior, el objetivo principal de este
trabajo fue el desarrollo y caracterizacion de sistemas poliméricos
nanoestructurados que contienen FMT para el tratamiento de afecciones
inflamatorias del segmento anterior y posterior del ojo. Se desarrollaron tres

sistemas con FMT: nanoparticulas (NPs) de PLGA, gel de formacién in-situ
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con NPs y NPs funcionalizadas con péptidos de penetracion celular (TATao-
57, pAntpsz.ss y G2). Las NPs de PLGA, el gel y las NPs funcionalizadas,
demostraron caracteristicas fisicoquimicas adecuadas para la administracion
ocular. Las NPs de PLGA y el gel termosensible mostraron un perfil
biofarmaceutico de liberacion sostenida de la FMT. Los tres sistemas
desarrollados presentaron una Optima tolerancia ocular, demostrada por
pruebas in vitro (MTT y HET-CAM®) e in vivo (test de Draize). Los ensayos
de eficacia antiinflamatoria ocular evidenciaron que las NPs de PLGA y el
gel de formacion in-situ tienen un efecto significativamente mayor en la
disminucion de la inflamacion comparado con el farmaco comercial. Por
otro lado, las NPs funcionalizadas con TATa9.57 y G2, fueron las que
exhibieron un efecto mayor en la disminucion de la expresion de citoquinas
proinflamatorias, evidenciandose, ademas, una internalizacion in vitro e in
vivo mayor que con el péptido pAntpssss. En conclusion, segun los
resultados obtenidos, los sistemas nanoestructurados con FMT desarrollados
podrian constituir una nueva estrategia para el tratamiento de la inflamacion
ocular. Particularmente, las NPs serian utiles en el tratamiento diurno y el

gel termosensible en el mantenimiento de una terapia nocturna.
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Abstract

In the therapeutic approach to ocular inflammatory diseases, both
non-steroidal anti-inflammatory drugs and corticosteroids have been used in
different dosage forms with the aim of restoring ocular homeostasis. In the
treatment, those ocular inflammatory states that affect structures of the
anterior segment are generally administered as eye drops dosage form,
which present a limited pharmacological effect, due to the precorneal
elimination routes such as tear turnover, which allows access to intraocular
tissues of 5% of the instilled formulation. When the posterior segment of the
eye is affected, invasive forms of administration, such as implants and
intraocular injections, lead to discomfort for the patient and make adherence
to treatment difficult. In particular, the use of corticoids in inflammations of
the uvea (uveitis) caused by systemic diseases such as Lupus, show an
increase in intraocular pressure as a side effect. However, Fluorometholone
(FMT) is a moderately potent corticosteroid used to treat allergies and
inflammations of the anterior segment of the eye without inducing
appreciable changes in intraocular pressure (main adverse effects of these
drugs). According to the above, the main objective of this work was the
development and characterization of polymeric nanostructured systems
containing FMT for the treatment of inflammatory conditions of the anterior
and posterior segment of the eye. Three systems were developed with FMT:
PLGA nanoparticles (NPs), in-situ forming gel with NPs and functionalized
NPs with cell-penetrating peptides (TATas9-57, pAntpas-ss and G2). PLGA
NPs, gel and functionalized NPs demonstrated physicochemical

characteristics suitable for ocular administration. The PLGA NPs and the
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thermosensitive gel showed a biopharmaceutical profile of sustained release
of FMT. The three developed systems presented an optimal ocular tolerance,
demonstrated by in vitro (MTT and HET-CAM®) and in vivo (Draize) tests.
Ocular anti-inflammatory efficacy trials showed that PLGA NPs and in-situ
forming gel have a significantly greater effect in reducing inflammation than
the commercial drug. On the other hand, the NPs functionalized with TAT4o.
s7and G2, exhibited a greater effect in the reduction of the expression of
proinflammatory cytokines, evidencing, in addition, an internalization in
vitro as in vivo greater than with the peptide pAntpss.sgs. In conclusion,
according to the results obtained, the nanostructured systems with FMT
developed could constitute a new strategy for the treatment of ocular
inflammation. In particular, NPs would be useful in daytime treatment and

thermosensitive gel in the maintenance of nocturnal therapy.
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1.1. Anatomofisiologia ocular

De todos los organos del cuerpo humano, el ojo es el sistema
altamente delicado y complejo de la percepcion visual, donde la luz recibida
por la retina es convertida en sefales eléctricas, que se transmiten a través
del nervio optico hacia la corteza visual del cerebro, donde son procesadas
para obtener una representacion visual. El globo ocular, llamado asi por su
forma esférica, junto a un conjunto de musculos, nervios y vasos sanguineos,
se encuentra alojado y protegido dentro de las 6rbitas craneales que aseguran
su correcto funcionamiento. El ojo humano mide aproximadamente 25 mm
de didmetro anteroposterior y 80 mm de perimetro y consta de tres capas

concéntricas principales (Figura 1) (Kels and Grant-Kels 2015):

e La corneo-escleral, capa mas externa que recubre, protege y otorga
el soporte necesario para mantener una presion intraocular adecuada
(entre 13 y 19 mm Hg) con el objeto de que el ojo conserve su forma
correcta. Esta capa estd constituida por la cornea y la esclera, la
primera se caracteriza por tener multiples capas (epitelio, membrana
de Bowman, estroma, capa de Dua, membrana de Descemet y
endotelio) y ser transparente. La esclera, en cambio, destaca por ser
fibrosa, vascularizada y de color blanco y se une a la cornea a través
de un anillo de células madres, denominado limbo corneo-escleral,
responsable de la regeneracion del epitelio.

e La tuvea, capa intermedia vascular central del ojo y que estd
constituida por el iris, el cuerpo ciliar y la coroides. Su funcion

principal es proporcionar nutricion a la retina.
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e La retina, membrana de tejido nervioso altamente especializada en
convertir la luz que recibe en sefiales visuales para que el cerebro las
interprete como imdagenes del objeto observado (Morrison and

Khutoryanskiy 2014; Dua et al. 2013).

Humor vitreo

M. Recto lateral
ecto latera Canalde Schlemm

Esclera
Ligamentos suspensorios

Coroides

Reting /
Puplla

Fovea _____ =
- Camara osterior

Nervio optlco P
Camara anterior

Arteria yvena (humor acuoso)

central retlnal Ligamentos suspensorios
Cuer o ciliar

Disco 6ptico Procesos C|I|ares
Musculo ciliar

Conjuntiva

Cristalino
Cornea

B 2 s

M. Recto medlo

Figura 1. Estructuras del ojo humano.

Una molécula administrada topicamente para el tratamiento de una
afeccion ocular se enfrenta a diversos desafios anatomofisiologicos,
metabolicos, bioquimicos y farmacocinéticos, entre otros, limitando su

efectividad en la recuperacion de la homeostasis ocular (Hughes et al. 2005).

Desde el punto de vista anatomofisiologico, la primera barrera para
el paso de los farmacos es la pelicula lagrimal con un volumen promedio de
10 pL y una secrecion basal de 1,2 uL-min’' y cuya funcidn principal es la
proteccion del ojo frente a agentes externos y evitar la desecacion. A su vez,
el fluido lagrimal provee de lubricacion a los parpados, de sistema

antimicrobiano, de nutrientes para el epitelio corneal, de medio para el
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desplazamiento del sistema inmunitario y permite la eliminacion de

sustancias irritantes o toxicas (Agrahari et al. 2016).

La pelicula lagrimal estd constituida por varias capas, la primera es
una capa lipidica apolar de 0,1 um de espesor, compuesta por €steres de
colesterol, triglicéridos, acidos grasos y fosfolipidos. La segunda es una capa
acuosa, con un espesor de 7 pm, que contiene sales inorganicas solubles en
agua, urea, glucosa, proteinas, inmunoglobulinas y enzimas. Por ultimo, una
capa mucosa, que siempre habia sido descrita como una capa independiente,
pero actualmente nuevas investigaciones concluyen que ésta se integra con
la capa acuosa, donde existe una concentracion creciente de mucina libre
que llega a formar un gel que se encuentra ligeramente unido al glicocalix
de las células epiteliales de la cornea y de la conjuntiva (Gulati and Jain
2016). Las moléculas que logran atravesar la pelicula lagrimal se enfrentan
a dos rutas de absorcion (Figura 2): la corneal y la no-corneal

(conjuntiva/esclera).

A nivel corneal, esta constituida por seis capas diferentes, aunque
solo tres de ellas tienen importancia farmacologica: el epitelio, el estroma y
el endotelio. El epitelio corneal es una membrana pavimentosa estratificada
no queratinizante, formada por 4 o 5 capas de células de un espesor
aproximado de 50 um y con un ciclo de renovacion de 7 dias (Macwan,
Hirani and Pathak 2016). Al ser la primera barrera celular ocular, esta capa
posee la funcion de proteger y limitar la entrada de cualquier objeto extraio
hacia el interior. Para esto las células se disponen ordenadamente y en forma
compacta a través de uniones gap y uniones estrechas. Lo anterior conlleva

a que esta capa sea altamente lipofilica, limitando la entrada a moléculas
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hidrofilicas y favoreciendo el paso de moléculas hidrofobicas que la
atravesarian por permeacion transcelular. Aquellas moléculas hidrofilicas,
con tamafno inferior a 350 KDa que no logran permear el epitelio, lo
atravesarian utilizando la ruta paracelular (Hdmélédinen et al. 1997; Ghate
and Edelhauser 2006). El estroma es una capa hidrofilica que se encuentra
posterior al epitelio y representa el 90% del espesor de la cdrnea, estd
constituida por un gel de fibras de colageno, mucopolisacaridos y proteinas.
Posteriormente al estroma se encuentra la monocapa celular, llamada
endotelio, que tiene la funcion de mantener la nutriciéon e hidratacion del
estroma a través de la bomba Na'/K'-ATPasa que asegura la transparencia
de la cérnea y evita la acumulacion de liquido (Reim, Schrage and Becker
2001). A su vez, las uniones intercelulares amplias de esta capa presentan

una baja resistencia a los compuestos hidrofilicos.

La molécula instilada que logra atravesar la cornea es distribuida por
el humor acuoso, que ocupa la camara anterior del ojo con la funcion de
controlar la presion intraocular (Duan and Li 2013). Para lograr esta funcion,
el cuerpo ciliar secreta humor acuoso con una tasa de renovacion de 2 a 3
uL-min!, fluido que provee de nutrientes a los tejidos vasculares
circundantes y drena los desechos a través del canal de Schlemm (Malavade
2016). Desde el humor acuoso, una molécula podria alcanzar los tejidos del
segmento anterior como el iris, el cristalino y el cuerpo ciliar utilizando la

barrera hemato-acuosa o por permeacion a través de los tejidos.
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Drenaje nasolagrimal

[ Pelicula Iagrimal ] ------- Eliminacion precorneal  |.....3 Renovacion lagrimal
lonizacion de la molécula

Unién a proteinas

[ Absorcion ocular }

H Coniunti Proteinas Circulacién sistémica
umaor acuoso onjuntiva de eflujo

.............................................................................................................

Inactivacién por unién a proteinas y
metabolismo enzimatico

[ Circulacién ocular J

Figura 2. Rutas oculares de absorcion y eliminacion.

A nivel no-corneal, la primera barrera que se encuentra es la
conjuntiva, especificamente la bulbar, membrana mucosa que recubre la
parte frontal de la esclera. Estd constituida por un epitelio estratificado

columnar no queratinizado de cuatro o cinco capas y por una lamina propia
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altamente vascularizada. Esta barrera posee uniones menos estrechas y
espacios intracelulares mas amplios que el epitelio corneal. A su vez, esta
membrana presenta una superficie de 17 cm? en contraste con la de la cornea
(1 cm?). A este nivel, las moléculas hidrofilicas y de alto peso molecular
poseen una mayor permeabilidad, comparado con la ruta corneal (Hazare et
al. 2016). En el caso de las moléculas lipofilicas, su absorcion se ve limitada
por la naturaleza hidrofilica de la barrera y por la presencia de una elevada
densidad de glicoproteina-P (P-gp) que restringe la entrada de farmacos

lipofilicos y xenobidticos (Barar ef al. 2016).

En la parte posterior de la conjuntiva se encuentra la esclera con un
caracteristico color blanco constituida, principalmente por tejido fibroso de
colageno orientado al azar. Esta estructura presenta, en su parte mas externa,
una capa delgada y vascularizada denominada epiesclera, en la zona central
la capa avascular del estroma escleral formada practicamente de fibras de
colageno y en la capa mas interna se encuentra la lamina fusca de color
marrdn, debido a la migracion de los melanocitos desde la coroides. La
esclera presenta una funcion de proteccion, mantiene la forma del globo
ocular y en ella se acoplan los musculos oculares. A nivel biofarmaceftico,
la esclera es permeable a las moléculas hidrofilicas en menor grado que la
conjuntiva y en mayor grado que la cornea. Una vez superada la barrera de
la esclera, las moléculas se encuentran en la capa de la coroides, tejido

altamente vascularizado que permite alcanzar los tejidos circundantes

(Ansari and Nadeem 2016).

Ademas de las barreras descritas que debe atravesar un medicamento

para alcanzar diferentes tejidos del segmento anterior ocular, hay que
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considerar que el ojo es un 6rgano dindmico que si se le incorpora alguna
molécula xenobidtica la detecta como un cuerpo extrano e inicia los
mecanismos de eliminacion para evitar su incorporacion en el globo ocular

(Figura 2) (Lakhani, Patil and Majumdar 2018).

El primer mecanismo reflejo es la dilucion mediante la produccion
activa de lagrimas, llegando a generar un volumen cercano de 400 pL y
favoreciendo la eliminacion del medicamento a través del drenaje
nasolagrimal. A su vez, el fluido lagrimal con pH de 7,4 ionizaria aquellos
farmacos que dependen de su pKa, limitando su permeabilidad en las
membranas lipofilicas (Angayarkanni et al. 2016). La presencia de
proteinas, inmunoglobulinas y mucina libre en la pelicula lagrimal
conllevaria que los farmacos se unieran a ellas reduciendo su actividad y
facilitando su eliminacién por el arrastre de lagrima refleja, por lo que solo
un 5% de la formulacion estaria disponible para realizar su accion
farmacologica (Araujo et al. 2009). Otra via inmediata de disminucion de la
concentracion del farmaco administrado tiene lugar en la conjuntiva. En este
tejido, al ser vascularizado e inervado linfaticamente, se eliminan las
moléculas que pasarian a la circulacion sistémica a través de proteinas de
membranas de eflujo, como la P-gp y la proteina asociada a la resistencia a
multiples farmacos (MRP), con el consiguiente riesgo de desencadenar
efectos secundarios sistémicos (Aukunuru ef al. 2001). A nivel del estroma
escleral y corneal, aquellas moléculas cargadas positivamente son
inactivadas debido a la union con los proteoglicanos cargados
negativamente. En la cadmara anterior, las moléculas pueden ser eliminadas
por la renovacion del humor acuoso. Aquella molécula que logra atravesar

el estroma escleral y el humor acuoso se aloja en la uvea (coroides, iris y
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cuerpo ciliar), donde las enzimas del citocromo P450 (CYP) reductasa,
especificamente 3A1 y 2B2, en conjunto con la barrera hemato-acuosa,
inactivan y barren las moléculas del globo ocular, respectivamente

(Guengerich 2017).

En general, una molécula por si sola se enfrenta a diversas
dificultades para lograr un objetivo farmacoldgico en un paciente, puesto
que un sistema de administracion de farmacos depende de su coeficiente de
reparto, de su capacidad mucoadhesiva, de su viscosidad, de su pKa y de su
resistencia al metabolismo, entre otros, para obtener concentraciones

farmacoldgicas constantes y efectivas en el tejido diana.
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1.2. Enfermedades oculares inflamatorias

1.2.1. Uveitis y escleritis

La uveitis es una de las enfermedades intraoculares inflamatorias
mas comunes que conlleva la inflamacion de las estructuras de la uvea (iris,
cuerpo ciliar y coroides). Clinicamente, este término incluye més estructuras
intraoculares como los segmentos anterior y posterior del ojo, clasificando
la uveitis de acuerdo con su ubicacion anatdémica ocular (Tabla 1) (The
Standardization of Uveitis Nomenclature (SUN) Working Group 2005). La
manifestacion de esta enfermedad puede tener diversas etiologias que van
desde infecciones, traumas, efectos adversos de ciertos medicamentos,
manifestaciones autoinmunes y hasta enfermedades inflamatorias sistémicas
(Guly and Forrester 2010; Dalal, Nida Sen and Nussenblatt 2014).
Actualmente la uveitis representa el 10% de las causas de ceguera en el
mundo, pudiendo afectar a pacientes de cualquier edad y etnia. A nivel
mundial, la prevalencia en promedio es de 160 personas por cada 100.000
habitantes y una incidencia por afio de 35 personas por cada 100.000

habitantes (Papaliodis 2017).

Por otro lado, cuando la esclera presenta un estado inflamatorio se le
denomina escleritis o epiescleritis, siendo el primero mas severo, doloroso y
de mayor repercusion en el proceso de la vision. La epiescleritis suele ser de
caracter agudo y en la mayoria de los casos idiopatica. La etiologia de estos
desordenes inflamatorios de la esclera, al igual que en la uvea, responde a

multiples causas, una de ellas es el grupo de las enfermedades inflamatorias
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sistémicas, como la artritis reumatoide, la enfermedad de Crohn, el Lupus y

la enfermedad de Behcet, entre otras (Akpek et al. 1999).
Tabla 1. Enfermedades de uveitis segun su clasificacion anatdémica.

Tipo Desordenes asociados

Anterior Iritis, iridociclitis y ciclitis anterior.
Intermedia Pars planitis, ciclitis posterior y vitritis.

. Focal, multifocal, coroiditis difusa, corioretinitis,
Posterior e o
retinitis y neuroretinitis.

Panuveitis Todos los segmentos oculares involucrados.

1.2.2. Proceso molecular inflamatorio

La inflamacion ocular es el proceso vascular que se inicia en
respuesta a una lesion en un tejido. Esta lesion puede ser de origen externo,
como un trauma, una exposicion a un xenobidtico toxico o un patéogeno, o
bien una respuesta a una enfermedad sistémica inflamatoria autoinmune. El
desencadenamiento de la produccion de factores de crecimiento, citoquinas
y el trauma, inicia el proceso de reparacion y aislamiento del agente que
provoca la lesion en el tejido y se estimula a la enzima fosfolipasa A (PLA>),
iniciando la biosintesis de eicosanoides a partir de un fosfolipido, el acido
araquidonico (AA) que se encuentra presente en las membranas celulares.
Los eicosanoides tales como las prostaglandinas (PGs) y los tromboxanos
(TXs), son sintetizados por la via enzimatica ciclooxigenasa (COX),
mientras que los leucotrienos (LTs) por la lipoxigenasa (LOX). El AA
también puede ser metabolizado por el CYP450 generando dacido
epoxieicosatetraenoico (EETs). Paralelamente, el AA es un mediador celular

que puede estimular la produccion de citoquinas proinflamatorias e iniciar
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procesos apoptoticos. En general, los eicosanoides poseen la capacidad de
provocar distintas respuestas fisiologicas, homeostasis vascular 'y
agregacion plaquetaria que regulan procesos inmunopatoldgicos e

inflamatorios (Tabla 2) (Dennis and Norris 2015).
Tabla 2. Respuestas fisioldgicas de los eicosanoides.

Via

o Mediador Respuesta fisiologica

Vasodilatacion (1PIO) y permeabilidad
vascular; hiperalgesia; T1L-10; | TNF.
Vasodilatacion; Treclutamiento de

PGE:

PGD : .
? eosinofilos y respuesta alérgica.

(60).¢ PGF2q |PIO.
| Agregacion plaquetaria; hiperalgesia;

PGI
? vasodilatacion; 11L-10; | TNF.
TXA, TAgregacion p}aqgetana;
vasoconstriccion.
LTB. Reclutamler.lt.o de neutrofilos;
permeabilidad vascular.

LTC4, LTDs y Permeabilidad vascular;
LTE4 extravasacion de neutréfilos.
HPETEs,

LOX HETEs y Hiperalgesia.
diHETEs
HXA3 y HXB3 Hiperalgesia.
LXA4, 15-epi- )
[X A:: LXIGSI: ! Reclutamiento de neutréfilos;

eferocitosis.
y15-epi-LXBy4

Vasodilatacion; antihiperalgesia;

CYP EET
S lexpresion COX2.

PIO: Presion intraocular.
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1.2.3. Corticoides en el tratamiento de la inflamacion: Fluorometolona

Los corticoides son potentes antiinflamatorios que inhiben la
respuesta inflamatoria a través de tres vias principales (Figura 3). La
primera via es la induccion y activacion de la proteina anexina I que
interactia con la PLA; inhibiéndola. El bloqueo de la PLA> inhibe la
produccion de eicosanoides y la liberacion de AA como mediador celular.
La segunda via es la induccion de la proteina MAPK fosfatasa I que
desfosforila e inhibe toda la cascada de las proteinas MAPK, teniendo como
consecuencia la inhibicion de la PLA». A su vez, MAPK fosfatasa I inhibe
la via de Jun-terminal quinasa que tiene la funcion de activar los factores de
transcripcion proinflamatorios (Jun; Fos). La tercera via antiinflamatoria
importante es el bloqueo de la actividad transcripcional de NF-«B,
inhibiendo la transcripcion de citoquinas proinflamatorias y la expresion de

las COXs (Rhen and Cidlowski 2005).

La efectividad de los corticoides en el tratamiento de la inflamacion,
en comparacion con los antiinflamatorios no esteroideos (AINEs), es mas
completa debido a que los AINEs solo bloquean la via de la COX. No
obstante, los corticoides poseen efectos secundarios asociados importantes
que a nivel ocular exacerban enfermedades como el glaucoma o las
cataratas, cuando los tratamientos son prolongados. Uno de los efectos
secundarios que se debe monitorizar durante el tratamiento con corticoides
clasicos (prednisolona, dexametasona y betametasona) es la PIO, que lleva
a padecer o agravar el glaucoma. Los corticoides de administracion topica
son utilizados solamente para aquellas afecciones que se ubican en el

segmento anterior con las limitaciones propias de la formulacién y de la
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barrera ocular que impide un tratamiento eficiente para alcanzar los
resultados farmacoldgicos requeridos. Para el segmento posterior se utilizan
corticoides sistémicos, intravitreales y perioculares que poseen una alta

recurrencia de aumento de la PIO (Tripathi ef al. 1999).

Citoquinas proinflamatorias Ho, L OH

Factores de crecimiento PN

Virus/Bacterias . ‘e H

Radicales libres :

Radiacion ultravioleta Fluorometolona

\ Citoquinas proinflamatorias
Receptores de citoquinas
IkB . L
e _| i) PP Y e—— ) Proteinas de adhesion

Colagenasas

Metaloproteinasas
Receptor de corticoides
\ Citoquinas proinflamatorias
MAPKs Tm Factores de crecimiento
W=D termlnal = virus/Bacterias

fosfatasa

Anexina | ! Radiacion ultravioleta

Fosfolipidos . .
Citoquinas proinflamatorias Citoquinas

. . | Hormonas
Receptores de citoquinas ,/_\ MAPKe orT
Proteinas de adhesién — “—— Mitdgenos

Endotoxinas

l AA /\- l Antigenos
/_‘\ MAPKs
. quinasa
PGs/TXs LTs

Calcio
quinasa

7 Inflamacién

Figura 3. Mecanismo de inhibicion de los corticoides.

La Fluorometolona (FMT) es un corticoide de nueva generacion, de
caracteristicas lipofilicas con un LogP 2,34 y solubilidad en agua (a 25 °C)
de 30 mg-L"!. Su peso molecular es de 378,468 g-mol!, un punto de fusion
entre 293-303 °C y précticamente sin grupos ionizables (pKa: 12,65)
(National center for Biotechnology Information 2019). Su forma
farmacéutica comercial es en gotas oftdlmicas de administracion topica y
actualmente en el mercado existen dos especialidades: FML® e

Isoptoflucon® con una concentracion de 0.1% para el tratamiento de alergias
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e inflamacion ocular del segmento anterior. La FMT posee una potencia
moderada y con menores efectos en el incremento de la PIO que los
corticoides clasicos (incremento menor a 6 mm Hg) (Lin and Gong 2015;

Chen et al. 2016; Pinto-Fraga et al. 2016; Shokoohi-Rad et al. 2018).
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1.3. Sistemas nanoestructurados de uso oftalmico

Durante décadas para tratar enfermedades que afectan a los
segmentos anterior y posterior del globo ocular, se han utilizado tanto
tratamientos no invasivos, como invasivos para devolver la homeostasis a
los tejidos oculares. Dentro de los tratamientos no invasivos, las soluciones,
las suspensiones y los ungiientos son las formulaciones convencionales que
se han utilizado con resultados terapéuticos poco eficaces, debido a las
limitaciones anatdmicas y a la dindmica de eliminacion de xenobidticos en
el ojo (Awan et al. 2009). Por otra parte, los tratamiento invasivos suelen ser
poco practicos, debido a su alta recurrencia de efectos adversos y la falta de
adherencia al tratamiento (Morgan ef al. 1988; Yasin et al. 2014). Por ello,
la utilizacion de la nanotecnologia como herramienta para sobrellevar estos
desafios ha sido la clave para el trasporte de farmacos, proteinas y genes
hacia el interior del ojo. Los sistemas nanoestructurados tales como los
hidrogeles (HGs), los liposomas, las nanoparticulas (NPs) poliméricas y
lipidicas han permitido obtener concentraciones efectivas en el lugar diana,
con una disminucion significativa de los efectos adversos (Silva et al. 2012;
Vega et al. 2013; Abrego et al. 2015; Yu et al. 2018). Particularmente, la
eficacia de un tratamiento farmacoldgico ocular no invasivo a través de

nanosistemas se debe a las siguientes propiedades (Lalu et al. 2017):

e Aumento del tiempo de residencia precorneal.

e Liberacion controlada y prolongada del farmaco.

e [Evitan la eliminacion del fArmaco.

e Proteccion del farmaco de la ionizacion y del metabolismo.

e Direccionamiento del farmaco hacia el tejido diana.
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Tabla 3. NPs poliméricas con corticoides para el tratamiento de la

inflamacion ocular.

Método de
Polimero Farmaco ., Referencias
preparacion
Despl ient
Quitosano Dexametasona esplazathiento (Kalam 2016)
de solvente
Desplazamiento :
Celulosa/Eudragit® Dexametasona P ! (Balzus et al
de solvente 2017)
) Emulsificacion i :
Eudragit RS 100 Prednisolona Y ' (Tbrahim 7 al
espontanea 2010)
Cuasi emulsion- Adibkia et dl.
Eudragit RS100 Metilprednisolona | difusion por ( 20 Oe;)e o
solvente
. (Vandervoort
Gelatina con ) ) .
i . Hidrocortisona Desolvatacion & Ludwig
ciclodextrina
2004)
Polimerizacion e ot al
Isopropilacrilamida Dexametasona por radicales (RZ (1)e1 (e)) @
libres
Emulsion- Salkai ot dl.
PLA-PEG Betametasona difusion por ( 0 Oz)a )
solvente
Emulsion- (Sab o
. o o, abzevari e
PLGA Triamcinolona difusion por al. 2013)
solvente
Emulsion- ol
PLGA Hidrocortisona difusion por Wa;r(l)gl ; @
solvente
Desplazamiento | (Pan et al.
PLGA Dexametasona
x de solvente 2015)
) . iebold &
. Hidratacionde | (P
PLGA Fluocinolona ! alarlcul)n © Calonge
pelicula 2010)
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De todos los sistemas nanoestructurados, las NPs poliméricas son los
sistemas coloidales de caracteristicas mas biodegradables y mas
biocompatibles existentes, con tamafios entre 10 y 1.000 nm (Kumari, Yadav
and Yadav 2010). A su vez, las NPs poliméricas cargadas con corticoides se
han utilizados para el tratamiento de la inflamacién ocular con una gran
eficacia farmacolédgica (Tabla 3). Estas particulas pueden subdividirse en
dos categorias segun su conformacion, en forma de vesicula (nanocéapsulas)
0 como matriz polimérica (nanoesferas). Las nanocapsulas son sistemas
constituidos por una membrana polimérica y en su interior se aloja el
farmaco (nucleo). Por otra parte, las nanoesferas son sistemas formados por
una matriz polimérica donde el farmaco se encuentra adsorbido en la

superficie y disperso o disuelto en su interior (Rao and Geckeler 2011).

En general, las NPs que estan constituidas por un polimero de
caracteristicas naturales o sintéticas se denominan de primera generacion
(Figura 4). Habitualmente el polimero sintético més utilizado es el acido
polilactico-co-glicolico (PLGA), aprobado por las agencias de salud de la
Unién Europea y de Estados Unidos (EMA y FDA) para el uso a nivel
parenteral y topico. Una de las caracteristicas de interés del PLGA es la
prediccion de su cinética de degradacion que depende de la proporcion
lactico/glicolico del polimero. A medida que la proporcion de lactico
aumenta (entre 50 y 100) y la de glicdlico se reduce (entre 50 y 0), la tasa de
degradacion disminuye. Ademads, este polimero se considera no toxico
debido a su hidrolisis no enzimatica generando como productos el acido
glicolico y el acido lactico, los cuales son metabolizados por el ciclo de
Krebs. Paralelamente, el PLGA es un polimero lipofilico que permite la

encapsulacion de sustancias de baja solubilidad en agua con una alta
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reproducibilidad en su elaboracién y una liberacion del farmaco de forma
controlada y prolongada. Comercialmente existen diferentes tipos de PLGA
con diferentes pesos moleculares, viscosidad inherente, proporcion de
lactico/glicolico y grupo funcional terminal (Jain 2000; Makadia and Siegel
2011). Por ejemplo, el PLGA RG 503H es un polimero con una proporcioén
50/50 que posee un acido carboxilico terminal que permite la conjugacion
con otros polimeros, tales como el polietilenglicol (PEG) o el copolimero
polioxietileno (PEO)-polioxipropileno (PPO) (Kapoor et al. 2015). El
recubrimiento de las NPs de PLGA con PEG se denomina pegilacion y este
tipo de sistema nanoestructurado es considerado de segunda generacion
(Figura 4). El PEO-PPO y el PEG forman en las NPs una capa hidrofilica
en su superficie que les permite escapar del sistema reticulo endotelial,
aumentando su vida media en circulacion y al mismo tiempo les otorgan la
capacidad de interaccionar con la mucina de la pelicula lagrimal aumentando
la mucoadhesividad de las NPs. Por otra parte, los sistemas de tercera
generacion (Figura 4) tienen como objetivo el direccionamiento e
internalizacion de las NPs a partir de receptores de membrana de las células
blanco (Diebold and Calonge 2010). Para ello los anticuerpos o péptidos de
penetracion celular (CPPs) son conjugados en el grupo terminal de un
espaciador hidrofilico como el PEG en las NPs. Este espaciador es necesario
para que el agente esté expuesto en la superficie y de esta forma interaccione

o0 se una a los receptores diana (Vasconcelos et al. 2015).

En resumen, las NPs de PLGA evitan la ionizacion del farmaco en la
pelicula lagrimal, otorgan un sistema de liberacion controlado y retrasan el
metabolismo enzimatico. Con la incorporacion del PEG en la superficie se

proporciona un comportamiento anfipatico, donde el nicleo de PLGA es
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apolar y la superficie polar, lo que hace aumentar sus posibilidades de
atravesar las capas oculares hidrofilicas y lipofilicas. También el PEG evita
la eliminacién rapida de las NPs, por lo que es posible realizar
administraciones oculares menos recurrentes si se compara con los
tratamientos convencionales oftdlmicos, lo que facilitaria la adherencia del
paciente al tratamiento. Finalmente, la conjugacion con CPPs y anticuerpos
permite especificamente la internalizacion celular e interaccion con los
receptores de membrana, otorgando un tratamiento especifico con
concentraciones efectivas del firmaco en el tejido diana y con menos efectos

adversos (Diebold and Calonge 2010).

PLGA e PEG

™ Firmaco ® cpp

Nanoparticula de 1° generacién Nanoparticula de 292 generacién Nanoparticula de 3*r generacién

Figura 4. Generaciones de NPs.

Para conseguir aumentar el tiempo de residencia precorneal, los HGs
son la respuesta para que una formulaciéon permanezca mas tiempo en
contacto con el globo ocular, prologando la liberacion del farmaco.
Particularmente, los HGs son matrices tridimensionales de entrelazamiento
polimérico con la capacidad de absorber grandes cantidades de agua para su
formacion. Los HGs se pueden clasificar en quimicos y fisicos segun su tipo

de entrecruzamiento. Los HGs quimicos o también llamados permanentes,
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su entrecruzamiento puede ser de caracteristicas covalentes con distintos
grupos funcionales (NH2-, COOH- y OH-), por la accion enzimadtica o por
una actividad radicalaria. Por otro lado, los HGs de activacion fisica o
reversibles se forman por diferentes tipos de interacciones no covalentes
como puentes de hidrogeno, fuerzas de Van der Waals, i0nicas, proteicas y
de autoensamblaje entre polimeros (McKenzie et al. 2015; Parhi 2017).
Algunas de las ventajas de los HGs son: su alta biocompatibilidad debido a
su alta proporcion de agua, su viscoelasticidad, su consistencia suave y su
baja tension superficial cuando entran en contacto con superficies acuosas,
asemejandose a los tejidos vivos mas que otros biomateriales sintéticos (Li
and Mooney 2016). También presentan un entorno poroso capaz de alojar
farmacos u otros sistemas, protegiéndolos del metabolismo o del efecto del
pH. Ademas, este sistema facilita una liberacion controlada dependiendo del
hinchamiento, de la degradacion y de la disolucion del HG. Desde un punto
de vista de la administracién topica ocular, se prefieren formulaciones de
caracteristicas newtonianas (liquidas) en vez de plasticas (cremas o
ungiientos) para facilitar la instilacion y de esta forma aumentar la
adherencia al tratamiento. En el caso anterior, los HGs de formacion in-situ
aprobados para su comercializacion utilizan como estimulo de activacion el
efecto del pH, sales inorganicas, conjugacion con grupos funcionales de
proteinas como la mucina y/o la temperatura ocular (Tabla 4) (Kumar et al.
2013; Al-Kinani et al. 2018; Wu et al. 2018). Estos sistemas constituirian
un comportamiento bimodal, newtoniano antes de la instilacion y
pseudoplastico o plastico cuando entra en contacto con el globo ocular. Uno
de los métodos de formacion de HGs in-sifu de forma inmediata a nivel

ocular es por el efecto de la temperatura. El resto de los sistemas de
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activacion requieren mayor tiempo para alcanzar el equilibrio
termodinamico para la formacion del HG, haciendo posible la eliminacion
de la formulacion desde la zona precorneal como resultado de la renovacion

lagrimal (Cheng et al. 2016; Jain et al. 2016).

Tabla 4. HGs de gelificacion in-situ comercializados.

Nombre del , Sistema de Compaiiia
Polimero .. .
producto activacion farmacéutica
Timoptic-XE® Goma I6n Merck
(Timolol) gellan Pharmaceuticals
Pilopine HS® Carbopol
1.op1ne . Arbopo pH Alcon Laboratories
(Pilocarpina) 940
Azasite® e
. .. P407 Temperatura InSite Vision
(Azitromicina)
Timoptol-LA Goma I6n Laboratories Merck
(Timolol) gellan Sharp and Dohme
Virgan Carbopol q Laboratories THEA-
(Ganciclovir) 940 P France

Un copolimero empleado de forma segura en las industrias
farmacéutica y alimentaria son los poloxameros. Este copolimero no idnico
estd constituido por dos unidades hidrofilicas de PEO localizadas al inicio y
al final de la cadena polimérica, mientras que en la zona central se encuentra
una unidad hidroéfoba de PPO. Particularmente, el poloxamero 407 (P407)
es un polimero que se autoensambla in-situ formando micelas hasta el punto
de que el polimero gelifica completamente. El mecanismo de gelificacion
depende de la temperatura y de la concentracién de P407. Sin embargo, las
temperaturas de transicion sol-gel se modifican cuando las formulaciones de

P407 se cargan con sustancias viscosificantes, farmacos, tensoactivos u otros
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sistemas de liberacion (dos Santos et al. 2015; Almeida et al. 2017; Jung et
al. 2017). Por lo tanto, una formulaciéon adecuadamente optimizada para que
gelifique a la temperatura corneal (32 °C cuando el ojo esté abierto y 35 °C
cuando esta cerrado) es ideal para que ser instilada en forma de gotas

oftalmicas.

Una de las estrategias terapéuticas actuales se basa en Ia
incorporacion de NPs poliméricas en sistemas gelificantes in-situ (Figura
5) que tienen por objetivo aumentar la biodisponibilidad del farmaco en el
tejido ocular diana y disminuir periodicidad de administracion. Esta
estrategia permite una liberacion mas prolongada y controlada evitando el
efecto de estallido que presentan las NPs en las primeras horas de la
liberacion e incrementando su tiempo de residencia precorneal (Huang and

Brazel 2001; Gou et al. 2008).
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Figura 5. Sistema de gelificacion in-situ cargado con NPs de PLGA.
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1.4. Internalizacion de nanoparticulas a través de péptidos

de penetracion celular (CPPs)

Uno de los desafios farmacologicos mas complejo de lograr a nivel
ocular es la obtencion de concentraciones efectivas de farmaco en el tejido
a tratar, debido a las limitaciones de las barreras oculares y a la naturaleza
de la misma formulacion que no permite una adecuada permeacion ocular.
Dentro de las nuevas tecnologias moleculares para sobrellevar los
inconvenientes que sufren los medicamentos convencionales, el empleo de
CPPs es el enfoque mas reciente y revolucionario para la internalizacion de
macromoléculas y farmacos en las células oculares. Los CPPs son
secuencias peptidicas entre 5 a 30 aminoacidos (aa) capaces de internalizarse
en las células de forma no invasiva a través de diversos mecanismos tanto
energéticos con receptores especificos como no energéticos y sin mediacion
de receptores. De acuerdo con sus propiedades fisicoquimicas pueden
categorizarse en hidrofobas, anfipaticas y catidnicas, siendo esta Ultima
categoria donde se encuentra mas CPPs de caracteristicas positivas por sus
secuencias ricas en residuos de arginina (Arg) (Guidotti, Brambilla and

Rossi 2017).

La proteina activadora de transcripcion (TAT) del virus de la
inmunodeficiencia humana 1 (HIV-1) fue la primera proteina descubierta
con propiedades cationicas y capaz de internalizar macromoléculas hacia el
interior de las células mediante formacion de poros y penetracion directa. A
pesar de que han transcurrido més de 30 afios desde su descubrimiento, en
el afio 1997, se identificO exactamente la secuencia que permite la

internalizacion celular (TATa9.57). Esta secuencia se ha utilizado
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ampliamente en el transporte de proteinas terapéuticas y de otros sistemas
de liberacion como NPs (Shi ef al. 2014). En un estudio preclinico el TAT4o.
57 fue conjugado con un péptido inhibidor de Jun-terminal quinasa (XG-102)
con el objeto de evitar la apoptosis celular en la isquemia cerebral,
demostrandose su capacidad de atravesar la barrera hematoencefalica.
Ademas, este nuevo farmaco XG-102 en el ano 2016 completd su fase
clinica III (NCT02235272) para el tratamiento de la inflamacién intraocular,
donde se evidenciaron mejoras significativas en comparacion con la

Dexametasona (Bolhassani, Jafarzade and Mardani 2017).

En el ano 1991 se descubrié que el homeodominio de Antennapedia,
una proteina de Drosophila Melanogaster, es capaz de internalizarse en
células neuronales. En el afio1994 se identifico especificamente la secuencia
de 16 aa de los residuos 43-58 llamada pAntp4s_ss 0 Penetratin, responsable
de la internalizacion celular. Esta secuencia, con propiedades basicas al igual
que el TAT, ha sido utilizada tanto para la internalizacion de proteinas como
para la transfeccion de acidos nucleicos. Actualmente existen diversos
estudios acerca de sus métodos de internalizacion, de los cuales los mas
aceptados son la formacion invertida de micelas, la endocitosis y la

translocacion directa (Farkhani e al. 2014).

Desde el descubrimiento de los CPPs se ha relacionado la capacidad
de internalizar moléculas con las cargas positivas y que €stas provengan de
los residuos de Arg, por lo que queda demostrado que una secuencia sintética
de 8 Arg (Poliarginina, R8) es suficiente para la traslocacién celular.
Particularmente, los grupos guanidinas de la cadena lateral de la Arg

interaccionan a través de puentes de hidrogeno con los grupos cargados
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negativamente, tales como los grupos carboxilicos, sulfatos y fosfatos de las
proteinas de membrana, fosfolipidos y mucopolisacaridos, que llevan
finalmente a la internalizacion celular por endocitosis o penetracion directa
(Pescina ef al. 2018). En un estudio clinico, la secuencia R8 fue utilizada en
conjugacién con una ciclosporina (PsorBan®) para el tratamiento de la
psoriasis, evidenciandose una alta eficacia en el tratamiento sin efectos
sistémicos asociados al farmaco y comprobandose la capacidad de

internalizar moléculas (Delcroix et al. 2010).

Una de las particularidades de los CPPs es su similitud con las
caracteristicas de los péptidos antimicrobianos (AMPs), principalmente por
sus multiples residuos de Arg y una carga neta positiva. Los AMPs son
capaces de interaccionar fuertemente con la membrana plasmatica al igual
que CPPs translocandose al interior de las células, sin embargo, solo algunos
AMPs son capaces de hacerlo sin permeabilizarla permanentemente. Los
AMPs que permeabilizan la membrana permanentemente son los que
conducen directamente a la muerte bacteriana y se consideran de los mas
toxicos. También, existen otros AMPs con capacidad de translocarse sin
efectos toxicos directos, siendo considerados bacteriostaticos debido a la
inhibicién de las vias de sintesis de ADN y de proteinas, sin afectar las
células humanas (Splith and Neundorf 2011). Dentro de los CPPs con
actividad contra Gram (+), Gram (-) y antimicdtica se encuentra el pAntp,
Transportan, pVec, Pep-1, TAT, entre otros. Por otro lado, en el grupo de
los AMPs citados con capacidad de translocar moléculas, sin causar dafios
en las células eucariotas, se encuentra la Lactoferricina, la Bac7,-24, la
Buforina Il y l1a Pirrocoricina. También en el grupo de péptidos con actividad

antimicrobiana se puede encontrar actividad CPP, como el mismo TAT
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contra HIV-1 y péptidos antivirico contra el herpes simple, tales como el G2
y el gH625 (Pérn, Eriste and Langel 2015). Especificamente, el péptido G2
es una secuencia de 12 aa cargada positivamente con multiples residuos de
Arg. En un estudio donde se trat6 una infeccion ocular con herpes simple, el
G2 fue conjugado covalentemente con Aciclovir, incrementando la eficacia
antivirico (Ali et al. 2012). En otro estudio el G2 se utilizd para el
tratamiento del herpes simple vaginal y se confirmo que el péptido forma
poros de transmembrana (Tiwari et al. 2011). De acuerdo con los
antecedentes, el G2 podria constituir un potencial CPP para el transporte de

macromoléculas como proteinas o NPs al interior de células eucariotas.
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OBJETIVOS

The main objective of this research is the development and

characterization of controlled release polymeric nanostructured systems

containing FMT for the treatment of inflammatory conditions of the anterior

and posterior segment of the eye. In addition, biopharmaceutical behaviour,

safety evaluation and therapeutic efficacy in the treatment of ocular

inflammatory diseases are part of this PhD thesis.

Specific objectives:

Develop, optimize and characterize polymeric nanostructured
systems such as PLGA NPs and in-situ forming gels containing
FMT.

Synthesize and characterize the polymers Rhodamine-PLGA and
maleimide-PEG-PLGA.

Synthesize and conjugate the CPPs (TAT49-57, pAntpss.sg and G2) to
FMT-loaded maleimide-PEG-PLGA NPs.

Obtain a biopharmaceutical profile of sustained FMT release from
PLGA NPs and in-situ forming gels.

Evaluate the ocular tolerance of nanostructured systems developed
by in vitro (HET-CAM® and MTT test) and/or in vivo (Draize test)
studies.

Demonstrate in vivo that PLGA NPs and in-situ forming gels are
suitable for the treatment of inflammatory conditions of the anterior
and posterior segments of the eye.

Study and analyze the effects on proinflammatory cytokines and the
uptake in both human corneal cells and in the mouse eye with

conjugated NPs.
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RESULTADOS

Los resultados obtenidos en los distintos estudios de la presente
investigacion han permitido generar tres publicaciones cientificas en forma

de articulos (dos de ellos ya publicados y el tercero enviado).

3.1. Development of fluorometholone-loaded PLGA nanoparticles for
treatment of inflammatory disorders of anterior and posterior segments of

the eye, International Journal of Pharmaceutics, 547 (2018) 338-346.

3.2. In-situ forming gels containing fluorometholone-loaded polymeric
nanoparticles for ocular inflammatory conditions, Colloids and Surfaces B:

Biointerfaces. 175 (2019) 365-374.

3.3. Ocular penetration of fluorometholone-loaded PEG-PLGA
nanoparticles functionalized with cell-penetrating peptides. Nanomedicine,

article submitted.
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ARTICLE INFO ABSTRACT

The main objective of this study was the development and optimization of fluorometholone-loaded PLGA na-
noparticles for the treatment of inflammatory conditions of the eye. Design of experiments was used to obtain
nanoparticles with the best physicochemical characteristics. The optimized nanoparticles containing

Keywords:
Fluorometholone
Nanoparticles

P"-"I‘E’f“i“‘_‘ ol 1.5 mg'mL ™" of fluorometholone showed a negative surface charge (— 30 mV) and an average size below 200 nm
gfg Zr anti-inflammatory being suitable for ocular administration. Drug-polymer interaction studies confirmed no new bonds were formed
Drug delivery during the synthesis. Nanoparticles performance was assessed with biopharmaceutical behavior studies, ocular

tolerance, anti-inflammatory efficacy and bioavailability. The biopharmaceutical behavior of the drug from
nanoparticles was adjusted to hyperbola order showing a significantly greater permeation in the cornea than in
the sclera. The optimized formulation had significantly greater anti-inflammatory effects than the commercial
formulation. In addition, nanoparticles increased drug penetration toward the vitreous. Polymeric nanoparticles
of fluorometholone could provide a suitable alternative for the treatment of inflammatory disorders of the

anterior and posterior segments of the eye against of conventional topical formulations.

1. Introduction

The treatment of inflammatory eye diseases such as severe allergic
conjunctivitis and uveitis is focused on the use of corticosteroids as anti-
inflammatory drugs (Bielory et al., 2010). These ophthalmic drugs used
topically have certain disadvantages ranging from the low amount of
drug penetrating through the cornea to the limited residence time in the
precorneal area. This causes that the suspensions need to be adminis-
tered a greater many times per day to obtain a significant therapeutic
effect (Gause et al., 2016). In other cases, in which the posterior seg-
ment is affected, as in posterior uveitis, intravitreal injections are used
so that the drug can reach the target (Yasin et al., 2014). Moreover, the
main ocular side effect after topical administration of corticosteroids
include cataracts and increased intraocular pressure, which could in-
duce visual disorders. Among all the corticosteroids, fluorometholone
(FMT) is characterized by a highest pharmacological potency for in-
flammations of the anterior segment of the eye with a significantly
lower risk of increasing intraocular pressure (Chen et al., 2016;
Shokoohi-Rad et al., 2017).

Currently, the encapsulation of drugs in polymer matrices has been

one of the solutions for overcoming the disadvantages presented by
ophthalmic suspensions (Danhier et al., 2012). Particularly, PLGA na-
noparticles (NPs) have proven to be one of the most suitable topical
ocular administration systems, due to their sustained and prolonged
release of the drug, mainly produced by diffusion (Kapoor et al., 2015).
Once the NPs have been administered, the PLGA hydrolyzes in mono-
mers (lactic acid and glycolic acid) with subsequent metabolism in the
Krebs cycle, which makes this polymer highly biodegradable and bio-
compatible (Anderson and Shive, 2012; Diebold and Calonge, 2010;
Makadia and Siegel, 2011).

In other studies, it has been shown that PLGA NPs are able to cross
the tear film and the cornea, with the possibility of reaching deeper
tissues such as the vitreous and the retina (Silva-Abreu et al., 2018;
Tahara et al., 2017). In different reports, PLGA has been shown to
protect the drug from deactivation by the enzyme cytochrome P450
present in the tear film, corneal epithelium and ciliary, increasing the
half-life of the drug (Guengerich, 2017). According to the above, these
systems would allow to reduce the side effects associated with the drug
with a sustained and safe release without the need for repeated ad-
ministrations (Siddique et al., 2015).
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The main objective of this study was the development of FMT
loaded-PLGA NPs (FMT-PLGA-NPs) able to reach tissues of the anterior
and posterior segment of the eye with the aim to be administered less
often than medications currently marketed. The physicochemical
properties, drug-polymer interaction, short-term stability and in vitro/
ex vivo biopharmaceutical behavior were also assayed. Ocular toler-
ance, in vivo anti-inflammatory efficacy and ocular bioavailability of
FMT-PLGA-NPs were carried out as evidence of effectivity and useful-
ness of NPs as a novel treatment for ocular inflammatory disorders.

2. Material and methods
2.1. Materials

FMT was purchased from Capot Chemical (Hangzhou, China). PLGA
RG 503H was obtained from Evonik Corporation (Birmingham, USA).
Poloxamer 188 (P188) and Transcutol P° were given from BASF
(Barcelona, Spain) and Gattefossé (Madrid, Spain), respectively.
Acetone was purchased from Fisher Scientific (Pittsburgh, USA). Water
through Millipore” MilliQ system was used for all the experiments and
all the other reagents were of analytical grade.

2.2. Preparation and optimization of NPs

FMT-loaded PLGA NPs were prepared by solvent displacement
method described elsewhere (Canadas et al., 2016; Fessi et al., 1989).
Briefly, PLGA (5.6-12.4 mgmL~') and the FMT (0.16-1.84 mgmL~1)
were dissolved in 5 mL of acetone. This organic phase was added slowly
dropwise, under moderate stirring, into 10 mL of an aqueous solution of
P188 (1.6-18.4 mg:mL~ ") adjusted to pH 7.4. The NPs resulting were
stirred for 10 min. After that, acetone was evaporated under reduced
pressure.

Design of experiments (DoE) was employed using central composite
design matrix generated by StatGraphics Centurion XV. The central
composite design was developed to analyze the effects of the in-
dependents variables on the dependents (Nekkanti et al., 2015). Three
factors (concentration of surfactant [cP188], drug [cFMT] and polymer
[cPLGA]), 3-level central composite design on the measured response
(average particle size (Zav), polydispersity index (PI), zeta potential
(ZP) and entrapment efficiency (EE)) were established for this optimi-
zation procedure. Each factor was studied at five different levels coded
(see Table 1) and the responses were modelled through the full second-
order polynomial equation:

Y=o+ BiXi + BoXo + BiXs + BuXE + BX + By X3 + fpXiXo

+ BiXiXs + B X Xs (6]
where Y is the measured response, o to Bo3 are the regression coeffi-
cients and X;, X, and X3 are the studied factors (Cano et al., 2018).

2.3. Analysis of NPs

Zav, PI, and ZP of NPs were determined by dynamic light scattering
(DLS) and electrophoretic mobility, respectively, in a Zetasizer NanoZS
(Malvern Instruments, Malvern, UK). Samples were diluted (1:10) and
the experiments were performed with disposable capillary cells

Table 1
Variables and codes used in the experimental design.
Factor (mgmL~") Levels
—1.68 -1 0 +1 +1.68
CcFMT 0.16 0.50 1.00 1.50 1.84
CcPLGA 5.60 7.00 9.00 11.00 12.40
cP188 1.60 5.00 10.00 15.00 18.40
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DTS1070 (Malvern Instruments) at 25 °C. The reported values corre-
spond to the mean + SD of three different batches of each NPs for-
mulation.

The morphological examination of the NPs formulations was carried
out by Transmission Electron Microscopy (TEM) on a Jeol model 1010.
To visualize the NPs, copper grids carbon-coated (carbon only) were
activated with a glow discharge vacuum system. Samples (10 pL) were
placed on grids and negative staining performed with 2% uranyl
acetate.

The EE of FMT in the NPs was quantified indirectly by measuring
the non-entrapped drug in the dispersion medium. The free FMT was
separated by a filtration/centrifugation technique (1:10 dilution) by
using an Amicon Ultracell-100kDa (Amicon’ Ultra; Millipore
Corporation, Massachusetts, USA) centrifugal filter devices at 25 °C and
5000 rpm for 10 min (Heraeus, Multifuge 3 L-R, Centrifuge. Osterode,
GER). The EE was calculated according to the following equation:

CFMTy—cFMT, | o

EE(%) =
) cFMT, (2

where cFMT, and cFMT; are the total amount of FMT and free FMT in
the supernatant, respectively. The samples were evaluated by a mod-
ified pharmacopeia method of RP-HPLC and validated according to the
guidelines of the International Conference on Harmonization (ICH,
2005; USP 29-NF 24, 2006). Briefly, samples were quantified using
HPLC Waters 2695 separation module and a Kromasil® C18 column
(5um, 150 X 4.6 mm) with a mobile phase of methanol/water (65:35)
at a flow rate of 1.0 mL-min . A diode array detector Waters' 2996 at a
wavelength of 239 nm was used to detect the FMT. A volume of 10 pL of
sample was injected. Data were processed using Empower 3° Software.

2.4. Interaction studies

2.4.1. X-ray diffraction (XRD) analysis

The state amorphous or crystalline of the drug in the NPs were
determined by X-ray spectral measurements using Siemens D500
system (Karlsruher, GER). X-ray powder diffractograms were recorded
using a Cu K” radiation (45kV, 40 mA, A = 1.544 A) in the range (26)
from 2° to 60° with a step size of 0.026° and measuring time of 195.8 s
per step.

2.4.2. Fourier transform infrared (FTIR) analysis

FTIR spectra of NPs and compounds separately were obtained using
a Thermo Scientific Nicolet iZ10 with an ATR diamond and DTGS de-
tector. The scanning range was 525-4000 cm ~ 1.

2.4.3. Differential scanning calorimetry (DSC) analysis

Thermograms were obtained on a Mettler TA 4000 system
(Greifensee, Switzerland) equipped with a DSC 25 cell. The temperature
was calibrated by the melting transition point of indium prior to sample
analysis. All samples were weighed (Mettler M3 Microbalance) directly
in perforated aluminum pans (approximate weight of 2.5 mg), heated
(under a nitrogen flow) at a rate of 2°Cmin~! from 20° to 120 °C to-
gether to an empty pan used as a reference. Data were evaluated using
the Mettler STARe V 9.01 DB software (Mettler-Toledo).

2.5. Biopharmaceutical behavior

2.5.1. In vitro release study

To identify the release profile of the FMT from the polymer matrix
of NPs, a study was carried out in amber Franz cells (15 mm diameter).
A dialysis membrane MW 12000-14000 Da (Iberoamerica, Spain) was
hydrated with the receptor medium methanol/water (65:35) for 24 h
before mounted. The FMT-PLGA-NPs were compared with a commer-
cial eye drops (Isoptoflucon” of 1mgmL~') and the free drug
(1 mg'mL ') dissolved in phosphate buffer solution at pH 7.4. The sink
conditions were sustained throughout the experiment for 46 h (Klose
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etal., 2011). A volume of 300 pL of the samples was placed in the donor
compartment and the receptor compartment was filled with receptor
medium thermoregulated at 37° = 0.5°C in continuous agitation.
Samples of 300 puL were withdrawn from the receptor compartment at
fixed times and replaced by an equal volume of fresh receptor medium
at the same temperature. The concentration of FMT released was
measured by RP-HPLC. Values are reported as the mean + SD of the
triplicates. Akaike’s information criterion (AIC) and coefficient corre-
lation (r?) were determined for each model as an indicator of the
model’s suitability (Ramos Yacasi et al., 2016).

2.5.2. Ex vivo corneal and sclera permeation study

The ex vivo FMT permeation from FMT-PLGA-NPs was evaluated
using isolated pig cornea and sclera using Franz cells (9 mm diameter).
Pig eyes (Landrace and Large White hybrid weighing 45-60 kg) were
supplied from the Faculty of Medicine at Barcelona University, Spain.
All experiments were developed following the Association for Research
in Vision and Ophthalmology on the Use of Animals in Ophthalmic and
Vision Research guidelines. These were approved by the Ethical
Committee of the University of Barcelona (number 7428) and the
Committee of Animal Experimentation of the Regional Autonomous
Government of Catalonia, Spain (Law 32/2007 of November 7, 2007,
and “Real Decreto 1201/2005”, October 10, 2005). The pigs were se-
dated by intramuscular administration of ketamine (3 mgkg "), xyla-
zine (2.5 mgkg ') and midazolam (0.17 mgkg ') and euthanized by
an overdose of sodium thiopental (100 mgkg ') under deep propofol
anesthesia (1 mgkg ™). Eyes were removed and immediately excised.
The cornea and sclera were fixed in Franz cells with a diffusion segment
of 0.64 cm?. In all, 200 uL of the test formulation (FMT-PLGA-NPs and
Isoptoflucon” of 1 mg:mL~') were incubated in Franz cells and filled
with Transcutol P°/water (65:35). In all experiments, a constant tem-
perature, thermoregulated with a water jacket of 32° + 0.5°C and
37° + 0.5°C was used for the cornea and sclera, respectively, with
agitation at 600 rpm. Samples of 300 pL were withdrawn from the re-
ceptor compartment at fixed times and replaced by an equal volume of
fresh receptor medium at the same temperature. Sink conditions were
maintained throughout the experiment.

To quantify the retained amount of drug (Qg) in the tissues tested, at
the end of the permeation study, tissues were removed from each Franz
cell. The cornea and sclera were cleaned using a 0.05% solution of
sodium lauryl sulfate and washed with water. Afterward, the permea-
tion segment of the tissues was excised, weighed and treated with
methanol/water (65:35) under sonication for 15 min. FMT concentra-
tion was quantified using Triple Quadrupole LC/MS/MS Mass
Spectrometer (Perkin-Elmer AB Sciex Instruments) in MRM (multiple
reaction monitoring). The separate module was HPLC Agilent 1200
series equipped with an atmospheric pressure electrospray ionization
ion source. The separation of the drug was carried out on reverse phase
column (Kromasil® C18 of 5um, 150 X 4.6 mm) using a mobile phase
composed of methanol/0.1% formic acid in water (65:35) at a flow rate
of 0.6 mL:min~'. Mass variation was recorded at 321.4 and 279.2 Da.
Values were reported as the mean + SD. All the experiments were
performed by triplicate.

Permeation parameters were calculated by plotting the cumulative
FMT permeating versus time, determining x-intercept by linear re-
gression analysis. The permeability coefficient (Kp) (cmh '), steady-
state flux (J) (ng'h’l-cm’2) and amount of permeated at 24h (Qz4)
(ug) were calculated (Carvajal-Vidal et al., 2017).

2.6. Stability analysis of NPs

The physical stability of the NPs at 4 °C and 25 °C were evaluated by
Static Multiple Light Scattering technology (S-MLS) using Turbiscan”
Lab. S-MLS identifies the different destabilization phenomena of the
colloidal suspension such as creaming, sedimentation, flocculation, and
coalescence. NPs were placed in a cylindrical glass measuring cell that
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was scanned by a pulsed near-infrared light source (A = 880 nm) with
two synchronous optical detectors (transmission and backscattering).
Due to the opacity of the NPs formulation, only the backscattering
profiles were used to evaluate the physical stability. The backscattering
data were recorded every 24 h at different times after preparation (1, 15
and 30 days).

2.7. Ocular tolerance

2.7.1. In vitro ocular tolerance

In vitro ocular tolerance was assessed using the HET-CAM" test in
order to ensure that the formulation of FMT-PLGA-NPs are not irritating
when they are administered as eye-drops. Irritation, coagulation and
hemorrhage phenomena were measured by applying 300 puL of the
formulation studied on chorioallantoic membrane of a fertilized
chicken egg, monitoring it during the first 5min 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 with 6 eggs for
each formulation (FMT-PLGA-NPs and Isoptoﬂucon°), 3 for controls
positive (NaOH 0.1 M) and negative (0.9% NaCl). The ocular irritation
index (OII) was calculated by the sum of the scores of each injury ac-
cording to the following expression:

_ (01-h)s | (01-v)7 | (301-¢)9

oIl
300 300 300 3

where h, v and c are times (s) until the start of hemorrhage, vasocon-
striction and coagulation, respectively. The formulations were classified
according to the following: OII < 0.9 nonirritating; 0.9 < OII < 4.9
weakly  irritating; 4.9 < OIl <89  moderately irritating;
8.9 < OII < 21 irritating (ICCVAM, 2010).

2.7.2. In vivo ocular tolerance

To corroborate the results obtained from the HEM-CAM® test, the
formulations (FMT-PLGA-NPs and Isoptoﬂucon’) were evaluated using
primary eye irritation test of Draize (Sanchez-Lépez et al., 2016). For
this case, pig eyes (Landrace and Large White) were used, where 50 L
of each sample were instilled in the eye conjunctival sac (n = 6/group)
and a gentle massage was applied to ensure circulation of the sample
through the eyeball. Possible signs of irritation were observed at the
time of instillation and after 1h of exposure using the untreated con-
tralateral eye as a negative control. Draize score was determined by
direct observation of the anterior segment of the eye and changes in
ocular structures involving the cornea (turbidity or opacity), iris and
conjunctiva (congestion, chemosis, swelling, and discharge) using Table
S.3b Supplementary Material.

2.8. Anti-inflammatory efficacy

The induction of inflammation with the objective of evaluating the
anti-inflammatory effect of FMT-PLGA-NPs compared to the commer-
cial drug (Isopotoﬂuconm) and 0.9% control group (NaCl), was carried
out using pigs (n = 6/group). The study was conducted with the ap-
plication of 50 uL of 0.5% sodium arachidonate (SA) dissolved in PBS in
the right eye, the left eye was used as control. After 30 min of exposure,
50 uL of each formulation were instilled. Evaluation of inflammation
was performed from the application of formulations up to 150 min
according to Draize modified scoring system (Sanchez-Lopez et al.,
2016).

2.9. Ocular bioavailability
The amounts of drug that permeated from the formulation FMT-
PLGA-NPs and Isopotoflucon” were evaluated 4 h after its application.

To this end, 50 pL of each formulation were administered to the pig's
left eye. The amount of FMT retained from the different parts of the eye
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Fig. 1. Optimization of the FMT-PLGA-NPs. (a) Zav surface response at a fix LSmgmL’1 of FMT, (b) Pareto’ diagram of the analyzed effect on EE.

(sclera, cornea, aqueous and vitreous humor) was quantified by RP-
HPLC.

2.10. Statistical analysis

The multiple comparisons were developed using one-way ANOVA
with Tukey post hoc test with a significance of a < 0.05 after having
confirmed the normality and equality of variances by Bartlett in the
groups. All analyzed data were presented as mean = SD. GraphPad
Prism” 6.01 software for windows was used to analyze the data.

3. Results and discussions
3.1. Optimization of the FMT-PLGA-NPs

According to the results obtained from the matrix central composite
design (Table S.1 Supplementary Material) it was possible to statisti-
cally correlate the effects of the independent variables on Zav and EE
(p < 0.05). In the first case, Zav was highly influenced by cPLGA and
cP188 (Fig. 1a). The study showed that as the amount of PLGA in the
formulation increased, the NPs increased in size, the opposite happened
when the concentration of cP188 increased. Zav’s values
(141.3-187.8 nm) were within the criteria of the ocular topical ad-
ministration of nanostructured systems that would not cause irritation
(Ali and Lehmussaari, 2006). In the second case, EE, mainly cFMT had a
significantly positive effect (Fig. 1b), where the ratio of drug con-
centration and EE is proportional, reaching values close to 100% (Table
S.1 Supplementary Material). The latter could be associated with the
fact that cFMT did not have a significant effect (p = 0.9818) on Zav
(Fig. S.1 Supplementary Material), which makes it clear that the load
capacity of PLGA had not yet been reached. The other dependent
variables (PI and ZP) were not correlated with any independent vari-
able (p > 0.05), however, the PI and ZP values concluded that all the
formulations were monodisperse systems (PI < 0.1) and with a low
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probability that sedimentation would occur (Patel and Agrawal, 2011).
Finally, according to the results of the evaluated parameters and their
significant effects it was possible to select an optimized nanoparticle
formulation (FMT-PLGA-NPs) containing 7.0mgmL~' of PLGA,
15mgmL~" of P188 and 1.5mgmL ™' of FMT. Stability studies, phy-
sicochemical interactions, release, permeation, eye tolerance, and anti-
inflammatory efficacy were carried out to this optimized formulation.

3.2. NPs physicoch 1, morphological characterization and EE

The optimized formulation showed a Zav of 149.1 + 3.5nm and a
PI of 0.079 + 0.008, characteristic of monodisperse systems
(PI < 0.1), suitable for ocular administration due the fact that there
will not be NP populations that have a size greater than 10 um that
could cause ocular irritation associated with particle size (Ali and
Lehmussaari, 2006). For the ZP, a negative value (—34.3 * 1.6mV)
was obtained which was attributed to the PLGA polymer, specifically,
to the terminal carboxylic groups of the polymer chain (Stolnik et al.,
1995). The high PLGA entrapment capacity used in combination with
high liposolubility of the FMT, explains the high value of EE
(99.8 + 0.2%) in the optimized formulation. Finally, to corroborate
the Zav data coming from the DLS technique, the FMT-PLGA-NPs were
visualized by TEM (Fig. 2). The TEM image showed that the NPs present
similar values observed by DLS and without evidence of aggregation.

3.3. Interaction studies

To demonstrate the crystalline state of the components of the NPs
and their interactions with each other, the XRD spectra of FMT-PLGA-
NPs, PLGA, P188 and FMT were analyzed (Fig. 3a). PLGA shows XRD
profiles without any crystalline state signal. The semicrystalline profile
of P188 showed peaks at 19.15° and 23.43° (26), which were not seen in
the FMT-PLGA-NPs. In relation to FMT, it showed a crystalline profile
with sharp and intense peaks at 10.38°, 13.79°, 15.32°, 16.32°, 17.00°,
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Fig. 2. Transmission electron microscopy analysis of FMT-PLGA-NPs.

17.60° and 19.60° (20). The previous peaks were evidenced in a low
intensity in the profile of FMT-PLGA-NPs, due to the fact that FMT was
dispersed in the polymer matrix both in crystalline state and molecular
dispersion (Panyam et al., 2004).

FTIR analysis was performed to identify the interactions between
FMT, P188 and PLGA. According to the analysis of the spectra of each of
the components (Fig. 3b), there was no evidence of the existence of a
covalent bond between the elements that constituted the NPs. The IR
spectrum of FMT showed several characteristic peaks, the first at a band
of 3384cm™! given by the signal of the stretching vibration of OH,
some peaks from 2994 to 2876 cm ! corresponding to the stretching
vibration of CH, some peaks at 1712 and 1654cm ™' due to the
stretching vibration the C=0, and finally, stretching vibration product
of C=C aromatic to the bands of 1612 and 1601 cm ™! (Rodrigues et al.,
2009). In the case of the PLGA, it had a characteristic intense band at
1750 cm ™! corresponding to stretching vibration of the carbonyl group.
Small peaks corresponding to stretching vibration of the alkanes were
displayed between the bands 2997 and 2882 cm ~'. The stretching vi-
brations C-O and C-O-O were shown at the bands of 1166 and
1087 cm ™!, respectively (Li et al., 2001). In the P188 showed two in-
tense peaks, the first at 2881 cm ' signal given by the stretching vi-
bration of CH and the second at 1097 cm ™' corresponding to the
stretching vibration of C-O (Yan et al., 2010). The FMT-PLGA-NPs
showed comparable profile to PLGA with additional peaks of low in-
tensity corresponding to P188 (C-H) and to FMT (O-H, C-H and C=C).

The DSC thermograms of FMT, FMT-PLGA-NPs, P188 and PLGA are
presented in the Fig. 3¢, in which it is possible to observe an acute peak
belonging to the melting transition of P188 with a AH = 132.69 J-g !
and a Tmax = 54.24°C (Yan et al., 2010). The FMT showed a melting
transition characterized by a AH =105.09Jg"' and with a
Tmax = 291.95 °C that was not present in the profiles of the NPs de-
veloped (data not shown) because the P188 has a flash point near
260 °C. The PLGA showed the onset of the glass transition (T,) at
51.87 °C and in the FMT-PLGA-NPs at 45.56 °C, this decrease Tj is at-
tributed to the drug-polymer interaction (Abrego et al., 2014; Sanchez-
Lépez et al., 2017).

3.4. Biopharmaceutical behavior

3.4.1. In vitro release study
The In vitro release study of FMT from FMT-PLGA-NPs compared to
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Fig. 3. Interactions studies of FMT-PLGA-NPs and NPs components (a) XRD
patterns, (b) FTIR spectra, (c) DSC.

Isoptoflucon” and Free-FMT was carried out through Franz diffusion
cells. In Fig. 4, it is possible to observe that after 10 h the Free-FMT
formulation released almost 100% of the FMT. In relation to the com-
mercial solution (Isoptoﬂucon’), after 24 h amount released was close
to 100%. All the above formulations were adjusted to a release profile
of first order (Table 2), which is characterized by a rapid release fol-
lowed by a constant release (Fangueiro et al., 2016). FMT-PLGA-NPs,
had a release of 60% of the FMT, with continued increasing and sus-
tained release of the drug, this system was adjusted to a profile of hy-
perbola order (Sinchez-Lépez et al., 2017). The rapid release of the
drug from NPs within the first 10 h was mainly due to the drug that is
weakly bound to the most superficial areas of the polymeric matrix. In
the sustained and increasing phase of the release of FMT, it could be
due to a slow diffusion of the drug due to its affinity within the polymer
matrix (Allahyari and Mohit, 2016; Anderson and Shive, 2012).
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Fig. 4. In vitro profile release of FMT-PLGA-NPs (adjust to hyperbola equation)
against free FMT and Isoptoflucon” (adjust to first order equation).

Table 2
Parameters for kinetic models of FMT-PLGA-NPs, free drug solution and
Isoptoflucon”.

Models Isoptoﬂucon' Free FMT FMT-PLGA-NPs
AIC R? AIC R? AIC R*
Zero Order 117.49 062 11975 045 10751  0.66
First Order 88.29 0.97 6870 099 7445 0.98
Higuchi 10921 081 11311 068  97.56 0.85
Hyperbola 94.73 0.94 8054 098  74.38 0.99
Korsmeyer-Peppas 1 = 0.052 n=0.030 n=0.033
10673 085 10398 085  91.85 0.91

3.4.2. Ex vivo corneal and sclera permeation study

Studies of corneal and scleral permeation were carried out for 6 h
(Fig. 5). According to Table 3, the release of the FMT-PLGA-NP drug is
faster and penetrates more at the corneal level than at the scleral level
(p < 0.001). In the different parameters of scleral permeation (J, K,
and Q24) there were no significant differences between the formulations
tested, except for the Qr, where FMT-PLGA-NPs retain more drug
(p < 0.01) than the Isoptoflucon’. At corneal permeation level, it was
observed that the formulation FMT-PLGA-NPs present significant dif-
ferences in all parameters (p < 0.01) in contrast to the commercial
formulation. Comparing the steady-state flux, the drug from the NPs
permeated the cornea twice faster than Isoptoflucon’. The previous
relation was maintained for the parameters Kp and Q4 at the corneal
level. The Qg of FMT-PLGA-NPs was significantly lower in the cornea
than the other formulation analyzed. According to the corneal per-
meation parameters, the NPs formulation has a greater capacity to cross
the drug per unit of time (Carvajal-Vidal et al., 2017).

3.5. Stability analysis of NPs

In accordance with the Fig. 6a, it is possible to observe that the
designed NPs present high stability after one month a storage tem-
perature at 4 °C. The previously described also happened with the NPs
that were stored at 25 °C for 15days (Fig. 6b). This stability is asso-
ciated with the high ZP of the NPs (approximately — 30 mV) that allow
them to avoid flocculation and precipitation (Patel and Agrawal, 2011).
After 30 days, the NPs stored at 25 °C begin to show signs of instability,
due to the increase in temperature-dependent solubility of P188. This
causes the release of P188 absorbed on the surface of the NP, gradually
losing the ZP that causes the agglomeration and later, the flocculation
of the nanostructured system (Fredenberg et al., 2011; Storm et al.,
1995).
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Fig. 5.Ex vivo permeation profile of FMT-PLGA-NPs compared with
Isoptoﬂucon'. (a) Scleral permeation, (b) Corneal permeation.

3.6. Ocular tolerance

3.6.1. In vitro ocular tolerance

The HET-CAM® was tested on optimized NPs compared to the
commercial drug (Table S.2 Supplementary Material). For this, the
assay was validated by evaluating a positive and negative control. The
positive control, 0.1 M NaOH, produced a severe hemorrhage (Fig. S.2a
Supplementary Material), classifying this solution as irritating. In con-
trast, the negative control did not produce any type of injury, cate-
gorizing it as nonirritating (Fig. S.2b Supplementary Material). In re-
lation to formulations of FMT-PLGA-NPs and Isoptoflucon®, both
showed a high ocular tolerance with an OII < 0.9 during the whole
experiment, classifying it as nonirritating (Fig. S.2c and S.2d
Supplementary Material).

3.6.2. In vivo ocular tolerance

The topical administration in the eyes of the pigs showed no signs of
irritation in the different structures (cornea, iris and conjunctiva)
evaluated (Fig. $.3 Supplementary Material). A value of OII = 0 was
obtained both for the commercial formulation and for the optimized
NPs, classifying them as nonirritating (Table S.3c Supplementary
Material). These results agreed with the data obtained from the HET-
CAM" assay and other studies (Abrego et al., 2015; Parra et al., 2016).

3.7. Anti-inflammatory efficacy assay

A study of anti-inflammatory efficacy was developed with the aim to
determine the anti-inflammatory capacity in contrast with a commer-
cial formulation (Isoptoﬂucon') in an acute treatment. According to
Fig. 7, both the formulation Isoptoflucon’ and the FMT-PLGA-NPs
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Table 3
FMT sclera and corneal permeation parameters from FMT-PLGA-NPs and Isoptoflucon”.
Tissue Formulation J (ngh~lem~?) Kp (emh™1)-10 Qa4 (1g) Qr (ugg "em™?)
Sclera Isoptoflucon” 88.87 = 36.47 5.92 * 243 1.36 = 0.56 3.26 = 0.27
FMT-PLGA-NPs 126.94 + 3.38 8.43 + 0.23 1.95 £ 0.05 5.07 = 0.06'
Cornea Isoptoflucon” 134.66 * 17.29 8.98 + 1.15 2.07 = 0.27 7.01 = 0.16
FMT-PLGA-NPs 305.16 = 25.41" 20.34 * 1.69" 4.69 = 0.39" 273 = 0.30'

Letters represent statistical significance: p < 0.01 and "p < 0.001. J, steady-state flux; K;,, permeability coefficient; Q,4, permeated amount at 24 h; Qg, retained
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Fig. 6. FMT-PLGA-NPs backscattering profile. (a) Storage temperature at 4 °C,
(b) Storage temperature at 25 °C.

showed a significant anti-inflammatory effect from the first 30 min of
exposure when compared with the positive control (SA). When com-
paring the anti-inflammatory effect between the formulations, it is
evident that there is a significant difference (p < 0.01) of a greater
anti-inflammatory effect of FMT-PLGA-NPs throughout the treatment.
The above difference is explained by the information from the corneal
permeation studies performed. The FMT-PLGA-NPs had a greater and
faster permeation of the drug, reflecting a faster and more effective
anti-inflammatory effect in contrast to Isoptoflucon”. The nanos-
tructured system gives the drug greater bioavailability at the corneal
level and with the ability to reach deeper tissues such as vitreous and
retina, making it useful for posterior uveitis (Bisht et al., 2017).

3.8. Ocular bioavailability

In order to determine the bioavailability of FMT in the different pig
eye structures, the formulation of FMT-PLGA-NPs and Isoptoflucon”

were instilled for an exposure period of 4 h. The amount of FMT from
FMT-PLGA-NPs in aqueous humor was 11.16 + 1.31pgmL~' sig-
nificantly higher (p < 0.0001) to the other cavities. The amounts
found in cornea, sclera and vitreous were 1.36 + 0.12ugmL,
0.82 + 0.09ugmL~! and 0.06 + 0.03pgmL~?, respectively. The
amount of drug found in the aqueous humor correlates with the data on
permeation and anti-inflammatory efficacy. The ex vivo permeation
study showed that the formulation FMT-PLGA-NPs permeated greater
amount of drug per unit of time with a lower retention than the other
formulations tested, justifying that the NPs had a greater anti-in-
flammatory effect to the commercial formulation in the in vivo study. In
this study, it was evidenced that the drug accumulates in the aqueous
humor slowly releasing the drug to the deeper tissues such as the
vitreous (Kalam and Alshamsan, 2017; Warsi et al., 2014). In the case of
Isoptoflucon®, no amounts of the drug were detected in any of the
structures of the pig's eye with the quantification method used.

4. Conclusions

In the current study FMT-loaded PLGA NPs have been developed by
solvent displacement technique, and in turn optimized using DoE, ob-
taining a formulation with physicochemical (Zav, ZP, PI and EE) and
morphological characteristics suitable for ocular administration.
Through the Zav information delivered by the DLS and TEM technique
(Zav < 200nm), the optimized formulation would not cause ocular
irritation due to particle size. The formulation was submitted to the
study of ocular tolerance in vitro and in vivo to argue the previously
described, in which it was demonstrated that there is a high ocular
tolerance of FMT-PLGA-NPs. The interaction studies showed that the
drug is contained within the polymer matrix in the form of dispersion
system and that the different components that make up the NPs do not
have chemical interactions or strong covalent bonds that could affect
pharmacology activity of FMT. The formulation FMT-PLGA-NPs shows
a bimodal behavior in which the first 10 h presents a rapid release of the
drug followed with increasing and sustained release of the drug. The
permeation study allowed us to show that FMT-PLGA-NPs have a higher
permeability at corneal level with a low corneal retention of the drug
compared to the commercial formulation (p < 0.01). The low corneal
permeation was corroborated by the bioavailability study, which
showed that there is a greater amount of drug in the aqueous humor
than in the other ocular structures, demonstrating that the system has
the capacities to reach the vitreous. In the stability study of NPs, it is
established that the system maintains its properties without signs of
flocculation and/or sedimentation at a storage temperature of 4 °C, at
higher temperatures they could solubilize the P188 causing the loss of
ZP causing the flocculation of the NPs. In the in vivo study of anti-in-
flammatory efficacy, the permeation and dialysis data were corrobo-
rated, in which it was evidenced that the FMT-PLGA-NPs have a greater
anti-inflammatory effect than the commercial formulation during the
whole experiment. Considering all the aspects analyzed, the formula-
tion developed would be useful for the acute and chronic treatment of
ocular inflammatory conditions with the ability to reach the posterior
segment.
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Table S.1: Values of the three experimental factors according to the matrix designed by 3-level central composite and measured responses

Factorial points  ¢FMT (mg:-mL?)  cPLGA (mg-mL?) cP188 (mg:mL?) Zav (nm) PI ZP (mV) EE (%)
F1 1.0 9.0 16 187.8+1.6 0.09+0.01 -38.7+0.6 99.58 + 0.02
F2 0.5 7.0 5.0 155.5+6.2 0.08 £ 0.02 -29.3+1.1 99.22 +0.01
F3 0.5 11.0 15.0 177.7£5.7 0.07 £0.02 -30.9+2.0 99.36+0.21
F4 1.8 9.0 10.0 167.8+5.1 0.08 £ 0.02 -30.8+2.5 99.84 +0.02
F5 15 11.0 15.0 178.7+0.1 0.09 £0.03 -30.7+0.8 99.78 + 0.03
F6 1.5 7.0 5.0 156.5+3.7 0.07 £0.01 -284+6.1 99.84 +0.08
F7 15 7.0 15.0 149.1+£35 0.08 £0.01 -342+1.6 99.76 + 0.07
F8 1.0 5.6 10.0 1413+1.1 0.08 £0.02 -28.312.6 99.75+0.01
F9 15 11.0 5.0 172.1+£3.7 0.06 £0.02 -29.5+13 99.71+0.01
F10 0.2 9.0 10.0 166.3+0.8 0.08 +£0.02 -30.3+1.5 98.38 +1.08
F11 1.0 9.0 18.4 161.7 £5.6 0.06 £ 0.02 -31.1+0.9 99.64 +0.04
F12 1.0 12.4 10.0 178.8+2.3 0.10 £ 0.05 -33.8+4.0 99.77 +0.08
F13 0.5 7.0 15.0 151.1+1.4 0.08 £0.02 -345+1.6 98.71+0.03
F14 0.5 11.0 5.0 177.6+1.6 0.07 £0.01 -33.7+15 99.47 +0.36
F15%® 1.0 9.0 10.0 164.4+9.3 0.10£0.03 -329+33 99.46+0.11
F16% 1.0 9.0 10.0 162.4+23 0.07 £0.01 -33.5+04 99.53 +0.03

P Central points
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Figure S.1. Pareto diagram of the analyzed effect on Zav.

Table S.2: Ocular tolerance in vitro by HET-CAM® test.

Formulation Medium Score Classification
FMT-PLGA-NPs 0.37+0.17 Nonirritating
Isoptoflucon® 0.81+0.49 Nonirritating
NaCl 0.00 + 0.00 Nonirritating
NaOH 13.72+1.48 Irritating

Figure S.2. HET-CAM® test after 5 min. (a) Positive control, (b) Negative control, (c) FMT-PLGA-
NPs, (d) Isoptoflucon®.

Table S.3: Determination score Draize. (a) Ocular tolerance levels according to Draize, (b)
Draize score system, (c) Ocular tolerance in vivo.

a)
Draize Test
ol Classification
0 Nonirritating

0-15 Weakly irritating

15-30 Moderately irritating

30-50 Irritating

50 Very irritating
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b)

Tissue Injury Evaluation

A) Degree of cloudiness or opacity
- Absence of ulceration
- Diffuse areas
- Translucent areas
- Opalescent areas
- Full opacity

A WN RO

Cornea

B) Affected area
- None
- A quarter or less
- More than a quarter but without means
- More than half but less than three quarters
- More than three quarters up a whole plane

S WN L O

A) Iris injury score

o

- Normal
- Deep folds, congestion, swelling, moderate circumcorneal injection
- No reaction to light, hemorrhage, great destruction

Iris

N o=

A) Redness
- Normal glasses
- Some clearly injected vessels
- Diffuse redness

w N = O

- Big diffuse redness

B) Ch is or Infl, ion
- None
-Some
- Marked with partial disorder of the eyelids
- Eyelid more or less closed
- Semi eyelids

Conjunctiva

B WN L O

C) Sweat
- None
- Periocular wetting
- Any amount anomalous
- Wetting and eyelid hairs

w N = O

110 = Corneal (A-B-5) + Iris (A-5) + Conjuctiva (A+B+C)-2

<)

Formulation Medium Score Classification
FMT-PLGA-NPs 0.00 +0.00 Nonirritating
Isoptoflucon® 0.00 + 0.00 Nonirritating

a

Figure S.3. Draize test at the endpoint. (a) FMT-PLGA-NPs, (b) Isoptoflucon®.
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ARTICLE INFO ABSTRACT

Thermosensitive gels have been developed and optimized in such a way that they become gels at corneal
temperature and with a viscosity that allows the adequate release of the Fluorometholone (FMT)-loaded PLGA
nanoparticles (NPs) in order to improve ocular anti-inflammatory efficacy against a commercial formulation. It
has been shown that gels avoid burst release of the drug in the first hours with a slow and increasing profile after
Thermosensitive administration. NPs have maintained their average size and spherical shape within the gels as confirmed by
In-situ gelling transmission electron microscopy (TEM). In turn, the in-situ gelling of the formulations allows the administration
Gel in eye drops dosage form due to its state of sol at temperatures below 25 °C. Ocular tolerance studies have shown
that no formulation causes eye irritation. The administration of the developed formulations has improved the
precorneal residence time reflected in the ocular bioavailability, where deep tissues as aqueous humour and
crystalline were reached. In conclusion, the use of thermosensitive gels for the topical application of NPs has

Keywords:
Fluorometholone

PLGA nanoparticles
Ocular anti-inflammatory
Poloxamer 407

demonstrated their effectiveness in the acute and preventive treatment of ocular inflammatory conditions.

1. Introduction

Fluorometholone (FMT) is one of the many corticosteroids used in
ophthalmology for the treatment of allergic and inflammatory conditions of
the anterior segment of the eye [1]. Since its incorporation to ocular treat-
ment, this drug has shown certain advantages over other corticosteroids
commonly used, such as high anti-inflammatory potency and low risk of
increasing intraocular pressure that leads to a lower prevalence of corticoid-
induced cataracts and glaucoma [2]. On the other hand, FMT has the dis-
advantage of having a low corneal penetration that results in ineffective
therapeutic levels for treatment in the posterior area of the eye [3]. Fur-
thermore, in the eye drops dosage form, the formulation is rapidly elimi-
nated from the precorneal area as a consequence of tear turnover, having
only a half-life of ocular residence around 1-2 min. To overcome these dif-
ficulties, various strategies have been developed to increase the half-life and
therapeutic efficacy of ocular drugs ranging from increased viscosity with the
use of ointments or gels to intravitreal injections for the treatment of diseases
committed in the posterior area of the eye such as posterior uveitis [4].

One of the strategies currently used to increase the bioavailability of
hydrophobic drugs such as corticosteroids is the development of

nanoparticles (NPs) of poly (lactic-co-glycolic acid) (PLGA) [5]. Particu-
larly, the incorporation of the drug into the polymer matrix creates a
system that protects the drug from the enzymatic metabolism present in
the tear film and allows a controlled and prolonged release of the drug
[6-8]. The PLGA NPs, in turn, possess the ability to carry the drug to deep
tissues, where conventional commercial formulations fail to reach [9].

The latest research to solve the problem of residence time in the
precorneal area of eye drops focuses on the development of formula-
tions that gelling in-situ when they come into contact with the eye due
to the effect of pH, salts or temperature [10-12]. Poloxamer 407 (P407)
is a triblock copolymer surfactant formed by polypropyleneglycol and
two blocks of polyethyleneglycol at the ends, which has the char-
acteristic of behaving as a newtonian or viscoelastic solution (gel) de-
pending on the temperature and concentration used [13]. The devel-
opment of PLGA NPs incorporated in a thermosensitive gel would be
able to solve the disadvantages of commercialized eye drops, which
would allow gelling at corneal temperature [14], avoiding the burst
release of the drug from the NPs in the first hours administered, re-
sulting in increased drug concentration in deep eye tissues such as
aqueous humour and crystalline [15,16].
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In the present study, a formulation of P407 with FMT-loaded PLGA
NPs (FMT-PLGA-NPs), which gelling at corneal temperature, has been
developed and optimized, with the aim of increasing its bioavailability
in deep ocular tissues and treating inflammatory conditions of the
anterior and posterior area of the eye. For this, morphometry and
morphology of the NPs, rheological analysis, in vitro release profiles and
short-term stability of the gels were also carried out. Eye tolerance,
ocular bioavailability and anti-inflammatory efficacy studies were
conducted with the aim to demonstrate the suitability of this system in
the treatment of ocular inflammatory diseases.

2. Material and methods
2.1. Materials

FMT and PLGA RG 503H were purchased from Capot Chemical
(Hangzhou, China) and Evonik Corporation (Birmingham, USA), re-
spectively. Poloxamer 188 (P188) and P407 were given from BASF
(Barcelona, Spain). Methylcellulose A4M (MC) and Benzalkonium
chloride were purchased from Sigma-Aldrich (Madrid, Spain). Sodium
alginate (65-75% guluronic and 25-35% mannuronic acid, = 220 kDa)
was provided by Fagron Iberica (Terrassa, Spain). Water through
Millipore” MilliQ system was used for all the experiments and all the
other reagents were of analytical grade.

2.2. Preparation and characterization of NPs

FMT-loaded NPs (FMT-PLGA-NPs) previously optimized in our group
were prepared by the solvent displacement method [7]. Briefly, the PLGA
(9.0mgmL~") and FMT (1.5 mg mL~") were dissolved in 5 mL of acetone.
The organic phase was added slowly dropwise, under stirring, into 10 mL
of an aqueous solution of P188 (15 mg mL™) adjusted to pH 7.4. After that,
the organic solvent was evaporated under reduced pressure.

Morphometry (average particle size (Zav), polydispersity index (PI))
and zeta potential (ZP) of NPs were determined in a Zetasizer NanoZS
(Malvern Instruments, Malvern, UK) by dynamic light scattering (DLS)
and electrophoretic mobility, respectively. Samples were diluted in
MilliQ water (1:10) and experiments were performed with disposable
capillary cells DTS1070 (Malvern Instruments) at 25 °C. The reported
values correspond to the mean * SD.

The entrapment efficiency (EE) of FMT in the NPs was quantified
indirectly by measuring the non-entrapped drug in the dispersion
medium. The free FMT was separated by a filtration/centrifugation
technique (1:10 dilution) at 25°C and 5000 rpm for 10 min using an
Ultracell-100 kDa centrifugal filter devices (Amicon” Ultra; Millipore
Corporation, Massachusetts). The EE was calculated according to the
following equation:

CEMTy — cFMTE, |

BE() =~ o I6h)

where ¢FMT, and cFMT; are the total amount of FMT and free FMT in
the filtrated, respectively. The samples were evaluated by HPLC, ac-
cording to the method described previously [7]. Data were processed
using Empower 3 Software.

2.3. Elaboration and optimization of gels

An amount of 0.025 g of sodium alginate were dissolved in 10 mL of
FMT-PLGA-NPs under agitation (800rpm for 3min) using the
Unguator". After one day of rest, MC (0-1% w/v) and benzalkonium
chloride (0.01% w/v) were added and stirred at 1000 rpm for 5min.
The previous preparation was left to stand overnight to then add the
P407 (15-25% w/v) under agitation of 1000 rpm for 5 min. The pH was
adjusted to 7.4 with NaOH.

Design of Experiments (DoE) was employed using a multi-level
factorial design 32 generated by StatGraphics Centurion XV. The matrix
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Table 1
Coding for the gelling capacity test.
Coding Observation
0 No gelling occurs.
1 Slow gelling and dissolves quickly.
2 Immediate gelling and remains for a few hours.
3 Immediate gelling and remains for an extended period.

was developed to analyze the effects the two independent variables
(concentrations of P407 [cP407] and MC [cMC]) on the three depen-
dents variables (gelling capacity (Gt), sol-gel temperature transition
(Tsor.get) and viscosity (Vc)) [17]. Each independent variable was stu-
died at three different levels coded (-1), a (0) and (+1) sign (see Table
S.1 Supplementary Material).

2.4. Andlysis of gels

2.4.1. Gelling capacity test

The determination of the Gt was carried out by placing 100 pL of gel
in 2mL of simulated tear fluid (SFL) at 34 * 0.5°C (average tem-
perature of the ocular surface) [14,18]. The SFL was composed of 6.7%
w/v sodium chloride, 2.0% w/v sodium bicarbonate, 0.08% w/v cal-
cium chloride dehydrate in purified water [19]. The gelation was car-
ried out by visual examination according to Table 1.

2.4.2. Rheological properties of the gels

Rheological properties of gels were carried out using a rheometer
HAAKE Rheostress 1 (Thermo Fisher Scientific, Karlsruhe, Germany)
equipped with a cone-plate geometry set-up with a fixed lower plate
and an upper cone (Haake C60/2Ti, 6 cm diameter). The temperature
sweep test was performed to determine the Tso.ge in-situ of gels. For
oscillatory testing, storage modulus (G’) and loss modulus (G”) values
were measured from 5 to 50 °C with a constant frequency of 1 Hz and a
constant stress (0.5Pa). The transition temperature was set when G’
equals G” (cross-over point). For rotational testing, viscosity curves and
flow curves were recorded for 3 min during the ramp-up period from 0
to 100 s~*, 1 min at 100 s~ " (constant share rate period) and finally
3min during the ramp-down period from 100 to 0 s~ . All determi-
nations were performed in triplicate.

2.4.3. Flow ability test

The flow ability was tested using the inverted tube method. 3 mL of
each formulation were added in a tube of 10 mL and incubated in a
thermoregulated bath. Three test temperatures were used, storage
temperature (5 * 0.5°C), room temperature (25 * 0.5°C) and pre-
corneal temperature (34 * 0.5°C). The evaluation was carried out
investing the tube after 30 s. The thermosensitive gel would be suitable
when it does not flow after an incubation of 30s at 34 °C [20].

2.4.4. Morphological characterization

The morphological examination of the gels was carried out by
transmission electron microscopy (TEM) on a Jeol 1010 instrument.
This study was used to evaluate if the morphology of the NPs remained
in the gel. The NPs were visualized with copper grids carbon-coated
(carbon only). Samples (10uL) were placed on grids and negative
staining performed with 2% uranyl acetate.

2.4.5. In vitro release profile

To identify the cumulative release profile of the FMT from the op-
timized gels and FMT-PLGA-NPs compared with a commercial eye
drops, a study was carried out in amber Franz cells using a dialysis
membrane MW 12,000-14,000 Da, under sink conditions [21]. Isopto-
flucon” is a commercial ophthalmic suspension of FMT that has been
used as a reference for in vitro and in vivo studies. A volume of 300 uL of
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the samples was placed in the donor compartment and the receptor
compartment was filled with receptor medium thermoregulated at
34 = 0.5°Cin continuous agitation. Samples (300 uL) were withdrawn
from the receptor compartment at fixed times and replaced by an equal
volume of fresh receptor medium at the same temperature. The samples
were quantified by HPLC using the same method as in EE. Data were
processed using Empower 3° Software. Values were reported as the
mean * SD of the triplicates. Akaike’s information criterion (AIC) and
coefficient correlation (r*) were determined for each model as an in-
dicator of the model’s suitability [22].

2.5. Stability analysis of gels

The physical stability of the optimized gels at 4 °C was evaluated by
static multiple light scattering technology (S-MLS) using Turbiscan”
Lab. Gels were placed in a cylindrical glass measuring cell that was
scanned by a pulsed near-infrared light source (A = 880 nm). Due to
the opacity of the gels, only the backscattering profiles were used to
evaluate the physical stability. The backscattering data were recorded
every 24 h at different times after preparation (1, 20 and 60 days).

2.6. Ocular tolerance

2.6.1. In vitro ocular tolerance

In vitro ocular tolerance was assessed using the HET-CAM" test to
ensure that the gels are not irritating at ocular level. Hemorrhage, va-
soconstriction and coagulation phenomena were measured by applying
300 pL of the formulation on the chorioallantoic membrane of a ferti-
lized chicken egg, monitoring it during the first 5min after the appli-
cation. The development of the test was carried out with 6 eggs for each
optimized formulation, 3 as positive (NaOH 0.1 M) and negative (0.9%
NacCl) controls [23]. The ocular irritation index (OII) was calculated by
the sum of the scores of each injury according to the following ex-
pression:

(301 — h)-5 | (301 — )7 | (301 — ¢)-9
= + +
300 300 300 (2)

o

where h, v and c are times (s) until the start of hemorrhage, vasocon-
striction and coagulation, respectively. The formulations were classified
according to the following: OII < 0.9 nonirritating; 0.9 < OII < 4.9
weakly irritating; 4.9 < OII < 8.9 moderately irritating; 8.9 < OII <
21 irritating [24,25].

2.6.2. In vivo ocular tolerance

To corroborate the results obtained from the HEM-CAM" test, the
formulations (optimized gels, FMT-PLGA-NPs and lsoptoﬂucon') ‘were
evaluated using primary eye irritation test of Draize [26]. For this case,
New Zealand albino male rabbits of 2.5kg average weight were used,
where 50 uL of each sample were instilled in the eye conjunctival sac
(n = 6/group) and a gentle massage was applied to ensure circulation of
the sample through the eyeball. Possible signs of irritation were observed
at the time of instillation and after 1h of exposure using the untreated
contralateral eye as a negative control. Draize score was determined by
direct observation of the anterior segment of the eye and changes in
ocular structures involving the cornea, iris and conjunctiva [7].

2.7. Therapeutic efficacy

The induction of inflammation with the objective of evaluating the
anti-inflammatory effect of optimized gels and FMT-PLGA-NPs com-
pared to the commercial drug (Isopotoflucon”) and 0.9% control group
(NaCl), was carried out using New Zealand albino male rabbits (n = 6/
group). The study was conducted with the application of 50 pL of 0.5%
sodium arachidonate (SA) dissolved in PBS in the right eye, using the
left eye as a control. After 30 min of exposure, 50 uL of each formula-
tion were instilled. In order to evaluate the prevention of inflammation,
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the formulations were administered 30 min before the induction of
ocular inflammation. The evaluation of inflammation was performed
from the application of formulations up to 150 min according to Draize
modified scoring system [26].

2.8. Ocular bioavailability

The amounts of drug that permeated from optimized gels, FMT-
PLGA-NPs and Isopotoflucon” were evaluated 4 h after its application. To
this end, 50 uL of each formulation were administered to the rabbit's left
eye. The experiment was carried out according to the Ethics Committee
of Animals Experimentation from the University of Barcelona (CEEA-
UB). The rabbits were anesthetized with intramuscular administration of
ketamine (35mg/kg) and xylazine (5mg/kg) and euthanized by an
overdose of sodium pentobarbital (100 mg/kg) administered for cardiac
injection under deep anesthesia. The amount of FMT retained in the
different parts of the eye (sclera, cornea, crystalline, aqueous humour
and vitreous humour) was quantified by RP-HPLC.

2.9. Statistical analysis

The multiple comparisons were developed using two-way ANOVA
with Tukey post-hoc test with a significance of a < 0.05 after having
confirmed the normality and equality of variances by Bartlett in the
groups. All analyzed data were presented as mean + SD. GraphPad
Prism” 6.01 software for windows was used to analyze the data.

3. Results and discussions
3.1. Characterization of NPs

FMT-PLGA-NPs, optimized by our research group previously [7],
showed values Zav, PI, ZP and EE of 150.8 + 0.7 nm, 0.082 * 0.014,
-27.9 = 0.3mV and 98.4 = 1.4%, respectively. These results ensure
that the formulation FMT-PLGA-NPs meets the requirements for ocular
administration, since the population of NPs are smaller than 10 um,
which avoid eye irritation and a its high ZP provide a colloidal stability
between NPs [27,28].

3.2. Optimization of the gels

In Fig. 1a it is possible to visualize the significance and the type of
effect in the Gt response. The Gt depends on several factors in its as-
sessment, such as the ability to form a gel and the time that the gelled
gel can remain in a SFL solution. In particular, cP407 and cMC have a
significantly positive effect (p < 0.01) on the response of Gt. Analyzed
each of the factors and their influence on the response of Gt, the cP407
has the ability to form the gel and cMC provides the system with longer
gelled time, both proportional to the concentration used.

For the response of Vs, the same relation is fulfilled as in Gt, where
both factors are statistically significant (Fig. 1b). The relationship is
proportional to the concentration, the cP407 has a greater influence on
Vs (p < 0.0001) while the cMC has a less influence (p < 0.01), but
necessary to increase strength or keep the gel constituted longer.

From the Fig. 1c it is possible to show that cP407 has a significant
negative effect (p < 0.001) in the response of Tso1.ge1, which means that
as the concentration of cP407 increases the Tyop.ge decreases [29]. In
Fig. S.1 Supplementary Material it is possible to observe the surface
responses of each independent variable.

According to the analysis of the factorial design used (Table 2),
three formulations were selected (PG2, PG5 and PG8), due to the in-situ
gelation property with the ability to remain constituted at the corneal
temperature. Therefore, morphological characterization, stability stu-
dies, drug release, ocular tolerance, cytotoxicity, ocular bioavailability,
anti-inflammatory and prophylaxis efficacy of the optimized formula-
tions were carried out.
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Fig. 1. Optimization of the gels. Pareto diagram of the analyzed effect on a) Gt, b) Vs, ¢) Tso.gei-

Table 2
Values of the two experimental factors according to the matrix designed by 3%
multifactorial and the measured response.

Table 3
Best adjustment model of optimized gels.

Factorial cP407 cMC Gt Vs (mPass) at 100 Toorgel (°C)
points (w/v) w/v) s

PG1 15 0.0 0 1296 + 52 33.11 + 0.41
PG2 20 0.0 1 3133.0 + 26.5 21.55 *+ 0.36
PG3 25 0.0 1 4879.5 = 110.5 12.17 + 0.07
PG4 15 0.5 0 226.6 * 10.2 31.06 + 0.22
PG5 20 0.5 1 3347.0 = 76.6 20.85 + 0.01
PG6 25 0.5 2 5521.5 + 108.2 13.77 £ 0.19
PG7 15 1.0 1 262.1 + 5.7 30.19 + 0.31
PG8 20 1.0 2 3611.0 = 109.6 22.20 + 0.38
PG9 25 1.0 3 64865 = 117.3 14.84 + 0.40

3.3. Analysis of gels

3.3.1. Gelling capacity test

The gelling capacity of the formulations PG2, PG5 and PG8 are di-
rectly related to the increasing amount of MC (0-1%) used. In the case
of PG2 and PG5 (Fig. S.2 Supplementary Material), a score of “slow
gelling and dissolves quickly” was obtained (Table 2), in which the
formulation gelled in SFL keeping for at least 30 min. PG8 (Fig. S.2¢c
Supplementary Material) gelled when contacting SFL, being able to
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PG2 PG5 PG8

Rheological model ~ Hershel-Bulkley’  Hershel-Bulkley’  Hershel-Bulkley"

(r = 0.999) (r = 0.994) (r = 0.955)
Cross? Cross? Cross’
(r=0.987) (r =0.997) (r = 0.994)

@ ascending section.
4 descending section.

keep in this state for 2h on average. These formulations, at a con-
centration of 20% of P407 have the characteristic of gelling in-situ at a
temperature close to 34 °C and when the MC is added, the system ac-
quires greater strength so that the gel stays longer.

3.3.2. Rheological properties

The gels PG2, PG5 and PG8 presented a non-newtonian behaviour
(Table 3), adjusting in the ascending section to a plastic flow (Herschel-
Bulkley equation) and in the descending section, to a pseudoplastic
profile (Cross equation) [30]. This bimodal behaviour at corneal tem-
perature allows characterizing the gels when they are administered.
Particularly, the optimized gels will need an increasing force of the
blinking to flow in the ocular cavity, so that later, the interactions
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Fig. 2. Sol-gel temperature transition of gels. a) PG2, b) PG5, c) PG8.

between the polymeric chains of the P407 will be broken making it flow
at an almost constant viscosity without reaching the value O of shear
stress [31]. In the case of viscosity, these were proportional to the ag-
gregate amount of MC in each formulation (Table 2). Overall, the
rheological behaviour at a constant temperature makes the gel possess
the slow release of the particles and a viscosity that allows it to be
longer in contact with the eye [32]. The flow and viscosity curves of the
gels can be observed in Fig. S.3 Supplementary Material.

3.3.3. Tyorga and flow ability

The Tso1.ge determination through the crossover between G' and G"
of the optimized formulations are visualized in Fig. 2. The selected gels
presented similar Tgge among them. According to the graphs it is
possible to show that gelation starts around 21 °C increasing its visc-
osity (G") gradually as the temperature increases until it becomes equal
with the elastic behaviour (G'). At corneal temperature, the gels reach
the second crossover, where the viscosity remains constant [33]. The
above is confirmed with the flow ability test, where the formulations do
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Fig. 3. In vitro release profiles of gels (adjust to first order equation), FMT-PLGA-NPs (adjust to hyperbola equation) and Isoptoflucon” (adjust to first order equation).

not flow at a temperature of 34 °C.

At the molecular level, at temperatures below 21 °C, the gel behaves
like a newtonian fluid where the P407 molecules are in a disordered
state. From the temperature of 21 °C approximately, the molecules
begin to be ordered in micelles, initiating the sol-gel transition, com-
pletely gelling at the corneal temperature. The gels PG2 and PG5 have a
regular flow between a temperature of 5 and 25 °C. In the case of PGS, it
flows with difficulty, mainly caused by the amount of MC (1%) present
in the formulation. This gelling behaviour of the optimized formula-
tions allow their administration as eye drops dosage form and enabling
the gelation when it comes in contact with the eyeball, which results in
an increase in the residence time avoiding the rapid elimination by the
lacrimal stimulation [32]. In Table S.2 Supplementary Material, the
flow ability data of the rest of the gels of the design are visualized,
which did not fulfill the condition of low flow at the corneal tem-
perature and be gelled at 34 °C.

3.3.4. Morphological characterization

Through the analysis of TEM images (Fig. S.4 Supplementary
Material), it was possible to visualize the NPs contained in the gels.
According to these images, it was confirmed that the NPs maintained
their spherical shape, average size and absence of aggregation, con-
cordant with the data coming from the DLS and the TEM images of the
optimized NPs made in the preliminary study [7].

3.3.5. In vitro release profile

In Fig. 3 it is possible to demonstrate the controlled release of FMT
from the gels and FMT-PLGA-NPs. In the first instance, Isoptoflucon”
presents a rapid release of FMT reaching 100% at 24 h, adjusting to a
profile of first order (r*> = 0.999, AIC = 69.523). The NPs presented a
release close to 80%, characterized by an initial burst release in the first
4 h reaching 45% of drug released due to the drug weakly bound on the
surface of the NPs [34]. The best model that adjusted the formulation
FMT-PLGA-NPs was the hyperbola (r* = 0.982, AIC = 68.151), where
the release in the last section of the profile (4-10h), is slow and
growing without reaching a plateau, by the affinity of the drug to the
polymer matrix [35]. Finally, the formulations PG2, PG5 and PG8
presented a slow and increasing release of FMT of approximately 70%,
50% and 40%, respectively, at 24 h. As it is possible to observe in Fig. 3,
at the time of 24 h PG2 reaches the released amount of FMT-PLGA-NPs,
progressively increasing until the end of the experiment (48h). PG2
does not present a burst release effect in the first 4 h, allowing the drug
to be released slowly and sustainably, due to the increase in viscosity
and the constant erosion rate attributed to the in-situ formation of the
gel [36]. It should be noted that the formation of the gel containing the
nanoparticles prevents the burst release creating a repository of the
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drug within the gelling matrix, allowing a greater release of drug than
FMT-PLGA-NPs [37,38]. In turn, although the three formulations of gels
have similar Tso1.gel, they present a release at 24 h different from each
other, probability due to the viscosity given by MC (0-1%). Finally, PG2
(r® = 0.984, AIC = 70.745), PG5 (1> = 0.925, AIC = 80.943) and PG8
(r® = 0.992, AIC = 42.868) adjusted a profile of first order, without
reaching a plateau at the end of the study [39].

3.3.6. Stability analysis of gels

The gel formulations were evaluated for stability within a period of
60 days at storage conditions of 4 °C. According to Fig. 4 (a—c), it is
evident that the PG5 and PG8 formulations have greater stability than
PG2. This difference is mainly due to the viscosity that prevents the
precipitation of the NPs inside the gelling system, at a temperature of
4°C, since at this temperature the gels are in liquid state (suspension),
which increases the instability of the gel [40,41]. Despite the above, the
instability of PG2 is within the allowed margins (Backscattering <
20%). Due to this behaviour of the gels at a temperature of 4 °C, they
must be resuspended with gentle agitation before being administered.

3.3.7. Ocular tolerance

The in vitro eye tolerance study (HET-CAM" test) of the optimized
gels, showed OII values lower than 0.9, categorizing the formulations as
nonirritating (Table S.3 Supplementary Material). In the case of NPs
and the commercial drug (Isoptoflucon”), these have been evaluated in
a previous study in our group, concluding that they are nonirritating
[7]. In order to corroborate these data, the in vivo evaluation was car-
ried out through the Draize test of the formulations of gels, NPs and
Isoptoflucon” in albino New Zeeland rabbits. In this study, it was con-
cluded that the evaluated formulations are not irritating (OII = 0)
[41,42] (Table S.4 Supplementary Material).

3.3.8. Therapeutic efficacy

Through the realization of two in vivo studies, it was possible to
confirm the anti-inflammatory capacity of the optimized gels, both in
an acute treatment of ocular inflammation and in the prevention of it.
The optimized gels (PG2, PG5 and PG8) present evident significant
differences regarding positive control (p < 0.01) and the commercial
drug (p < 0.05) at 60 min of the anti-inflammatory efficacy test
(Fig. 5a). The formulations PG2 and PG5 maintained significant dif-
ferences regarding Isoptoflucon” until the end of the study. FMT-PLGA-
NPs also had a significant anti-inflammatory effect (p < 0.05) up to
150 min. This proves that optimized thermosensitive gels increase the
effect of the drug more than when it is loaded into NPs or in commercial
eye drops. This is mainly due to the in-situ formation of the gel at
corneal temperature, which leads to an increase in viscosity (PG2 <
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Fig. 4. Backscattering profile of optimized gels at 4 °C. a) PG2, b) PG5, ¢) PG8.

PG5 < PG8), resulting in prolongation of the residence time of the
formulation in the precorneal area, increasing penetration ocular and in
turn, avoiding the rapid elimination of the drug by tearing [16].

In order to observe the usefulness of the formulations in a prophy-
lactic treatment of inflammation, these were applied at the beginning of
the study and after 30 min inflammation was induced with SA (Fig. 5b).
Gels and NPs reduced inflammation significantly (p < 0.05) regarding
positive control at 60 min. Particularly, PG2 and PG5 were the

formulations that obtained significant differences evident when com-
pared with the commercial drug (p < 0.05) from 60 min until the end
of the study. In addition, Isoptoflucon” from 180 min up to 210 min,
obtained a significant efficiency (p < 0.05) in decreasing inflammation
regarding SA. At the end of the study, it was concluded that PG2 and
PG5 decrease inflammation more effectively than other formulations
when compared with SA (p < 0.0001) and Isoptoflucon” (p < 0.01). It
is also possible to visualize that the anti-inflammatory degree of the
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Fig. 5. Comparison of anti-inflammatory efficacy of PG2, PG5, PG8, FMT-PLGA-NPs and Isoptoflucon’. a) Inflammation treatment, b) inflammation prevention.
Values are expressed as mean + SD; **p < 0.01, *** p < 0.001 and **** p < 0.0001 significantly lower than the inflammatory effect induced by SA; $$p < 0.01,
$$$ p < 0.001 and $$$$ p < 0.0001 significantly lower than the inflammatory effect induced by Isoptoflucon’.

prophylaxis is greater than in the acute treatment, because the drug is
longer in contact with the eyeball, in turn, the residence time is in-
creased when the formulation is in a state of gel. PG2 and PG5 would be
suitable for the prevention of inflammation without the need for re-
petitive administrations of the formulation to obtain a significant
therapeutic effect.

3.3.9. Ocular bioavailability

The remaining amount of FMT (determined by RP-HPLC) in the
different ocular tissues of PG2, PG5, PG8, FMT-PLGA-NPs and
Isoptoflucon” are visualized in Fig. S.5 Supplementary Material. At the
corneal level, the formulation FMT-PLGA-NPs and Isoptoflucon” pre-
sented similar values without significant differences and other for-
mulations were not detectable at this level. In Fig. S.5 Supplementary
Material it is possible to visualize that the FMT-PLGA-NPs (p < 0.0001)
and PG8 (p < 0.01) showed a concentration obviously higher than the
commercial drug in the sclera. PG5 and PG were those formulations
that presented an accumulation at the aqueous humour level of 2 and 3
times more than Isoptoflucon’, respectively. At the level of the crys-
talline, it is possible to show that only the FMT-PLGA-NPs and PG5

60

obtained a significant difference against to the commercial drug
(p < 0.0001), this because the gel has an intermediate viscosity that
allows it to release the drug slowly and remain a longer residence time
in the precorneal area. In turn, NPs due to their ability to protect the
drug from ocular metabolism and increase the solubility of the drug to
be encapsulated in the lipophilic matrix of PLGA are the potential
reasons for the accumulation of these two formulations in the crystal-
line [6,43]. Finally, at the vitreous humour level, it is not possible to
show significant differences in the accumulation of the drug among all
the formulations analyzed. According to the release information, the
anti-inflammatory efficacy and the bioavailability, PG5 presents the
characteristics that best suit a formulation with anti-inflammatory ac-
tivity and with the slow and prolonged release of the drug, which al-
lows it to reach deep ocular tissues.

4. Conclusions

Using a multifactorial design, it was possible to select three for-
mulations of gels loaded FMT-PLGA-NPs (PG2, PG5 and PG8), which
have in common the same amount of P407 (20% w/v) and with a
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variable MC concentration (0-1% w/v). The optimized gels presented
suitable rheometric characteristics for use as an ophthalmological sus-
pension of in-situ gelation, such as fluidity at room temperature, a
gelling capacity in SFL, a viscosity and Tsol.gel that allow it to be in a gel
state at corneal temperature with an optimal viscosity to increase the
residence time in the cornea than other commercial eye drops. In turn,
with the analysis of TEM images corroborated that the NPs in the gels
maintained their spherical shape and their Zav, without evidence of
agglomerates. The gelling system gave the formulations a proven sta-
bility of 60 days and with the recommendation of a gentle agitation
before its administration, due to the behaviour of suspension at room
temperature. In the in vivo studies of efficacy and inflammatory pro-
phylaxis, the optimized gels obtained a greater capacity in decreasing
the OII in contrast to the Isoptoflucon’ and without effects of ocular
irritation (studies in HET-CAM" and Draize test). According to the re-
lease information, the anti-inflammatory efficacy and the bioavail-
ability, PG5 is the one that presents the characteristics that best suit a
formulation with anti-inflammatory activity and with the slow and
prolonged release of the drug, which allows it to reach deep ocular
tissues such as aqueous humour and crystalline. Finally, the formula-
tion of PG5 would be useful for the treatment of inflammatory eye
diseases, avoiding the repetitive administration of eye drops, which
would improve the patient's adherence to treatment.
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Fig. S.3. Flow and viscosity of the optimized gels. a) PG2, b) PGS, ¢) PG8.
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Table S.1
Independents variables and codes used in the experimental design.
Independents variables (w/v) Levels
-1 0 +1
cP407 15.0 20.0 25.0
cMC 00 05 1.0

Table S.2
Flow ability of optimized gels.

Flow ability at different temperatures (°C)

Formulation =755 25505 35505
PG1 +++ +++ +++
PG2 +++ + -
PG3 +++ - -
PG4 +++ +++ +++
PG5 ++ ++ -
PG6 ++ - -
PG7 ++ ++ ++
PGS + + -
PG9 + - -

+++ = freely flow, ++ = regular flows, + = flow with difficulty, - not flow.
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Fig. S.4. Transmission electron microscopy analysis of gels. a) PG2, b) PG5, ¢) PGS.
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Table S.3
Ocular tolerance by HET-CAM® test.
Formulation Medium Score Classification Image after 5 min
o C 2 S g
PG2 0.61=0.20 Nonirritating
PG5 0.40+£0.20 Nonirritating
PG8 0.41+£0.07 Nonirritating
Table S.4
Ocular tolerance by Draize test.
Formulation Medium Score Classification Image at endpoint
PG2 0.00 = 0.00 Nonirritating
PG5 0.00 + 0.00 Nonirritating
PG8 0.00 = 0.00 Nonirritating
FMT-PLGA-NPs 0.00 + 0.00 Nonirritating
Isoptoflucon® 0.00 £ 0.00 Nonirritating
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Abstract

Aim: Development of Fluorometholone-loaded PEG-PLGA nanoparticles (NPs)
functionalized with cell-penetrating peptides for the treatment of ocular inflammatory
disorders. Materials and methods: Synthesized polymers and peptides were used for
elaboration of functionalized NPs, which were characterized physicochemically.
Cytotoxicity and ability to modulate the expression of proinflammatory cytokines were
evaluated in vitro using human corneal epithelial cells (HCE-2). NPs uptake was assayed in

both in vitro and in vivo models. Results: NPs showed physicochemical characteristics
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suitable for ocular administration without evidence of cytotoxicity. TAT-NPs and G2-NPs
were internalized and displayed anti-inflammatory activity in both HCE-2 cells and mouse
eye. Conclusion: TAT-NPs and G2-NPs could be considered a novel strategy for the
treatment of ocular inflammatory diseases of the anterior and posterior segment.

Key words

Fluorometholone, Ocular anti-inflammatory, Polymeric NPs, Cell-penetrating peptides,

drug delivery.

Introduction

Uveitis is one of the most common intraocular inflammatory diseases affecting the
anterior and posterior segments of the eye. Corticosteroid eye drops such as
Fluorometholone (FMT) are used in the clinic for the treatment of anterior uveitis, such as
iritis, cyclitis or iridocyclitis. The main disadvantage of eye drops dosage forms is the
dilution and elimination by the tear turnover, which decreases their precorneal residence
time. Consequently, the anti-inflammatory effect is limited in the anterior segment of the
eye [1-3]. Regarding posterior uveitis such as diffuse choroiditis and vitritis, systemic
corticosteroids, intravitreal injections or implants are used to achieve an effective
pharmacological effect nevertheless, these methods entail a recurrence of unwanted side
effects [4]. Furthermore, most topical administration ophthalmic suspensions contain
benzalkonium chloride as a preservative, which induces ocular irritation [5,6]. Although
most ocular corticosteroids induce glaucoma by increasing intraocular pressure (IOP) in
prolonged treatment, FMT has a significantly lower risk of causing this disease [7-9].

Nowadays, new strategies such as the encapsulation of corticosteroids in polymeric

72



RESULTADOS

nanoparticles (NPs) of average size smaller than 300 nm and nanostructured gels have
shown their capacity to increase the precorneal residence time and reach tissues of the
posterior segment of the eye [10-14]. Moreover, the objective in ocular pharmacotherapy
is to prevent drug inactivation by cytochrome P450, and its elimination by efflux transports
and multidrug resistance proteins [15,16]. Therefore, the new nanostructured systems
should protect the drug and allow internalization in ocular cells avoiding its elimination by
both molecular (metabolizing enzymes) and anatomical (tear turnover and dilution)
mechanisms. With regard to the previous approach, cell-penetrating peptides (CPPs)
constitute a molecular strategy that would allow the internalization of macromolecules such
as NPs. CPPs are sequences of less than 30 amino acids, rich in arginine (Arg) residues and
positively charged. Internalization mechanisms range from direct translocation to receptor-
mediated endocytosis. CPPs such Penetratin (pAntpss.ss) and the transcriptional activator
peptide sequence (TATas.57) of human immunodeficiency virus 1 (HIV-1) have been shown
to be effective for the cellular internalization of polypeptides and the transfection of nucleic
acids. Besides, many of the CPPs share characteristics with antimicrobial peptides (AMPs),
such as cationic sequences with multiple Arg residues [17-19]. Several CPPs such as
TAT49s7 and pAntpass_ss have demonstrated antiviral and antibacterial activity [20,21]. On
the other hand, the peptide called G2, considered within the group of AMPs, has shown
antiviral activity in herpes simplex I. Two studies have shown that G2 has CPP and antiviral
activity against herpes simplex virus types I and II [22,23].

In the current study, FMT-loaded maleimide-PEG-PLGA NPs (FMT-m-PEG-PLGA-

NPs) functionalized with CPPs (TAT49-57, pAntpas-ss and G2) have been developed with the
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aim of increase the anti-inflammatory therapeutic effectiveness of FMT with the capacity
to reach the anterior as posterior segment of the eye. The maleimide-PEG-PLGA (m-PEG-
PLGA) polymer was synthesized and characterized by nuclear magnetic resonance (H-
NMR), X-ray diffraction spectroscopy (XRD) and Fourier transform infrared spectroscopy
(FTIR). On the other hand, the synthesized peptides, TAT49.57, pAntpas.ss and G2, were
analysed by mass spectrometry. The physicochemical properties and the degree of
conjugation of FMT-m-PEG-PLGA-NPs with each CPP were studied. Cytotoxicity,
inhibition of proinflammatory cytokines, uptake assays (in vitro and in vivo) were carried
out to provide evidence of the innocuousness and effectiveness of functionalized NPs as a

new strategy in the treatment of ocular inflammatory conditions.

Materials and methods
Materials

FMT and PLGA RG 503H were purchased from Capot Chemical (Hangzhou, China)
and Evonik Corporation (Birmingham, USA), respectively. Maleimide-PEG-NH; (m-PEG)
(5 KDa) was obtained from Nanosoft Polymers (Nanosoft Biotechnology LLC, USA).
Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), N-diisopropylethylamine (DIEA), Rhodamine 110 (Rho)
chloride, poly (vinyl alcohol) (PVA), insulin, hydrocortisone, trypsin-EDTA (1X),
lipopolysaccharide (LPS) and tetrazolium bromide (MTT) were purchased from Sigma
Aldrich (St. Louis, USA). Keratinocyte serum-free medium (SFM), human recombinant
epidermal growth factor (EFG), bovine pituitary extract, penicillin, streptomycin, fetal

bovine serum (FBS), IL-1p, IL-6, IL-8 and TNFa Human ELISA Kit were acquired from
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Thermo Fisher Scientific (Life Technologies, USA). Human corneal epithelial cell line
immortalized with adenovirus 12-SV40 hybrid virus (HCE-2, ATCC® CRL-11135) was
purchased from LGC Standards (Barcelona, Spain). Amino acids and NovaSyn TGR resin
were obtained from Novabiochem (Hohenbrunn, Germany). Water through Millipore®
MilliQ system was used for all the experiments and all the other reagents were of analytical

grade.

Synthesis of the polymers Rho-PLGA and m-PEG-PLGA

33.3 umol of PLGA RG 503H (1,0 g) were dissolved in 3 mL of chloroform, then
allowed to react with 234.6 umol of NHS (27 mg) and EDC (45 mg) overnight under
continuous stirring in a sealed glass vial. Subsequently, PLGA RG 503 H (NHS-PLGA)
was activated, precipitated with 10 mL of cold diethyl ether and centrifuged at 4,000 rpm
for 10 min at 20 °C. The supernatant was removed, the recovered polymer was dissolved in
3 mL of chloroform and precipitated with cold diethyl ether. This washing/precipitation
cycle was carried out 3 times. The NHS-PLGA obtained was dried using nitrogen gas (N2)
and then lyophilized and stored at -20 °C.

33.2 umol of NHS-PLGA (1,000 mg), 35 pumol of m-PEG (167 mg) or Rho (12.78
mg) were dissolved in 3 mL of chloroform with 234.3 umol of DIEA and left to react
overnight under continuous stirring. The obtained polymer was subjected to three
washing/precipitation cycles using an 80/20 mixture of diethyl ether/cold methanol. Finally,
the polymer was lyophilized and stored at -20 °C. The yield obtained from polymers (m-

PEG-PLGA and Rho-PLGA) was calculated by the following equation:
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weight of (m — PEG — PLGA)

100
weight of (NHS — PLGA + m — PEG)

Yield (%) =
6]

To follow the synthesis of the polymer and changes in its molecular structure, it was
analysed by H-NMR. PLGA RG 503H, NHS-PLGA, m-PEG, m-PEG-PLGA and Rho-
PLGA were dissolved in deuterated dimethyl sulfoxide (DMSO-ds). The spectrum was
recorded at 298 K on a Varian VNMRS 400 MHZ spectrometer (Agilent Technologies,
USA). To calculate the PEGylation efficiency and percentage of mass relative (MR) of the

m-PEG bound to the NHS-PLGA polymer, the following equations were used [24,25]:

IPPEG(8 = 331)/n

= - 100

PEGylation efficiency (%)

2)
MWegg [IPPEG/ n]

-100
MWpyga [IPpLas=521/1]

MR (%) =

3)
MW: molecular weight. PEG = 42.04 g-mol™!, PLGA = 130.10 g-mol"'.
IP: Peak integration.
n: number of protons PLGA = 6 *H [PLA (6 =5.21) =1 "H; PGA (6 =4.90) =2 “H; PLA
(3=1.47)=3 “H] and PEG (5 =3.31) =4 *H.

Structural studies of polymers

The molecular changes of the synthesized polymer and its crystalline or amorphous
state were evaluated by FTIR and XRD. FTIR spectra of polymers separately were obtained
using a Thermo Scientific Nicolet iZ10 with an ATR diamond and DTGS detector. The
scanning range was 525-4000 cm™' [26]. The amorphous or crystalline state of NHS-PLGA,
m-PEG and m-PEG-PLGA were determined by XRD measurements using Siemens D500

system (Karlsruher, GER). X-ray powder diffractograms were recorded using a Cu K”
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radiation (45 kV, 40 mA, L = 1.544 A) in the range (20) from 2° to 60° with a step size of

0.026° and measuring time of 195.8 s per step [26].

Preparation and characterization of FMT-m-PEG-PLGA-NPs

FMT-m-PEG-PLGA-NPs were prepared by the solvent displacement method [26].
Briefly, the m-PEG-PLGA (10.0 mg'mL™") and FMT (0.5 mg-mL™") were dissolved in 5 mL
of acetone. The organic phase was added slowly dropwise, under stirring, into 10 mL of an
aqueous solution of PVA (15 mg-mL") adjusted to pH 4.0. Subsequently, the organic
solvent was evaporated under reduced pressure. Finally, the PVA was eliminated by
ultracentrifugation (30,000 rpm for 30 min) and resuspended in 10 mL of phosphate
buffered saline (PBS). For the synthesis of the fluorescent NPs (R°NPs), 20 mg of the
polymer Rho-PLGA and 80 mg of m-PEG-PLGA were used.

Morphometry [average particle size (Zav), polydispersity index (PI)] and zeta
potential (ZP) of NPs were determined in a Zetasizer NanoZS (Malvern Instruments,
Malvern, UK) by dynamic light scattering (DLS) and electrophoretic mobility, respectively.
Samples were diluted in MilliQ water (1:10) and experiments were performed with
disposable capillary cells DTS1070 (Malvern Instruments) at 25 °C. The reported values
correspond to the mean = SD.

The entrapment efficiency (EE) of FMT in the NPs was quantified indirectly by
measuring the non-entrapped drug in the dispersion medium. The free FMT was separated
by a filtration/centrifugation technique (1:10 dilution) at 25 °C and 5,000 rpm for 10 min.

The EE was calculated according to the following equation:
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cFMT, — cFMT,

EE (%) = — 5wt
0

100
4)
where ¢cFMT, and cFMT; are the total amount of FMT and free FMT in the filtrated,

respectively. Samples were evaluated by HPLC, according to the method described

previously [26]. Data were processed using Empower 3® Software.

Synthesis of CPPs

The peptide sequences, TATs.57 (CGGGRKKRRQRRR), pAntpss.ss
(CGGGRQIKIWFQNRRMKWKK) and G2 (CGGGMPRRRRIRRRQK) were synthesized
by automated solid-phase parallel peptide synthesizer (ResPep, Intavis AG, Germany) using
NovaSyn TGR resin (0.25 mmol-g™!) and 9-fluorenylmethoxycarbonyl (Fmoc) strategy.
Couplings were carried out with benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP)/N-methylmorpholine (NMM) as activator and a 5-fold
molar excess of Fmoc-amino acids. In order to reduce the formation of side products, a
capping step was used to permanently block any unreacted amino group after the coupling
reaction or to acetylate the N-terminus of a completed peptide. Capping solution used was
based on a ratio of 1:1:3 of acetic anhydride (Ac;O), DIEA and DMF (N, N
dimethylformamide). The Fmoc-deprotection step was performed twice with 20%
piperidine in DMF for 30 min. Synthesized peptides were exposed for 3 h to a solution
composed of 94% TFA: 1% triisopropylsylane (TIS): 2.5% dithiothreitol (DTT): 2.5%
MilliQ water for the deprotection of the side chain and the cleavage from the resin. Peptides
were isolated by precipitation with ice cold diethyl ether with subsequent centrifugation

(3,000 rpm for 4 min at 4 °C). Each peptide dissolved in 30% acetic acid in water were
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concentrated and dried using speed-vac system (Eppendorf Concentrator). Peptides were
purified using a Jupiter® 3p C18 300A column (150 x 4.6 mm, Phenomenex®) coupled to a
1260 semipreparative RP-HPLC (Agilent Technologies, USA). The method used was a
gradient of 90% water (0.1% TFA)/90% acetonitrile (0.1% TFA). Crude peptides were
purified to a yield of 90% by RP-HPLC at 220 nm. Desalted peptides were analysed by
matrix-assisted laser desorption ionization source/tandem time-of-flight (MALDI-
TOF/TOF) mass spectrometer (Ultraflextreme, Bruker Daltonik GmbH, Germany) using a

a-cyano-4-hydroxycinnamic acid matrix.

Conjugation of CPPs with FMT-m-PEG-PLGA-NPs

1.45 umol of FMT-m-PEG-PLGA-NPs (5 mL of NPs) were reacted with 1.45 umol
of CPP (2.34 mg of TAT49.57, 3.65 mg of pAntpassss and 2.87 mg of G2) overnight under
magnetic stirring. Next, ultracentrifugation of the NPs was performed (28,000 rmp for 30
min at 4 °C) to remove the peptide unconjugated and the pellet containing NPs was
resuspended in PBS. In order to confirm the conjugation with the CPPs, derivatized NPs
were lyophilized and analysed by H-NMR (previously dissolved DMSO-d¢). MR was used
for the calculation of each CPP bound to FMT-m-PEG-PLGA-NPs according to the

following equation [24]:

MR (%) = - Wepp [Ipcpp/n] 100
(%) = MWpgalIPpra/n]

©)
MW: molecular weight. TAT49.57 = 1612.94 g-mol!, pAntpss.ss = 2519.36 g-mol”!, G2 =
1982.12 g'mol!, PLGA = 130.10 g-mol".
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n: number of protons: TATag.s7 (8 = 7.0-8.2 ppm):46 “H, pAntpas.ss (8 = 6.8-8.2): 64 "H, G2
(8 =7.0-8.2): 50 “H and PLA (8 = 5.21): 1 *H.

In vitro biological studies
Cell culture

The culture medium for HCE-2 cells was SFM supplemented with bovine pituitary
extract 0.05 mg-mL"! and EFG 5 ng-mL"! containing insulin 0.005 mg-mL"!, FBS 10%,
hydrocortisone 500 ng-mL-! and penicillin 100 U-mL" plus streptomycin 100 mg-mL"".
Cells were grown on 25 ¢cm? culture flask to confluency (80%) in a humidified 10% CO,

atmosphere at 37 °C. The culture medium was changed every 3 days.

Cytotoxicity study

The effect on cell viability of NPs conjugated with each CPP was evaluated in vitro
using the MTT assay. For this, 1 x 10° HCE-2 cells in 0.1 mL were seeded in 96-well plates
and incubated for 24 h at 37 °C. Then, cells were exposed to different concentrations of
TAT-NPs, pAntp-NPs, G2-NPs and Isoptoflucon® (ophthalmic commercial drug). After 24
or 48 h of incubation, cells were washed with PBS and incubated with 0.25 % MTT in fresh
medium for 2 h at 37°C in dark. Subsequently, medium was removed, and cells were lysed
by the addition of 99% DMSO. Finally, the absorbance was measured at A = 560 nm using
an automatic Modulus™ Microplate Photometer (Turner BioSystems). The data were
analysed by calculating the percentage of MTT reduction compared to the control (untreated

cells, 100% viability).
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Determination of proinflammatory cytokines

To evaluate the anti-inflammatory activity of the derivatized NPs (TAT-NPs, pAntp-
NPs and G2-NPs) and the commercial drug (Isoptoflucon®), HCE-2 cells were seeded (1 x
10° cell'mL™) in 12-well plates and grown until 90% confluency. The different NPs were
added to the culture medium at 50 pg-mL"! and inflammation was induced with LPS (1
pg-mL™1). Cells stimulated only with LPS were considered the positive control and untreated
cells as the negative control. After 48 h incubation, the supernatants were collected and
centrifuged (10,000 rpm for 5 min) at 4 °C and stored at 80 °C until use. Secreted levels of
the pro-inflammatory cytokines IL-1p, IL-6, IL-8 and TNFa were quantified by enzyme-
linked immunosorbent assay (ELISA) sets (BD Biosciences) according to manufacturer’s

instructions. The results were expressed as pg-mL-!.

Cellular uptake study

To assess internalization of NPs in HCE-2 cells, 1 x 105 cell-mL"! HCE-2 were grown
in 8-well chamber slider (ibidi®) until approximately 80% confluence and then incubated
with 50 pug-mL"! RNPs (RFTAT-NPs, RopAntp-NPs, ®*°G2-NPs and RFMT-m-PEG-
PLGA-NPs) at 37 °C for 48 h. Non-internalized R"°NPs were then removed by three PBS
washes and cells were fixed with 3% paraformaldehyde for 30 min at 25 °C. Afterwards,
cells were washed 3 times with PBS and the nuclei were stained with DAPI for 15 min at
25 °C. Finally, cells were washed 3 times and mounting solution (PBS) was added for
microscopic analysis. Images were acquired using a Leica TCS SP5 confocal laser scanning

microscopy (Leica Microsystems, Germany) with 63x oil immersion objective lens.
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In vivo study: ocular uptake

C57BL/6J wild type (WT) male mice of 3 months of age were used. Animals were
under controlled temperature, humidity and light conditions with ad lib access to food and
water. Mice were treated in accordance to ethical guidelines of the European Community
Council Directive 86/609/EEC and the procedures established by the Department of
Agriculture, Branch and Fisheries of the Generalitat de Catalunya (approved by the ethics
committee of the University of Barcelona).

Fluorescent formulations (50 pL) were administered in the right eye and the
contralateral eye was used as a control. After 48 h treatment, all the animals were sacrificed.
The eyes were enucleated and fixed in 4% paraformaldehyde for 24 h at 4 °C. Then, the
samples were embedded in Optimal Cutting Temperature Compound and stored at -40 °C.
Horizontal sections of 20 mm were collected using a Leica CM3050s cryostat (Leica
Microsystems, Germany). The bright and fluorescent fields of the sections were taken by a

fluorescent inverted microscope (Leica DMI4000 B).

Statistical analysis

Multiple comparisons were developed using two-way ANOVA with Tukey post hoc
test with a significance of p< 0.05 after having confirmed the normality and equality of
variances by Bartlett in the groups. All analysed data were presented as mean + SD.
GraphPad Prism® 6.01 software and Image] was used to analyze the data and images,

respectively.
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Results
Synthesis of Rho-PLGA and m-PEG-PLGA

The yield of the synthesis of the polymers Rho-PLGA and m-PEG-PLGA after
lyophilization was 85.7-92.1% and 81.4-90.1%, respectively. The H-NMR analysis
identified the characteristic peaks of each polymer synthesized. Particularly, in the PLGA
RG 503H the peaks are visualized at 5.21 ppm for CH proton of lactide, 4.90 ppm for CH,
proton of glycolide and 1.47 ppm for CH3 proton of lactide (Figure S.1a Supplementary
Material). In the case of the NHS-PLGA, the same previous peaks are revealed plus a peak
at 2.7 ppm corresponding to the CH, proton of the NHS (Figure S.1b Supplementary
Material). The polymer synthesized m-PEG-PLGA (Figure 1), showed the same peaks as
the PLGA RG 503H with the presence of the characteristics of m-PEG (Figure S.1c
Supplementary Material) at 7.00 ppm for CH proton of the maleimide and 3.31 ppm for
CH; of ethylene glycol proton. In addition, the binding of m-PEG and Rho (Figure S.1d
Supplementary Material) to the NHS-PLGA polymer is confirmed by the absence of the
CHa proton NHS peak at 2.70 ppm. The PEGylation efficiency of the NHS-PLGA polymer

was between 26.9% to 30.1% (MR between 7.62- 9.02%).

Structural studies of polymers

To investigate the degree of crystallization after the conjugation between the polymers
NHS-PLGA and m-PEG, a study was carried out in XRD. In Figure 2a it is possible to show
that the polymers PLGA RG 503H, NHS-PLGA and m-PEG-PLGA showed similar
diffractograms of amorphous characteristics. In the case of m-PEG, it exhibits 2 peaks

indicative of crystallinity at 19.15° and 23.41° (20).
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Figure 1. H-NMR spectrum of m-PEG-PLGA.

FTIR spectra of PLGA polymers RG 503H, NHS-PLGA, m-PEG and m-PEG-PLGA
are shown in Figure 2b. The m-PEG spectrum exhibits a characteristic peak at 2877 cm’!
corresponding to the stretching vibration of CH,. The repeating CH»-CH»-O unit of m-PEG
is visualized at 1280 (stretching of C-C-O) and 1099 cm™' (stretching of C-O-C). The bands
at 1466 and 1342 cm™! represent CH bending of the m-PEG. Finally, the peak at 1707 cm’!
is attributed to the C=0 of the maleimide. PLGA RG 503H, NHS-PLGA and m-PEG-PLGA
are shown to present similar spectra with characteristic stretching vibration peaks at 2862-
3025 (CHs, CH; and CH), 1749 (C=0), 1162 (C-O) and 1087 cm™ (C-C-O). In addition,
the NHS-PLGA has a wide band at 3321 cm™! corresponding to the C-O-N of the NHS. The

carbonyl groups (C=0) of the NHS are represented at peaks 1653 and 1560 cm’.
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Figure 2. Structural studies of polymers. a) XRD diffractograms, b) FTIR spectra.
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Characterization of FMT-m-PEG-PLGA-NPs

Once the FMT-m-PEG-PLGA-NPs were synthesized and resuspended in PBS, Zav,
PI and ZP were 150.3 = 1.2 nm, 0.112 = 0.007 and -8.32 £+ 0.65 mV, respectively. The
RhoNPs with 20% Rho-PLGA, Zav obtained was 170.9 nm + 1.3 nm with a PI of 0.139 +
0.038 and ZP of -13.30+ 0.49 mV. The EE of both the FMT-m-PEG-PLGA-NPs and R*NPs

was 99.3 £ 0.19% and 98.6 + 0.17%, respectively.

Synthesis of CPPs

Amylated CPPs that possess in their sequence 4 glycine as a spacer and a cysteine in
the N-terminus to be linked with the maleimide were synthesized by the solid phase method
with an automatic synthesizer. The molecular weight of the CPPs with a purity of 90% were

analysed by MALDI-TOF/TOF (Figure S.2 Supplementary Material).

Conjugation of CPPs with FMT-m-PEG-PLGA-NPs

After lyophilizing the NPs conjugated with the CPPs, these were analysed by H-NMR
(Figure S.3 Supplementary Material) in order to calculate MR (%) in the polymer.
Functionalization was calculated by integrating the aromatic and amide/amine regions of
the peptides in contrast to the CH integration of the PLA (6 = 5.21). The TAT49.57 were
integrated amide/amine regions (6 = 7.0-8.2 ppm) with 46 protons corresponding to amides,
amines and the guanidinium side chains. The pAntpass_ss with 64 protons, the regions of the
aromatic groups (tryptophan and phenylalanine) and amide/amine were integrated (6 = 7.0-
8.2). Finally, the G2 with 57 protons, the corresponding amide/amine regions were

integrated (6 = 7.0-8.2). According to the previous analysis, the functionalization grades of
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TATas9.57, pAntpas.sg and G2 were 2.0%, 4.6% and 0.6%, respectively. The Zav, the PI and

the ZP of the TAT-NPs, pAntp-NPs and G2-NPs are visualized in Table 1.

Table 1. Characterization of NPs conjugated with CPPs.

Zav = SD (nm) PI+SD ZP = SD (mV)

TAT-NPs 164.0+0.7 0.077+0.030 -0.29 +0.06
pAntp-NPs  167.2+2.6 0.074+0.008 0.15+0.06

G2-NPs 169.7+2.1 0.078+0.180 -1.06+0.27

Cytotoxicity study

Toxicity of NPs on the HCE-2 cell line was evaluated at two different concentrations
using the MTT viability assay. Cell viability was analysed at 24 and 48 h (Figure 3). Results
showed that at 24 h none of the NPs conjugated with CPPs was cytotoxic as cell viability
was kept close to 100% when assayed both at low (5 pg-mL™") and high (50 pg-mL")
concentration. At 48 h, cell viability was reduced to about 80-90 % with TAT-NPs and
pAntp-NPs at 5 pg'mL"! and close to 70% at 50 pg'mL-!. In contrast, no toxicity was
observed for G2-NPs. In this case, the increased MTT activity compared to untreated cells
could be attributed to a proliferative effect of this NP. Cytotoxicity of Isoptoflucon® eye
drops (containing FMT as the active drug) was also analysed in parallel at the same
concentrations, and cell viability was of around 82% (at 5 ug'mL") and 38% (at 50 pg-mL"
! concentration) at 24 h, and 72% and 28%, respectively, when cells were incubated for 48

h. These results indicate that encapsulation of FMT in NPs reduces drug cytotoxicity.
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Figure 3. Effect of NPs on viability of HCE-2 cells: a) at 24 h, and b) 48 h. MTT reduction

values of untreated control cells were set as 100% cell viability. Data are expressed as mean
+ SD; *p< 0.05, **p< 0.01, ***p< 0.001 and ****p< 0.0001 significant difference

compared to Isoptoflucon® at the same concentration.
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Evaluation of the anti-inflammatory activity of NPs

Since LPS induces inflammation via TLR4 receptors, we sought to evaluate the
capability of NPs conjugated with CPPs to inhibit the inflammatory response by analysing
secreted IL-1p, IL-6 and IL-8 cytokines in LPS-stimulated HTC-2 cells. Results are shown
in Figure 4. In the absence of NPs (positive control) LPS induced a significant increase in
all cytokines analysed. The TAT-NPs, pAntp-NPs and G2-NPs significantly decreased the
expression of IL-1p similarly to Isoptoflucon® (p< 0.001) (Figure 4a). Concerning, 1L-6,
IL-8 and TNFa, secreted levels were reduced by TAT-NPs and G2-NPs, whereas pAntp-
NPs only reduced IL-8 although to a lesser extent than the other NPs (Figure 4b-d). In the
case of TNFa (Figure 4d), the formulation pAntp-NPs showed a greater cytokine expression
than the positive control (LPS-treated cells). Overall, these results indicated that the best
anti-inflammatory effect was achieved with G2-NPs. In this case the reduction of LPs-

induced cytokine levels was close to that observed for Isoptoflucon®, except for IL-8.

Cellular uptake of R"°NPs

Cellular uptake of R"°NPs (50 ug-mL') was analysed in the HCE-2 cell line. After 24
h incubation, the NP-associated green fluorescence was visualized by confocal fluorescence
microscopy in all cells challenged with NPs but not in the untreated control cells. The
nucleus was visualized with DAPI. In the merged images the R"“NPs were visualized in the
cytoplasm. The formulations R"°TAT-NPs and R"°G2-NPs yielded the stronger fluorescence
signal. The analysis with Interactive 3D Surface Plot of ImageJ confirmed this fact and
allowed to discern that cells treated with R*TAT-NPs displayed higher intensity than cells

incubated with the R"°G2-NPs formulation. Intensity of fluorescence emitted by the other

89



RESULTADOS

internalized formulations (R"pAntp-NPs and R"°FMT-m-PEG-PLGA-NPs) was lower,

without apparent accumulation within of HCE-2 cells.
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Figure 4. Quantification of secreted proinflammatory cytokines in LPS-stimulated HCE-2

cells incubated in the absence and presence of the indicated NPs (50 pg-mL™") for 24 h. a)

IL-1B, b) IL-6, c) IL-8, d) TNFa. Negative control: untreated control cells. Values are
expressed as mean + SD; *p< (.05, **p< 0.01, ***p< 0.001 and ****p< 0.0001

significantly different compared to positive control (LPS-stimulated cells). $p< 0.05, $3p<

0.01, %< 0.001 and %%¥3p< 0.0001 significantly different compared to Isoptoflucon®.
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Figure 5. Cellular uptake of NPs conjugated with CPPs. HCE-2 cells were incubated with
the indicated fluorescent-labelled NPs (50 ug-mL!) for 24 h and analysed using laser
scanning confocal spectral microscope. Images are representative of three independent
biological experiments. Quantification of the green signal corresponding to internalized

NPs is shown by 3D surface plots.
Ocular uptake of R"°NPs

After ocular treatment of C57BL/6J WT mice for 48 h with R'*TAT-NPs, Rr°G2-NPs,
Rhon Antp-NPs and R"FMT-m-PEG-PLGA-NPs, the sectioned eyes were analysed by

fluorescence microscopy (Figure 6). Again, greater fluorescence was observed in both the
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anterior and posterior segment in samples treated with the formulations R"°TAT-NPs and
RhoG2-NPs. The formulations R™pAntp-NP and RFMT-m-PEG-PLGA-NPs were

distributed in greater proportion in the posterior than in the anterior segment.

Anterior Cavity Posterior Cavity

RO FMT-m-
PEG-PLGA - RioG2-NPs  RpAntp-NPs  RTAT-NPs
NPs

Control

Figure 6. Ocular uptake of NPs conjugated with CPPs. C57BL/6J WT male mice were
treated with the indicated fluorescent-labelled NPs (50 pg-mL-") for 48 h and analysed using

fluorescent inverted microscope.
Discussion

In the present study, the polymers Rho-PLGA and m-PEG-PLGA were successfully
synthesized with high performance using the carbodiimide pathway as a conjugation
strategy [27,28]. The conjugation of both Rho and m-PEG to NHS-PLGA was confirmed

by the removal of the CH, group from the NHS in the H-NMR spectrum (Figure 1 and
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Figure S.1d Supplementary Material). Furthermore, the m-PEG moiety was identified in the
PLGA due to the appearance of ethylene glycol and maleimide peaks (Figure 1), with a
pegylation degree close to 30% (MR~ 9% m/m) [29,30]. The XRD and FTIR profiles
confirmed the information obtained by H-NMR regarding the synthesis of the m-PEG-
PLGA polymer. The diffractogram of the m-PEG-PLGA (Figure 2a) showed a profile of
amorphous characteristics without the presence of crystalline peaks of PEG, agreeing with
other authors that the presence of less than 10% (m/m) of PEG in the polymer its peaks are
not visualized in the XRD or in the FTIR spectrum [31-33]. Despite this fact, the structural
change of the NHS-PLGA to the m-PEG-PLGA was evidenced in the FTIR and H-NMR
analysis by the elimination of C=0 and C-O-N peaks of the NHS, confirming the union m-
PEG to the polymer (Figure 2b). The developed FMT-m-PEG-PLGA-NPs displayed a Zav
less than 150 nm with a monodisperse population distribution, a negative surface charge
and EE close to 99% (0.5 mg-mL™). It has been described that particles with sizes greater
than 10 pm could cause ocular irritation. Hence, the NPs elaborated in this study would
circumvent such an effect. Moreover, the agglomeration and/or precipitation of NPs would
be avoided with their negative ZP [34,35].

The CPPs TATu49.57, pAntpas.sg and G2 characterized by MALDI-TOF/TOF presented
an m/z value of 1613.296, 2520.192, 1983.102, respectively (Figure S.2 Supplementary
Material). These CPPs, properly purified and characterized, were conjugated with the FMT-
m-PEG-PLGA-NPs. The monodisperses system was maintained in the final NPs and the
Zav increased by an average of 17 nm more. Furthermore, the conjugation of the CPPs to

the NPs was evidenced both by the change of the Zav and by the change of the ZP to a less
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negative value by the cationic characteristics of the CPPs (Table 1) [24]. Through H-NMR
analysis, it was possible to calculate the MR of the functionalized CPPs in the NPs. The
pAntpssss (MR = 4.6%) was the CPP that was conjugated to a greater degree in mass
followed by TATs9.57 (MR = 2.0%) and G2 (MR = 0.6%). These data indicate that the
maleimide-cysteine conjugation pathway is a thermodynamically favourable reaction that
allows the conjugation of small amounts of peptides to polymeric NPs [36-38].
Functionalized NPs with CPPs did not show cytotoxicity at both low and high
concentration (5 and 50 pug-mL') at 24 h (Figure 3). At the same incubation time, the
commercial drug tested at the low concentration reduced cell viability close to 84%, a value
that was significantly different (p< 0.05) to the formulation pAntp-NPs. At a higher
concentration, Isoptoflucon® increased its cytotoxicity. This may be due to the composition
of the commercial drug, which contains excipients such as benzalkonium chloride and
polysorbate 80 that decrease cell viability [39—41]. After 48 h treatment, cells incubated
with 5 pg-mL of the formulations TAT-NPs, pAntp-NPs and Isoptoflucon® displayed
viability rates close to 80%. At 50 pg-mL! the cytotoxicity of the commercial drug (Figure
3b) was more evident than that of the formulations TAT-NPs, pAntp-NPs and G2-NPs (p<
0.0001). The G2-NPs formulation had no cytotoxic effects as cell viability was kept around
100% at both low and high concentrations. At 48 h viability values were even higher that
100%, which can particularly be due to the non-conjugated sites of the maleimide with G2.
The low percentage of MR of G2 in the polymer m-PEG-PLGA in comparison to the other
CPPs indicate that the accessible sites of unreacted maleimide may cause an increase in the

cellular metabolism and therefore a greater MTT response [42]. Figure S. Supplementary
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Material shows that the formulation without conjugated CPP (FMT-m-PEG-PLGA-NPs)
with all the sites of unconjugated maleimide had greater MTT values than G2 (p< 0.01) and
the other formulations (p< 0.0001) when assayed in HCE-2 cells at a concentration of 50
pg-mL! for 48 h.

Functionalized NPs (TAT-NPs, pAntp-NPs and G2-NPs) and the commercial drug
(Isoptoflucon®) showed anti-inflammatory similar effect (p> 0.05) in the reduction of IL-
1B production in cells stimulated with LPS (Figure 4a) (p< 0.0001). However, concerning
IL-6 (Figure 4b), only G2-NPs triggered comparable effects to the commercial drug (p<
0.0001), whereas pAntp-NPs were unable to diminish the high IL-6 expression induced by
LPs. All the conjugated NPs significantly decreased the expression of IL-8 (Figure 3c¢), but
none of them managed to reduce it as did Isoptoflucon®. Remarkably, the G2-NPs
formulation showed a higher effect in the reduction of TNFo expression than the
commercial drug (p< 0.05) while TAT-NPs reduced TNFa levels to the same proportion as
Isoptoflucon® (p> 0.05) (Figure 3d). In contrast, pAntp-NPs promoted greater TNFa
secretion than positive control (LPS-stimulated cells). This effect could probably be related
with the mechanism used for cellular internalization of pAntpas.ss. Particularly, the most
accepted cellular internalization mechanism for the pAntpas.ss is translocation, which would
generate excessive destabilization of the cell membrane in HCE-2 cells, activating the
inflammatory cascade that lead to increased secretion of certain cytokines. The most
prominent effect was evidenced for TNFa [43].

Overall, this study shows that G2-NPs is the formulation that has a greater effect in

the reduction of the proinflammatory cytokines tested, followed by TAT-NPs. The G2
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peptide, although not described as a canonical CPP, has been characterized as an antiviral
peptide and contain the conserved features of a CPP, such as a 5-30 amino acid sequence
rich in Arg residues and positively charged (cationic) [21,44]. This study provides evidence
that the G2 peptide increases the anti-inflammatory effect of FMT by creating membrane
pores that allow the internalization of drug containing NPs in HCE-2 cells. In fact, in vitro/in
vivo uptake studies confirmed that R"°TAT-NPs and R"°G2-NPs were the formulations that
displayed higher internalization scores. In vitro studies in HCE-2 cells revealed that the
highest density of internalized NPs, represented by the intensity of emitted fluorescence,
was achieved with R"°TAT-NPs (Figure 5). The other formulations were internalized but
with a lower extent, without fluorescence accumulation as in the case of R'""TAT-NPs and
RhoG2-NPs. At the in vivo level (Figure 6), fluorescence intensity of R°G2-NPs increased
with respect to the in vitro study. This effect could be mainly due to unreacted maleimide
(without G2) which can be conjugated with the sulthydryl groups of mucin present in the
lacrimal film [45]. This would increase the residence time in the cornea, helping
internalization of the NPs in the ocular internal tissues. Analysis of the non-functionalized
NPs (RFMT-m-PEG-PLGA-NPs) also reflects an increase in the internalized NPs signal,
that could also be attributed to their interaction with mucin. Finally, a certain number of
pAntp-NPs manages to reach the posterior segment of the eye (optic nerve) without being

retained at the cornea level.

Conclusion
NPs functionalized with the peptides TATsos7, pAntpssss and G2 had

physicochemical characteristics suitable for ocular topical administration. TAT-NPs and
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G2-NPs were shown to be the most effective both in vitro and in vivo studies, mainly
reducing proinflammatory cytokines. This work demonstrated that in the CPP conjugated
NPs, free unconjugated maleimide interacts with the mucin present in the tear film,
increasing the residence time of the nanostructured system. According to the above reasons,
TAT-NPs and G2-NPs could constitute a new non-invasive system for ocular treatment of

conditions affecting both the anterior and posterior tissues.
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DISCUSION

El objetivo del presente estudio fue el disefio de sistemas
nanoestructurados con la capacidad de alcanzar estructuras tanto del
segmento anterior como posterior del ojo para su aplicaciéon en
enfermedades inflamatorias oculares. Para ello se desarrollaron tres sistemas
diferentes que contienen FMT: NPs de PLGA (FMT-PLGA-NPs), geles de
formacion in-situ con FMT-PLGA-NPs y NPs de maleimido-PEG-PLGA
conjugadas con CPPs (TAT-NPs, pAntp-NPs y G2-NPs). A las
formulaciones disefiadas se les evaluaron sus caracteristicas fisicoquimicas,
su tolerancia ocular in vitro y/o in vivo, su internalizacion ocular y su eficacia

contra la inflamacion ocular.

Las NPs se elaboraron a través de la técnica de desplazamiento de
solvente, la cual esta dirigida a farmacos hidrofobos tales como la FMT. Este
fArmaco se considera practicamente insoluble en agua (30 mg-L™!) por lo que
esta técnica es ideal para su encapsulacion en polimeros biodegradables
como el PLGA y el maleimido-PEG-PLGA (Kapoor et al. 2015). Por otra
parte, los geles de formacion in-situ se realizaron con la técnica de
dispersion/reposo utilizando el equipo Unguator® para la incorporacion de

las FMT-PLGA-NPs.
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4.1. FMT-PLGA-NPs y geles de formacion in-situ

En primer lugar se desarrollaron y optimizaron las FMT-PLGA-NPs
a través del disefio de experimentos (DoE), en el que se estudiaron los
factores que afectan la sintesis de las NPs. Estos factores fueron las
concentraciones de FMT, de PLGA y de poloxamero 188 (P188). De lo
anterior, se evidencié que la concentracion de FMT y la de PLGA afectan
proporcionalmente al tamafio promedio (Zav) y la eficiencia de
encapsulacion (EE) de las NPs, respectivamente. Lo contrario sucede con el
P188, que afecta inversamente a la respuesta de Zav. A través del estudio
DoE, se selecciond una formulacién con las mejores caracteristicas
fisicoquimicas, formulada con una concentracion de 7,0 mg-mL™"' de PLGA,
15,0 mg-mL"! de P188 y 1,5 mg-mL"! de FMT. Las NPs obtuvieron un Zav
de 149,1 nm, una polidispersion (PI) de 0,079, un potencial zeta (ZP) de -34,3
mV y una EE de 99,8%. Estas caracteristicas hacen que las FMT-PLGA-
NPs sean un sistema adecuado para la administracién ocular, debido a que
la poblacion de NPs es monodispersa y menor de 10 um, y un ZP alto y
negativo, lo cual evitaria la irritacion ocular por tamafio de particulas o por
la precipitacion de ellas (Stolnik et al. 1995; Ali and Lehmussaari 2006).
Paralelamente, se confirmé a través de microscopia electronica de
trasmision (TEM) que las NPs son esféricas sin evidencia de agregacion y
con un tamafo similar a lo observado por la técnica de dispersion dinamica

de la luz (DLS).

Los estudios de interaccion entre los componentes de las NPs
optimizadas (FMT-PLGA-NPs) fueron llevado a cabo con las técnicas de

difraccion de rayos X (XRD), espectroscopia de infrarrojo con transformada
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de Fourier (FTIR) y calorimetria diferencial de barrido (DSC). El estudio
por XRD evidencio el estado semicristalino y cristalino del P188 y la FMT,
respectivamente. El difractograma de las NPs permitio identificar que el
farmaco estaba en un estado de dispersion molecular en la matriz polimérica
(Panyam et al. 2004). Por otro lado, los espectros FTIR mostraron que no
existen nuevos enlaces covalentes entre los componentes de las NPs que
podrian desactivar la actividad farmacologica de la FMT (Sanchez-Lopez et
al. 2016). Finalmente, los termogramas de DSC demostraron que existe una
interaccion farmaco-polimero en las NPs, efecto atribuido a la encapsulacion
de un farmaco insoluble en agua en una matriz polimérica, provocando una
disminucién de la temperatura de transicion vitrea del componente
mayoritario del sistema, el PLGA (Abrego et al. 2014; Sanchez-Lopez et al.
2017).

Los estudios biofarmacéuticos demostraron que el farmaco
contenido en las NPs es liberado de manera mas sostenida que el farmaco
libre y que el farmaco comercial (Isoptoflucon®). Lo anterior se debe a la
cinética tipo hipérbola de las NPs, donde, a las primeras horas existe una
liberacion rapida del farmaco unido labilmente a la matriz polimérica (efecto
de estallido), seguida de una liberacion sostenida y creciente de la FMT
(Anderson and Shive 2012; Allahyari and Mohit 2016). A través de los
estudios de permeacidon ex vivo en cérnea y esclera, se evidencid que las
FMT-PLGA-NPs presentan mayor afinidad en atravesar la cornea que la
esclera (p< 0,001), concordando con los resultados obtenidos por otros
autores, en que las moléculas o sistemas hidrofobicos como las NPs de

PLGA permean mas la cornea que la esclera (Lakhani, Patil and Majumdar
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2018). A su vez, la FMT contenida en las NPs poseen una capacidad dos

veces mayor en atravesar la cérnea que el Isoptoflucon®.

A través de la utilizacion de la técnica de dispersion multiple de la
luz estatica (S-MLS), se evidenciaron los fendmenos de inestabilizacion de
las NPs, tales como la precipitacion o floculacion, que son imperceptibles al
0jo humano. A partir de la sefial de radiacion retrodispersada por la muestra,
se evidencid que las NPs son consideradas estables tanto a una temperatura
de almacenamiento de 25 °C como a 4 °C, debido a que no hay una
diferencia entre mediciones superior a un 20%. Sin embargo, se observo un
inicio de inestabilidad en la formulacion almacenada a 25 °C, debido al
incremento de la solubilidad del P188 inducido por la temperatura. Lo
anterior conllevaria que el P188 adherido a la superficie de las NPs se libere,
causando una disminuciéon en el ZP e iniciando los fendémenos de
precipitacion y/o floculacion por formacion de agregados (Storm et al. 1995,
Fredenberg et al. 2011; Patel and Agrawal 2011). Consecuentemente, la
temperatura ideal de almacenamiento de las FMT-PLGA-NPs de acuerdo a
lo analizado, fue a los 4 °C, donde practicamente la formulacién se mantuvo

sin cambios en su estabilidad, en el periodo estudiado.

La evaluacion de la tolerancia ocular de las FMT-PLGA-NPs en
estudios in vitro (HET-CAM®) e in vivo (Test de Draize) puso de relieve su
inocuidad en el tratamiento inflamatorio ocular. Ambos estudios catalogaron
a las NPs como no-irritantes, asegurando que la administracion de este
sistema nanoestructurado no provocard irritacion ocular tal como lo
demuestran otros estudios con NPs de PLGA (Alvarado et al. 2015; Parra et
al. 2016).
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El estudio de eficacia antiinflamatoria previa induccion de la
inflamacion con araquidonato de sodio (SA), demostré que las FMT-PLGA-
NPs son significativamente mas eficaces que el farmaco comercial en el
tratamiento de la inflamacion ocular aguda (p<0,01). Ademas, el estudio de
biodisponibilidad ocular comprobd que el firmaco de las NPs logra
atravesar la cérnea acumuldndose en mayor proporcion en el humor acuoso
(»<0,0001), el cual actuaria como un repositorio para luego distribuirse por
los demas tejidos, haciéndolo 1til para el tratamiento de ciertas uveitis
posteriores (Warsi et al. 2014; Kalam and Alshamsan 2017; Bisht et al.
2018). Estos resultados estan en concordancia con la informacién obtenida
del estudio de permeacién ex vivo, en el que las NPs logran atravesar la
cornea. Para el caso del Isoptoflucon®, no fue posible detectar cantidades de
FMT en ningtn de los tejidos oculares estudiados a través de la técnica de
cuantificacion utilizada (HPLC), demostrando que las NPs desarrolladas son
capaces de tratar enfermedades inflamatorias tanto del segmento anterior

como posterior del 0jo en comparaciéon con el farmaco comercial.

En segundo lugar las FMT-PLGA-NPs, ya caracterizadas y evaluada
su eficacia antiinflamatoria fueron incorporadas en geles termosensibles.
Para ello se realizd un DoE, donde se evaludé como las concentraciones de
metilcelulosa (MC) y poloxamer 407 (P407) afectaban la prueba de
capacidad de gelificacion (Gt), la temperatura de transicion sol-gel (Tsol-gel)
y la viscosidad (Vs) de los geles. Se evidencio que las concentraciones de
MC y P407 son directamente influyentes en las respuestas del Gty Vs (p<
0,01). Para el caso Tsolgel, solo P407 tiene un efecto significativo
inversamente proporcional (p< 0,001), es decir, a medida que la

concentracion de P407 aumenta, la Tsol.gel disminuye (dos Santos et al. 2015;
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M.A. Fathalla et al. 2017). De acuerdo al DoE, se seleccionaron tres
formulaciones (PG2, PG5 y PGS8), teniendo como principal criterio la

formacion del gel y su estabilidad a la temperatura corneal.

Los geles PG2 y PG5 presentaron una capacidad gelificante similar
“gelificacion lenta y disolucion rapida”, valor otorgado cuando una muestra
del gel se mantiene suspendida al menos 30 minutos en una solucién
simulada de lagrimas a 34 °C. En el caso de la formulacion PGS, su forma
de gel se mantuvo al menos durante 2 horas. Estas diferencias entre
formulaciones son debido a la concentracion creciente de MC (0-1% p/v), lo
cual aporta mayor rigidez al gel para que se mantenga un mayor tiempo
constituido. Por otro lado, los reogramas de los geles confirmaron un perfil
pseudopléstico a temperatura corneal con una viscosidad aparente de
alrededor de 3000 mPa-s, valor relativamente alto que podria causar
irritacion ocular segun la literatura (Abrego et al. 2015; Morsi et al. 2017).
A pesar de lo anterior, la elevada tasa de cizalla ocular que va desde 0,03 s
! entre parpadeos hasta 4000-28500 s en el parpadeo y con un sistema de
liberacion pseudoplastico, interferiria menos con la pelicula lagrimal que
tiene el mismo perfil reométrico (perfil pseudopléstico), evitando de esta
forma la irritacion ocular. Conjuntamente, la alta viscosidad de los geles y
la baja cizalla ocular permitiria aumentar el tiempo de residencia precorneal,
incrementando la biodisponibilidad ocular del farmaco. En cambio, la alta
cizalla inducida por el parpadeo romperia las interacciones entre las cadenas
poliméricas del P407, permitiendo que fluya y se distribuya uniformemente
a una viscosidad constante sobre la superficie ocular (Mansour et al. 2008;

Almeida et al. 2013; M.A. Fathalla et al. 2017; Morsi et al. 2017).

116



DISCUSION

Los geles optimizados demostraron tener una Tsol-get promedio de 21
°C, donde las formulaciones inician el incremento de su viscosidad y el
componente elastico, ambos propio de un gel, hasta estabilizarse a una
temperatura cercana a los 34 °C (Chang et al. 2002). Asimismo, la prueba
habilidad de fluidez comprobd que los geles no fluyen como un liquido
newtoniano a los 34 °C. Desde un punto de vista molecular, a temperaturas
inferiores a la Tsolgel €XiSte un comportamiento newtoniano, donde las
cadenas poliméricas de P407 se encuentran desordenadas, no obstante, a
partir de los 21 °C estas cadenas se ordenan en forma de micelas
encapsulando en su interior las FMT-PLGA-NPs, hasta estabilizarse a la
temperatura corneal (Djekic et al. 2015; Shelke et al. 2016). Este
comportamiento de gelificacion facilitaria la administracion de este tipo de
sistema pudiéndose dosificar en gotas oftdlmicas, pero con los beneficios
propios de un gel al entrar contacto con el ojo, evitando las rutas de

eliminacion anatomicas del ojo como la renovacion lagrimal.

El sistema gelificante desarrollado fue examinado a través de TEM
para corroborar que las FMT-PLGA-NPs se mantenian integras al
incorporarse en los geles PG2, PG5 y PGS8. Las imdgenes del TEM
evidenciaron que las NPs se distribuian uniformemente en el gel sin

aglomeraciones, manteniendo su forma esférica y su tamafo promedio.

En el estudio de dialisis en celdas de Franz se caracterizé el perfil
cinético de liberacion de la FMT desde los geles. En los perfiles
biofarmacéuticos se observd que los geles evitan el efecto de liberacion
rapida de la FMT desde las NPs como sucedi6 en el primer articulo. Los

geles presentaron un perfil de primer orden con una liberacién lenta y
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sostenida de la FMT. A pesar de ello, el PG2 presentd una baja rigidez,
debido a la ausencia de MC, por lo que la cantidad liberada de FMT a las 24
horas fue similar a las NPs. El caso contrario sucede con la formulacion PGS,
cuya liberacién es muy lenta debido a la presencia de 1% de MC. Este
estudio biofarmaceutico evidenci6é que la formulacion PG5 (0,5% de MC)
es la que posee caracteristicas adecuadas, permitiendo la liberacion lenta y
sostenida desde la matriz gelificante (Huang and Brazel 2001; Bilensoy et

al. 2006; Gou et al. 2008; dos Santos et al. 2015).

Se estudid la estabilidad de los geles que incorporan las NPs
optimizadas en las mismas condiciones ideales que el primer articulo (4 °C)
durante dos meses de almacenamiento. Los perfiles de retrodispersion
evidenciaron que los geles no mostraron una diferencia mayor del 20% entre
las mediciones, considerandose estables. El PG2 es la formulacion que
muestra indicios de precipitacion por la ausencia de MC en su composicion
y no se observaron, en cambio, modificaciones del perfil de luz
retrodispersada en PG5 y PGS, atribuido a la MC. Cabe destacar que las
formulaciones a la temperatura del ensayo se encuentran en estado de
suspension, por lo cual se incrementaria la inestabilidad de los geles
(Almeida et al. 2017; Mallandrich et al. 2017). Debido a lo anterior, se
recomienda antes de su uso, realizar una agitacion suave para asegurar la

homogeneidad de la suspension que se instilara en el ojo.

Se comprobo la inocuidad de los geles a través de las pruebas de
HET-CAM?® y Draize, que pusieron de relieve una 6ptima tolerancia ocular.

Esto permitié demostrar que el perfil reométrico tipo pseudoplastico evita la
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irritacion ocular a pesar de poseer una viscosidad aparente elevada (Patel et

al. 2016; Alkhatib et al. 2017; M.A. Fathalla et al. 2017).

Se comprobo la eficacia terapéutica de los geles termosensibles se
comprobo a través de estudios de prevencion y tratamiento de la inflamacion
ocular aguda inducida por SA. En ambos estudios, las formulaciones PG2 y
PGS fueron las que evidenciaron un efecto antiinflamatorio significativo en
comparacion al farmaco comercial (p< 0,05). Al mismo tiempo, el estudio
de biodisponibilidad ocular demostré que la formulaciéon PG5 es la que
posee mayor capacidad para alcanzar los tejidos profundos del ojo tales
como el cristalino y el humor acuoso (Kumar et al. 2013; Parmar et al. 2018;

Shelley et al. 2018; Wen et al. 2018).

Los anteriores estudios demostraron que tanto las FMT-PLGA-NPs
como el gel termosensible PG5 son efectivos en el tratamiento de la
inflamacién ocular que involucran las zonas posteriores de la cornea. Desde
un punto de vista clinico, la formulacién de NPs resultaria util al inicio de
un tratamiento antiinflamatorio diurno, debido a su liberacion rapida en las
primeras horas y su posterior liberacion sostenida. Durante la noche, el gel
termosensible permitiria el mantenimiento de la terapia antiinflamatoria
ocular y ademas, como la formulacion instilada es de caracteristicas
viscoelasticas su administraciéon nocturna evitaria la incomodidad en el

paciente (Nguyen ef al. 2018).
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4.2. NPs de maleimido-PEG-PLGA conjugadas con CPPs

Previamente a la conjugacion de los CPPs a las NPs, se sintetizaron
los polimeros Rodamina-PLGA (Rho-PLGA) y maleimido-PEG-PLGA (m-
PEG-PLGA con la técnica de la via de la carbodiimida (Hermanson 2008;
Valeur and Bradley 2009). La estructura de estos polimeros fue comprobada
a través de las técnicas de resonancia magnética nuclear (RMN-H), FTIR y
XRD. En primer lugar, los espectros de RMN-H y FTIR confirmaron la
union entre el polimero NHS-PLGA y m-PEG, debido a la eliminacion de
los picos provenientes del grupo NHS que no estan presentes en el espectro
m-PEG-PLGA. Conjuntamente, el espectro de RMN-H del polimero m-
PEG-PLGA evidencid la presencia de los grupos etilenglicol y maleimido
del m-PEG, confirmandose su uniéon al NHS-PLGA. La utilizacion de los
espectros RMN-H permiti6 calcular el grado de pegilacion y la masa relativa
(MR) del PEG en el polimero, siendo éste de un 30% y 9%, respectivamente.
En segundo lugar, los difractogramas del m-PEG-PLGA mostraron un perfil
amorfo, en concordancia con otros autores, que afirman que los picos
cristalinos del PEG no son visualizados cuando su presencia es inferior al
10% en masa en el polimero (Pereira et al. 2016; Cano et al. 2018; Sanchez-
Lopez et al. 2018).

El polimero m-PEG-PLGA sintetizado fue utilizado para la
elaboracion de las NPs, las cuales presentaron un Zav cercano a 150 nm con
un ZP negativo, una distribucion monodispersa (PI< 0,2) y una EE de 99%
(0,5 mg-mL™"). Las anteriores caracteristicas evitarian la irritacion ocular y
la precipitacion temprana de las NPs (Stolnik ef al. 1995; Ali and

Lehmussaari 2006). Paralelamente, los pesos moleculares de los CPPs
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(TAT49-57, pAntpas-ss y G2), sintetizados en fase solida, fueron confirmados
por espectroscopia de masas (MALDI-TOF/TOF). Consiguientemente, se
realizo la conjugacion entre el maleimido del polimero y el grupo tiol de la
cisteina de los CPPs con las NPs en suspension. De lo anterior, se obtuvieron
NPs funcionalizadas con un aumento en el Zav de 17 nm y un ZP menos
negativo con respecto a las NPs iniciales. Estos cambios en las
caracteristicas fisicoquimicas son consecuencia de la conjugacion de los
CPPs, que aumentan el tamafio de las NPs y por sus caracteristicas catidonicas
que modifican la carga superficial, variando el ZP hacia un valor mas
positivo (Vasconcelos ef al. 2015). La técnica utilizada para la conjugacion
entre el maleimido y el residuo de cisteina de los CPPs resultd exitosa,
obteniéndose un grado de conjugacion (MR) del TATas9.57, pAntpazsg y G2
en masa en el polimero m-PEG-PLGA de 2,0, 4,6 y 0,6 %, respectivamente
(Ravi et al. 2012; Northrop, Frayne and Choudhary 2015; Sazano and
Torchilin 2015).

Los estudios de citotoxicidad en HCE-2 realizados tanto a baja como
alta concentracion durante 24 horas (5 y 50 pg-mL™), evidenciaron que las
NPs conjugadas poseen una viabilidad celular comparable al control
negativo (c€lulas sin tratar). El firmaco comercial mostré indicios de
citotoxicidad tanto a baja como a alta concentracion a las 24 y 48 horas de
tratamiento, debido a la presencia cloruro de benzalconio y polisorbato 80
en su composicion (Liu et al. 2006; Khoh-Reiter and Jessen 2009;
Czajkowska-Kosnik ef al. 2015). A las 48 horas, la formulacion G2 mostréd
una viabilidad celular aumentada con respecto al control negativo. De
acuerdo a los resultados de RMN-H, se demostré que la conjugacion del G2

al polimero fue baja en comparacion a los deméas CPPs. Adicionalmente se
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ha evidenciado en otros estudios que el maleimido libre puede incrementar
el metabolismo celular y por lo tanto, aumentar la respuesta del MTT (Ali et
al. 2017). Lo anterior se corrobor6 a través del estudio de la viabilidad
celular de NPs sin conjugar con CPP a una concentracion 50 pg-mL’!
durante 48 horas, evidencidndose que los sitios sin conjugar del maleimido
aumentan significativamente la respuesta del MTT (p< 0,01) en

comparacion con las formulaciones con CPPs.

La disminucion de la expresion de citoquinas proinflamatorias por
parte de las NPs conjugadas se evidencié en la mayoria de los casos. Las
formulaciones G2-NPs y TAT-NPs mostraron un efecto igual o mayor que
el Isoptoflucon® en reducir la concentracion de IL-1B, IL-6 y TNFa.
Particularmente, la reduccion de TNFa fue mayor por parte de G2-NPs (p<
0,05), que en las otras citoquinas dejando claro que un AMPs puede tener
actividad CPP (Delcroix et al. 2010; Splith and Neundorf 2011). La
formulacion pAntp-NPs incrementd la expresion de IL-8, probablemente
debido a su mecanismo de internalizacion de celular, traslocacion, que
provoco una desestabilizacion excesiva de la membrana celular, teniendo
como consecuencia la iniciaciéon de la cascada inflamatoria mediada por
citoquinas. De acuerdo a lo anterior, la administracion de pAntp-NPs en
células HCE-2 no resultaria util debido a su efecto en la membrana celular,
en cambio, en las formulaciones TAT-NPs y G2-NPs sus mecanismos de
internalizacion permitieron incrementar la eficacia de la FMT en

comparacion al firmaco comercial (Drin ef al. 2001).

Los estudios de captacion de NPs tanto in vivo como in vitro

demostraron que las TAT-NPs y G2-NPs son las formulaciones que mas se
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internalizaron. En el estudio in vivo es posible evidenciar que las G2-NPs
poseen una internalizacion superior al estudio in vitro, debido a los sitios sin
reaccionar del maleimido que se conjugan con los grupos tioles de la mucina
ocular (Tonglairoum et al. 2016). Lo anterior conllevaria un aumento del
tiempo residencia precorneal y, por ende, una mayor internalizacion en los

tejidos oculares.
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CONCLUSIONES

In this doctoral thesis, three controlled release polymeric nanostructured

systems containing FMT were developed for the treatment of inflammatory

conditions of the anterior and posterior segment of the eye.

PLGA NPs (FMT-PLGA-NPs) and the in-situ forming gel (PGS5)
containing FMT that were optimized by DoE, obtained
physicochemical characteristics suitable for ocular administration as
eye drops.

The use of the carbodiimide pathway as a synthesis strategy for the
polymers Rho-PLGA and m-PEG-PLGA was appropriate,
confirming its structure by H-NMR, FTIR and XRD techniques.
CPPs were successfully synthesized by the automated solid-phase
parallel peptides synthesis technique confirming their molecular
weight by mass spectroscopy (MALDI-TOF/TOF).

The conjugation of the peptide sequences with the NPs was
confirmed by H-NMR, where the percentage amount (MR)
conjugated to the polymer was higher with pAntpss.sgs followed by
TAT49.57 and G2.

The biopharmaceutical behaviour showed that the FMT-PLGA-NPs
had a hyperbola release profile with an initial burst release effect
followed by an increasing and sustained release of FMT. In addition,
it was evidenced that NPs have greater affinity in crossing the cornea
than the sclera.

The incorporation of the FMT-PLGA-NPs to the thermosensitive gel
(PGS5) avoided the burst release in the first hours adjusting to a first

order profile.
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Developed formulations (FMT-PLGA-NPs, PG5, TAT-NPs, pAntp-
NPs and G2-NPs) showed an optimal tolerance in both in vitro
(HET-CAM® and MTT) and/or in vivo (Draize test) assays.
FMT-PLGA-NPs as the thermosensitive gel (PG5) tested in pigs and
rabbits, respectively, demonstrated to be more effective in the
treatment and prevention of ocular inflammatory conditions that the
commercial drug.

NPs conjugated with TAT49.57 and G2 decreased the expression of
proinflammatory cytokines and improved internalization in both the
HCE-2 cells and in the mouse eye. Particularly, G2-NPs showed an
internalization in vivo greater than in vitro due to the free maleimide
that bound to the thiol groups of the ocular surface mucin, increasing
their precorneal residence time.

Nanostructured systems with FMT developed could be a new
strategy for the treatment of ocular inflammatory disorders.
Particularly, the NPs would be useful in daytime treatment and the

thermosensitive gel in the maintenance of nocturnal therapy.
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