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RESUMEN

La presente Tesis Doctoral se basa en el estudio in vivo de la biocompatibilidad
y eficacia de Laponita como portador de varios agentes farmacoloégicos de diferentes
caracteristicas, concretamente un antiinflamatorio esteroideo de amplisima aplicacién en
patologia oftalmolégica como la dexametasona y un agente de baja solubilidad como la
brimonidina. También se ha aprovechado para comparar dos vias distintas de
administraciéon (supracoroidea e intravitrea) y se ha trabajado con modelos animales
tanto sanos como enfermos. Ademas, se ha desarrollado un sistema no invasivo de
monitorizacion de la formulacién intravitrea mediante tomografia de coherencia
6ptica (OCT).

Las enfermedades del segmento posterior del ojo suponen un reto desde el punto
de vista clinico, tanto por su frecuencia como por su grave afectacion de la visiéon. La
complejidad anatomica del ojo y la existencia de diversas barreras fisiolégicas con funcion
protectora hacen que las medidas terapéuticas disponibles en la actualidad sean
frecuentemente insuficientes para mantener unos niveles del farmaco dentro del rango
terapéutico. Las distintas vias de administracion oftalmicas tienen en comun la baja
biodisponibilidad del farmaco en el lugar de accion y la necesidad de administraciones
repetidas, lo que conlleva en el caso de las inyecciones oculares un riesgo no desdefable
de complicaciones graves. En los ultimos afios se han llevado a cabo investigaciones
enfocadas en los sistemas de nanoparticulas como biomateriales capaces de liberar
farmacos de forma sostenida, lo cual permite de forma simultanea reducir la dosis y
mantener la administracién de forma prolongada a nivel del tejido diana. Entre los diversos
nanomateriales que se estan explorando, la Laponita, un silicato estratificado coloidal
sintético, destaca como un biomaterial especialmente prometedor y emergente, el cual
reune una serie de caracteristicas fisicoquimicas y biolégicas que lo hacen especialmente
atractivo para su aplicacion ocular, como son el hecho de ser biocompatible, facilmente
inyectable y opticamente transparente, con cualidades como la tixotropia, que facilita su
inyeccion, y la capacidad para retener todo tipo de moléculas, asi como para liberarlas de
manera progresiva. Sin embargo, a pesar de sus prometedoras cualidades, existen pocos
estudios realizados sobre aplicaciones del biomaterial Laponita en el ojo hasta la fecha, a
pesar de existir numerosas pruebas cientificas que sugieren que puede utilizarse de manera
segura en los tejidos oculares.

Para avalar el desarrollo de los estudios que componen esta tesis, de manera previa
nuestro grupo ya habia realizado estudios previos con Laponita, tanto a nivel in vitro como
in vivo. Inicialmente se cred y caracterizo, in vitro, una nueva formulacion de dexametasona
utilizando una matriz de Laponita como base (formulacion DEX/LAP), la cual mostré una
liberacion sostenida del farmaco durante 24 semanas, testdndose sobre soluciones que
emulaban el humor vitreo. Este estudio puso de relieve la sencillez del método de
preparacion. Un estudio en paralelo demostro, in vivo, que la administracion de Laponita en
ojos sanos de conejo era segura y biocompatible, con persistencia intraocular tras inyeccion
intravitrea y supracoroidea. No hubo diferencias significativas en la presion intraocular, no
se observaron complicaciones oculares relevantes, ni cambios patologicos en el estudio
histolégico. Ademas, se observo una lenta degradacion de Laponita durante 14 semanas.
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A partir de ahi, el primer objetivo se centr6 en evaluar in vivo el perfil
farmacocinético y la seguridad ocular de la formulacién DEX/LAP. Para ello se
selecciono una cohorte de 30 conejos albinos hembra de Nueva Zelanda, dada la idoneidad
de este modelo animal para los estudios farmacocinéticos, con un seguimiento de hasta 24
semanas. Se aprovecho la intervencion para comparar dos rutas distintas de administracion
(intravitrea y supracoroidea). Los resultados demostraron que, tras una unica inyeccion de
la formulacién, la liberacion de dexametasona a partir de Laponita se mantiene hasta 6
meses en el cuerpo vitreo de ojos de conejo sanos. Ademas, ambas vias de administraciéon
fueron seguras, requiriendo menor dosis la supracoroidea.

Para demostrar el caracter generalizable del sistema de liberacion, y al no existir en
la actualidad ningun tratamiento intravitreo enfocado al control de la neuropatia
glaucomatosa, para el siguiente estudio se seleccioné el farmaco brimonidina, en lugar de
dexametasona (formulacién BRI/LAP). Ademas, se aplico sobre un modelo de enfermedad
(glaucoma crénico inducido) para comprobar el efecto terapéutico mantenido durante un
periodo prolongado y para confirmar la ausencia de efectos secundarios. La investigacion
se llevé a cabo con 91 ratas Long Evans (40% de machos, 60% de hembras). Este segundo
estudio permitié evaluar in vivo el efecto terapéutico de la formulacién BRI/LAP tras una
Unica inyeccion intravitrea. Los resultados obtenidos mediante técnicas de evaluacion de la
eficacia y tolerancia (OCT, electrorretinografia, técnicas histoldégicas y estudios
farmacocinéticos) mostraron que la formulacion BRI-LAP produjo un efecto hipotensor y un
efecto neuroprotector durante al menos 6 meses.

Los estudios realizados mediante OCT en este ultimo estudio aportaron informacion
no solo de la estructura y grosor neurorretinianos, sino también de la interfase
vitreorretiniana, donde se observoé la formulacién en forma de agregados hiperreflectantes.
A partir de estos hallazgos se realizé un nuevo estudio centrado en el desarrollo de un
sistema para monitorizar por OCT la formulacién BRI/LAP mediante una caracterizacion
cualitativa y cuantitativa de dichos agregados basada en los cambios en la intensidad de la
sefal vitrea observada, respecto a la intensidad del epitelio pigmentario de la retina,
expresado como ratio VIT/EPR. El analisis de los resultados obtenidos mostré que la
intensidad relativa VIT/EPR es significativamente mayor en los ojos tratados con la
formulacion BRI/LAP que en los no tratados; que los valores de intensidad disminuyen con
el tiempo y que los agregados pueden calcularse con un alto grado de reproducibilidad.
Ademas, el area total agregada se correlaciona con la cantidad de brimonidina en todas las
fases del estudio y muestra una curva de degradacion similar. Por lo tanto, la intensidad
relativa de VIT/EPR parece ser un biomarcador util y objetivo para la monitorizacion de la
formulacién BRI/LAP, postulandose como un novedoso método de medicidn no invasivo.

Finalmente, como ultimo trabajo de esta Tesis Doctoral, se realizd una revision de
los estudios con Laponita llevados a cabo en el ojo durante los ultimos 10 afos, asi como
de los estudios no realizados en el ojo pero que podrian ser potencialmente aplicables en
oftalmologia. La revisién mostré las numerosas evidencias cientificas que sugieren que la
Laponita puede utilizarse en todas las estructuras y tejidos oculares, desde la piel y los
apéndices oculares hasta la retina y la drbita, a pesar de los pocos estudios realizados hasta
la fecha sobre la aplicacion del biomaterial Laponita en el ojo y/o tejido ocular. Entre sus
ventajas destacan -en el caso de la oftalmologia- la biocompatibilidad, la transparencia
Optica, el grosor nanométrico y la tixotropia, que facilita la inyeccion, ademas de su
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capacidad para retener todo tipo de moléculas, incluso en co-carga, y su habilidad para
liberarlas progresivamente para tratar la célula diana tras su administracion en forma de gel
tépico o inyeccion cutanea, intravitrea o supracoroidea, o como andamiaje. También posee
caracteristicas bactericidas y regenerativas intrinsecas. La translacion a la practica clinica
del biomaterial Laponita como sistema de administracion de farmacos parece un
hecho factible, sencillo y préximo. Sin embargo, su aplicaciéon en el campo de la medicina
regenerativa parece todavia lejano. Se concluyo con la idea de que la Laponita parece ser
un biomaterial que merece un estudio mas profundo en aplicaciones médicas, quirurgicas y
regenerativas en futuras investigaciones oftalmolégicas.

15



16



ABSTRACT

The present Doctoral Thesis is based on the in vivo study of the biocompatibility
and efficacy of Laponite as a carrier of several pharmacological agents with different
properties, specifically a steroidal anti-inflammatory of very wide application in
ophthalmologic pathology such as dexamethasone and an agent with low solubility such as
brimonidine. It has also been used to compare two different routes of administration
(suprachoroidal and intravitreal) and we have worked with both healthy and diseased
animal models. In addition, a non-invasive system for monitoring the intravitreal
formulation using optical coherence tomography (OCT) has been developed.

Diseases of the posterior segment of the eye are a clinical challenge, both because
of their frequency and because of their severe visual impairment. The anatomical complexity
of the eye and the existence of various physiological barriers with a protective function mean
that currently available therapeutic measures are often insufficient to maintain drug levels
within the therapeutic range. The different ophthalmic routes of administration have, in
common, the low bioavailability of the drug at the site of action and the need for repeated
administrations, which in the case of ocular injections entails a considerable risk of serious
complications. In recent years, research has focused on nanoparticle systems as
biomaterials capable of sustained drug release, which simultaneously reduces the dose and
allows prolonged administration at the target tissue site. Among the various nanomaterials
being explored, Laponite, a synthetic colloidal layered silicate, stands out as a particularly
promising and emerging biomaterial, which brings together a series of physicochemical and
biological characteristics that make it especially attractive for ocular application, such as
being biocompatible, easily injectable and optically transparent, with qualities such as
thixotropy, which facilitates its injection, and the ability to retain all types of molecules, as
well as to release them progressively. However, despite its promising qualities, there have
been few studies on applications of the biomaterial Laponite in the eye to date, even though
there is ample scientific evidence to suggest that it can be used safely in ocular tissues.

To support the development of the studies that compose this Doctoral Thesis, our
group had already conducted previous studies with Laponite, both in vitro and in vivo.
Initially, a new formulation of dexamethasone was created and characterized in vitro using a
Laponite matrix as a base (DEX/LAP formulation), which showed a sustained drug release
for 24 weeks, tested on solutions emulating the vitreous humor. This study highlighted the
simplicity of the preparation method. A parallel study demonstrated, in vivo, that Laponite
administration in healthy rabbit eyes was safe and biocompatible, with intraocular
persistence after intravitreal and suprachoroidal injection. There were no significant
differences in intraocular pressure, neither relevant ocular complications, and no pathological
changes were observed in the histological study. In addition, a slow degradation of Laponite
was observed for 14 weeks.

Thereafter, the first objective focused on evaluating the in vivo pharmacokinetic
profile and ocular safety of the DEX/LAP formulation. For this purpose, a cohort of 30
New Zealand female albino rabbits was selected, given the suitability of this animal model
for pharmacokinetic studies, with a follow-up of up to 24 weeks. The intervention was used
to compare two different routes of administration (intravitreal and suprachoroidal). The
results demonstrated that, after a single injection of the formulation, dexamethasone release
from Laponite was maintained for up to 6 months in the vitreous body of healthy rabbit eyes.
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Furthermore, both routes of administration were safe, with the suprachoroidal route requiring
lower dose.

To demonstrate the generalizability of the delivery system, and as there is currently
no intravitreal treatment focused on the control of glaucomatous neuropathy, the drug
brimonidine was selected for the following study (BRI/LAP formulation). In addition, it was
applied on a disease model (chronic glaucoma induced) to test the therapeutic effect
maintained over a prolonged period and to confirm the absence of side effects. The research
was carried out on 91 Long Evans rats (40% male, 60% female). This second study made it
possible to evaluate in vivo the therapeutic effect of the BRI/LAP formulation after a
single intravitreal injection. The results obtained by efficacy and tolerance assessment
techniques (OCT, electroretinography, histological techniques and pharmacokinetic studies)
showed that the BRI-LAP formulation produced a hypotensive and a neuroprotective effect
for at least 6 months.

The OCT studies performed in the latter study provided information not only on the
neuroretinal structure and thickness, but also on the vitreoretinal interface, where the
formulation was observed in the form of hyperreflective aggregates. Based on these findings,
a new study focused on the development of a procedure to monitor by OCT the BRI/LAP
formulation through a qualitative and quantitative characterization of these aggregates
based on the changes in the intensity of the vitreous signal, with respect to the intensity of
the retinal pigment epithelium, expressed as VIT/RPE ratio. Analysis of the results obtained
showed that the relative VIT/RPE intensity is significantly higher in eyes treated with the
BRI/LAP formulation than in untreated eyes; that the intensity values decrease with time;
and that the aggregates can be calculated with a high degree of reproducibility. Furthermore,
the total aggregate area correlates with the amount of brimonidine in all phases of the study
and shows a similar degradation curve. Therefore, the relative intensity of VIT/RPE appears
to be a useful and objective biomarker for monitoring the BRI/LAP formulation, postulating
itself as a novel non-invasive measurement method.

Finally, as the last work of this Doctoral Thesis, a review of the studies with
Laponite carried out in the eye during the last 10 years, as well as studies not carried out in
the eye, but which could be potentially applicable in ophthalmology, was performed. The
review showed the numerous scientific evidence suggesting that Laponite can be used in all
ocular structures and tissues, from the skin and ocular appendages to the retina and orbit,
despite the few studies performed to date on the application of the biomaterial Laponite in
the eye and/or ocular tissue. Its advantages include - in the case of ophthalmology -
biocompatibility, optical transparency, nanometric thickness and thixotropy, which facilitates
injection, in addition to its capacity to retain all types of molecules, even in co-loading, and
its ability to progressively release them to treat the target cell after administration in the form
of a topical gel or cutaneous, intravitreal or suprachoroidal injection, or as a scaffold. It also
shows intrinsic bactericidal and regenerative characteristics. The translation to clinical
practice of the Laponite biomaterial as a drug delivery system seems a feasible, simple and
near fact. However, its application in the field of regenerative medicine seems still far away.
Laponite seems to be a biomaterial that deserves further study in medical, surgical and
regenerative applications in future ophthalmological research.
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RELACION DE PUBLICACIONES QUE COMPONEN LA TESIS DOCTORAL
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INTRODUCCION
1. Anatomia y fisiologia del ojo

El ojo es uno de los érganos mas complejos del cuerpo humano. En el ojo humano
se pueden distinguir tres capas concéntricas (Figura 1):

a. Capa externa (tunica fibrosa): esta formada por la cérnea y la esclerdtica. La cornea
se encuentra en la parte mas anterior y es transparente debido a la disposicion ordenada
de los haces de colageno y deshidratacion. Esta cualidad permite el paso de luz hacia
el interior del ojo. La esclera esta en la parte posterior y tiene color blanquecino por la
desorganizacion de los haces de colageno e hidratacién relativa. Estas capas protegen
el interior del ojo de agentes externos. La parte visible de la esclerdtica esta cubierta por
una membrana mucosa transparente, la conjuntiva, mientras que en su parte mas
interna esta en contacto con la coroides. La cérnea y la esclerética estan unidas por el
limbo donde la cornea se encuentra con el tejido del iris en lo que se conoce como el
angulo irido-corneal. Dentro del tejido conectivo del angulo se encuentra una red de
canales revestidos de endotelio que es la malla trabecular, y profundo a la malla dentro
del tejido conectivo de la esclerdtica se encuentra el canal venoso de Schlem. Estas
estructuras forman el sistema de drenaje del fluido intraocular para mantener la
normotension ocular.

b. Capa intermedia o uUvea (tunica vascular): se trata de una estructura muy
vascularizada con elementos neuroepiteliales y tejido conjuntivo. Ademas, el tejido uveal
contiene fibras musculares, nervios y melanocitos que le confieren un aspecto
pigmentado. Esta formada por tres estructuras anatémicas: el iris, el cuerpo ciliar y la
coroides. El iris controla el tamafio de la pupila y la cantidad de luz que llega a la retina;
el cuerpo ciliar controla la potencia y la forma del cristalino y produce el humor acuoso;
y la coroides es la capa vascular que da oxigeno y nutrientes a las capas externas de la
retina, extendiéndose desde la ora serrata hasta el nervio 6ptico.

c. Capa interna (tunica nerviosa): esta constituida por la retina, una compleja estructura
en capas de neuronas que captan y procesan la luz. Recubre la superficie interna del
ojo, rodeando la denominada cavidad vitrea. Como la corides, la retina se extiende
desde la cabeza del nervio 6ptico hasta la ora serrata.

En el interior del globo ocular se encuentra el cristalino, un érgano encapsulado, de
forma lenticular, transparente, biconvexo, formado por una serie de laminillas concéntricas
y suspendido de los procesos ciliares por filamentos. Su ubicacién establece la division entre
el segmento anterior y el segmento posterior del ojo. A su vez el ojo se divide en tres
camaras: (1) camara anterior, el espacio entre la cérnea y el iris. (2) camara posterior, el
espacio entre la superficie posterior del iris y la superficie anterior del cristalino. (3) camara
(o cavidad) vitrea, el espacio entre la superficie posterior del cristalino y la retina. Las
camaras anterior y posterior contienen humor acuoso, que es un fluido acuoso producido
por el cuerpo ciliar, mientras que la camara vitrea contiene el cuerpo vitreo, una sustancia
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gelatinosa constituida por fibras de colageno de tipo Il suspendidas dentro de un gel
altamente hidratado de hialuronato, matriz extracelular y agua.

Esclerotica

1 Coroides
Conjuntiva

N\

Iris

Camara anterior Cristalino

Cuerpo vitreo

Cornea —»

Camara posterior
Cuerpo ciliar

== Nervio optico

Retina

Figura 1. llustracién esquematica de la estructura del ojo.

Centrandonos en aquellas estructuras anatomicas involucradas en el tema en
estudio, se detallan los aspectos relevantes de la retina, la coroides y el cuerpo vitreo,
ubicadas en el segmento posterior.

La retina se desarrolla a partir de la copa éptica durante la embriogénesis. Se forma
por invaginacién de la vesicula optica, que es una excrecencia del cerebro anterior
embrionario. La pared interna de la copa éptica (que rodea la cavidad vitrea) se convierte
finalmente en la retina sensorial y la pared externa (rodeada por la coroides y la esclerdtica)
da lugar al epitelio pigmentario de la retina (EPR). Los distintos elementos que constituyen
la retina son neuronas, tejido vascular y células gliales, que interactuan entre si, dando lugar
a un sistema neurovascular. El epitelio pigmentario mantiene la barrera hematorretiniana
externa, mientras que los vasos sanguineos de la retina mantienen la barrera
hematorretiniana interna. La retina se organiza en diez estratos que, de dentro a fuera, son:

1) membrana limitante interna (MLI)

2) capa de fibras nerviosas de la retina (CFNR)
3) capa de células ganglionares (CCQG)

4) capa plexiforme interna (CPI)

5) capa nuclear interna (CNI)

6) capa plexiforme externa (CPE)

7) capa nuclear externa (CNE)

8) membrana limitante externa (MLE)
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9) capa de segmentos de fotorreceptores (CSF)

10) epitelio pigmentario de la retina (EPR)

La retina neural o sensorial consta de seis clases principales de neuronas:
fotorreceptores, células bipolares, células horizontales, células amacrinas y células
ganglionares, las cuales se encargan de captar y procesar las sefales luminosas, y de la
glia de Muller, que actua como columna vertebradora y organizadora de la retina neural. Las
células de la retina neural estan dispuestas en capas paralelas (Figura 2). Los nucleos de
las células fotorreceptoras forman la CNE. Los nucleos de las células gliales, las células
bipolares, las células amacrinas y las células horizontales forman la CNI. La CNI tiene capas
plexiformes a ambos lados. En la CPE, los fotorreceptores sinaptan con las células bipolares
y horizontales, mientras que, en la CPI, las células bipolares y amacrinas hacen sinapsis
con las células ganglionares. Los nucleos de las células ganglionares conforman la CCG y
sus axones la CFNR. Los procesos de la glia de Miiller se extienden por toda la retina. Las
prolongaciones apicales forman la MLE mediante complejos de unién entre si y con los
fotorreceptores. Las prolongaciones terminales forman la MLI. Los procesos laterales de la
glia entran en contacto con los vasos sanguineos y las neuronas y forman sinapsis con las
dendritas de las capas plexiformes y los axones de la CFNR.

Membrana limitante interna

Capa de células ganglionares -

Capa plexiforme interna

Capa nuclear interna

Capa plexiforme externa

Capa nuclear externa

Membrana limitante externa

Capa de segmentos de fotorreceptores —

Epitelio pigmentario de |a retina —_—

Células fotorreceptoras

Figura 2. Imagen histologica de la retina tefiida con hematoxilina-eosina (40X). Fuente: del autor.

El EPR es una monocapa de unos 3,5 millones de células epiteliales cuboidales
dispuestas en un patron hexagonal, con una densidad relativamente uniforme en toda la
retina, entre la CSF y la coriocapilar, una capa de capilares adyacente a la capa mas interna
de la coroides. En el citoplasma apical de las células del EPR hay numerosos granulos de
pigmento (melanina y lipofuscina). Entre las funciones importantes del EPR se incluye el
mantenimiento de la funcion fotorreceptora (fagocitosis de desechos de los fotorreceptores,
regeneracion y sintesis de pigmentos), adhesion retiniana, almacenamiento y metabolismo
de la vitamina A, produccién de factores de crecimiento y desempefia un papel importante
en la funcién de barrera hemato-retiniana.
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La retina recibe su suministro sanguineo de dos sistemas circulatorios: los vasos
sanguineos retinianos y coroideos. La circulacion retiniana suministra sangre a la retina
interna, excepto a la zona foveal avascular. Las capas avasculares externas de la retina
reciben sus nutrientes por difusion desde los vasos coroideos.

La coroides constituye la mayor parte de la region uveal. Se situa entre la esclerdtica
y la retina. Consta de vasos sanguineos que le confieren su color parduzco y de tres capas
bien definidas. La mas préxima a la esclerética se denomina supracoroides, la cual contiene
melanocitos pigmentados; en la zona media se encuentra la capa coriocapilar y finalmente,
se halla la membrana de Bruch, que es una membrana basal comun compartida por las
células endoteliales capilares y EPR. La coriocapilar esta fenestrada, lo que permite la
filtracion de moléculas al EPR. Los sistemas de transporte especializados del EPR controlan
el transporte de fluidos y nutrientes a los fotorreceptores.

El cuerpo vitreo es una masa transparente, incolora, de consistencia blanda, que
ocupa el segmento posterior del globo ocular. Situado entre el cristalino, el cuerpo ciliar y la
retina, constituye el volumen mas amplio del ojo, representando aproximadamente el 80%
del mismo. Mantiene la forma del globo ocular, permite la transmision de la luz e interviene
en el metabolismo del ojo (Holekamp, 2010) Carece de vasos, nutriéndose de los tejidos
préximos: coroides, cuerpo ciliar y retina.

El ojo puede considerarse un sistema 6ptico compuesto concéntrico, ya que posee
estructuras encargadas del correcto enfoque de los haces de luz que deben proyectarse
sobre la retina con la mayor nitidez posible para una correcta vision. El ojo funciona como
una camara oscura cuyo objetivo es el conjunto de medios transparentes que, de fuera a
dentro, son la lagrima, la cornea, el humor acuoso, el cristalino, el vitreo y la retina. La
transparencia, curvatura e indice de refraccion de los medios y la regularidad de las
superficies limitantes, permiten la formacion de la imagen al nivel de la capa sensible de la
retina.

La retina es una unidad funcional del sistema nervioso central que convierte la sefal
luminosa en un impulso nervioso, estando fisicamente conectada al cerebro a través de los
axones del nervio optico. Es considerada, por tanto, una extension sensorial del sistema
nervioso central. Esta es una tarea de gran envergadura que requiere una ingente
funcionalidad neuronal y tal es asi que aproximadamente la mitad de la corteza cerebral
humana se dedica al analisis del mundo visual (Bear et al., 2002). Es en la retina donde
comienza el procesamiento de las sefiales que daran lugar a la vision. La luz incidente en
la retina alcanza los segmentos externos de los fotorreceptores y asociado a ello, se
desencadenan una serie de fendmenos quimicos, conocidos como fototransduccion, que
transforman la energia luminica en sefiales eléctricas o impulsos nerviosos. Estas sefales
se trasmiten a través de las neuronas hasta alcanzar finalmente los axones de las células
ganglionares de la retina (CGRs), los cuales se encargan de conducir la informacion hacia
el cerebro, donde finaliza el procesamiento visual (Bear et al., 1998) a través de sus axones,
que forman el nervio 6ptico (Nelson & Connaughton, 1995). Aunque la visién parece ser
responsabilidad exclusiva de las neuronas (elementos excitables) de la via visual, es
necesaria la presencia de otra clase de células no neuronales (elementos no excitables) en
este proceso, las células gliales o neuroglia como son las células de Muller, los astrocitos y
la microglia.
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2. Patologia oftalmica asociada a degeneracion de la retina y del nervio 6ptico

La principal causa de ceguera irreversible se debe a la degeneracién de neuronas
retinianas especificas que tiene lugar en enfermedades oculares como el glaucoma, la
degeneracién macular asociada a la edad (DMAE), la retinopatia diabética y la retinosis
pigmentaria (Jindal, 2015) (Ahmad et al., 2020). Y, en los paises industrializados, las causas
mas frecuentes de ceguera son las enfermedades neuropatoldégicas oculares. La
prevalencia y el agente causal varian con la edad; mientras que la DMAE y el glaucoma son
causas mas frecuentes en la vejez, las personas mas jovenes se ven afectadas con mas
frecuencia por la retinopatia diabética.

Dentro de las entidades asociadas a neurodegeneracion retiniana, el glaucoma es,
sin lugar a duda, la principal patologia. Se considera la segunda causa principal de ceguera
irreversible en el mundo y la primera en los paises desarrollados, con mas de 61 millones
de personas afectadas segun la Organizacion Mundial de la Salud (OMS). Es una
neuropatia 6ptica multifactorial que se caracteriza por una pérdida progresiva e irreversible
de la vision por la degeneracion y muerte selectiva de las CGRs. Estas células son neuronas
del sistema nervioso central (SNC) que tienen el cuerpo celular en la retina interna. Sus
axones intraoculares no mielinizados forman la capa de fibras nerviosas de la retina (CFNR)
que se mielinizan a su salida para formar el nervio 6ptico o segundo par craneal. El dafio en
la CFNR suele asociar posteriormente cambios estructurales en la cabeza del nervio 6ptico
y defectos tipicos en el campo visual (Weinreb et al., 2014), que pueden llegar finalmente a
la ceguera. El principal factor de riesgo modificable es el aumento de la presién intraocular
(P10O), que provoca la muerte progresiva de las CGR y la consiguiente pérdida irreversible
de la vision (Jonas et al., 2017). Sin embargo, multiples factores genéticos, celulares y
ambientales influyen en el inicio y la progresion de la enfermedad. En este sentido, varios
estudios han puesto de manifiesto una degeneracion secundaria de las células de la retina
debido al entorno citotdxico (especies reactivas de oxigeno, 6xido nitrico, glutamato u otros
radicales libres) producido por las neuronas circundantes (Almasieh et al., 2012). Ademas,
hay que tener en cuenta que la disfuncion y posterior muerte de las CGR también pueden
ocurrir en un estado de normotension ocular. Por otra parte, hay que considerar que otras
enfermedades de la retina también pueden conducir a diversos tipos de glaucoma de forma
secundaria. Las enfermedades isquémicas como la oclusién de la vena central de la retina
(OVCR), las neoplasias malignas y la retinopatia diabética proliferativa estan asociadas al
glaucoma neovascular. Diversos tipos de uveitis, incluida la enfermedad de Behget, la
sarcoidosis, la sifilis, la iridociclitis de Fuchs y la artritis reumatoide juvenil son causas de
glaucoma secundario.

Aunque las enfermedades que afectan al polo posterior son un problema creciente
en las poblaciones que envejecen, no existen en muchos casos tratamientos eficaces para
gran parte de los pacientes. Todo ello justifica la importancia de desarrollar modelos de
experimentacién animal tanto para reproducir la propia enfermedad como para abordar
nuevas estrategias terapéuticas.
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3. Estrategias en el abordaje terapéutico de la neurodegeneracion retiniana
3.1. Vias de administracion de los farmacos

El transporte de fluidos y solutos en el ojo esta controlado por varias membranas y
barreras fisiolégicas, lo cual puede dificultar la administracién de farmacos oculares tépicos
(por ejemplo, colirios) y sistémicos (por via oral o intravenosa). Las principales barreras
fisioldgicas son la pelicula lagrimal, cérnea, esclera y barreras hemato-oculares.

La pelicula lagrimal es una fina capa liquida (3 um) que recubre las superficies
corneal y conjuntival. Tiene distintas funciones, entre las que destacan su accion lubricante,
nutritiva y antibacteriana. Consta de tres capas: lipidica, acuosa y de mucina. La capa
lipidica es la mas externa y su principal funcién es disminuir la evaporacién de la capa
acuosa; la capa intermedia es la capa acuosa, que constituye alrededor del 90% del
volumen total de la lagrima y, finalmente, la mucina es la capa mas interna y esta constituida
por glucoproteinas que, debido a su hidrofilia, contribuyen a la adecuada humectacién de la
cornea y la conjuntiva. La lagrima es la barrera mas importante para la absorcién de
farmacos administrados por via tépica. Su drenaje a través del conducto nasolagrimal, la
union de sus proteinas con la molécula del farmaco y el recambio lacrimal continuo (1
ml/min) reducen drasticamente la concentracion efectiva del farmaco en el lugar de accion.
Los farmacos oculares topicos, administrados principalmente en forma de colirio, son las
formas de dosificacion mas utilizadas para el tratamiento de enfermedades oculares. La
primera barrera que deben atravesar estos farmacos es la pelicula lagrimal, que elimina
rapidamente del ojo los compuestos instilados, o que se traduce en una baja
biodisponibilidad.

La cérnea se compone de seis capas diferentes (epitelio, membrana de Bowman,
estroma, capa de Dua, membrana de Descemet y endotelio). La via corneal es la principal
via tépica ocular de administracion de farmacos a la camara anterior. Debido a la naturaleza
de las diferentes capas, la absorcion corneal de los farmacos va a estar fundamentalmente
condicionada por su balance hidrofilia / lipofilia, peso molecular, carga y grado de ionizacion.
Los farmacos lipdfilos especialmente pequenos pueden atravesar facilmente la cérnea. La
secciodn exterior limitara la absorcion de sustancias hidrofilicas. La permeacion de farmacos
hidrofilos y macromoléculas a través del epitelio corneal esta limitada por la presencia de
uniones estrechas entre las células epiteliales superficiales externas adyacentes. A
continuacion, el estroma, formado por queratocitos y tejido conectivo, ocupa el 90% del
espesor de la cornea y constituye el mayor reservorio para las sustancias hidrofilicas. La
abundante presencia de colageno hidratado en el estroma puede dificultar la difusion de
agentes altamente lipofilicos. Y, por ultimo, la seccion mas interna permite el paso de
sustancias con relativa facilidad, incluso de aquellas proteinas con elevados pesos
moleculares. El endotelio es mas permeable y permite el paso de farmacos hidrdfilos y
macromoléculas entre el acuoso y el estroma debido a la presencia de uniones estrechas
permeables llamadas desmosomas o macula adherente. Tras atravesar la cornea, el
farmaco difunde al humor acuoso y a la Uvea anterior.

La conjuntiva tiene una rica vasculatura y una gran cantidad del farmaco
administrado que la atraviesa es eliminado por la circulacién sistémica. La via conjuntival /
escleral suele ser menos eficaz para la administracion de farmacos, pero puede utilizarse
para la administracion de moléculas hidréfilas y de mayor tamafio, que no pueden difundirse
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facilmente a través del epitelio corneal. El farmaco penetra a través de la esclerética, que
es mas permeable que la cérnea, pero menos que la conjuntiva.

El paso de los farmacos de los segmentos anterior a posterior del ojo no es muy
eficaz debido al recambio acuoso. Por lo tanto, los farmacos administrados en la superficie
ocular no suelen alcanzar los segmentos posteriores del ojo (retina, vitreo, coroides) en
concentraciones terapéuticas suficientes.

Las administraciones intravenosa e intravitrea (IV) parecen ser las principales
estrategias para tratar las enfermedades del segmento posterior. Sin embargo, la
administracion intravenosa tiene un éxito limitado por la exclusion del ojo de la circulacion
sistémica. Las barreras hematooculares protegen al ojo de las sustancias circulantes en la
sangre y, por tanto, impiden el acceso de muchos farmacos administrados por via sistémica
hacia el interior del ojo. Se distinguen dos tipos de barreras hematooculares: la barrera
hematoacuosa, que esta formada por el epitelio de los cuerpos ciliares y protege el
segmento anterior, y la barrera hematorretiniana, que protege el segmento posterior y
controla la entrada de los farmacos en la cavidad vitrea desde la circulacion sistémica. A
pesar de algunas similitudes, la BHR difiere de la barrera hematoencefalica por la presencia
funcional de su barrera externa que esta formada por el EPR. La barrera interna esta
formada por las células endoteliales de los vasos retinianos (Miller et al., 2005) (Barar et al.,
2008) Urtti (2006). Ambas barreras presentan uniones estrechas restringidas, mediante las
cuales se puede regular selectivamente la permeacién/transferencia de sustancias
hidrofilicas y macromoléculas hacia el interior y hacia el exterior de la retina. La
permeabilidad pasiva transcelular es la principal via de entrada/salida de moléculas
pequenas a través del BHR, mientras que la permeabilidad del EPR es bastante baja.
Ademas, existe una correlacion inversa entre el peso molecular y la permeabilidad.

Otras opciones de administracion de drogas al segmento posterior del ojo son las
rutas perioculares, debido a su capacidad de sortear la barrera conjuntivo-corneal y de
proporcionar un espacio virtual desde donde liberar el farmaco de forma progresiva (S. H.
Kim et al., 2007). Entre las diferentes modalidades de administracion periocular, se
encuentran las vias subtenoniana, subconjuntival, supracoroidal o transescleral (Figura 3).

La ruta transescleral permite superar la barrera del segmento anterior. El farmaco
administrado a través de esta via cuenta con las barreras de la esclera, el flujo sanguineo
coroideo y el epitelio pigmentario de la retina. La via transescleral es menos invasiva, pero
tiene una menor biodisponibilidad intraocular debido a que la via de eliminacion de la cdmara
vitrea se mueve hacia afuera, mientras que el farmaco se mueve hacia adentro (contra el
flujo natural). Estas deficiencias pueden paliarse mediante modificaciones de formulacién.

La administracion via supracoroidea (SC) representa una prometedora ruta
emergente alternativa para el tratamiento de las enfermedades oculares del segmento
posterior y se ha convertido en un foco de investigacién de la administracién de drogas
(Gilger et al., 2014) (Rai et al., 2015) (Jung et al., 2019). El espacio supracoroideo (SCS) es
un espacio virtual situado entre la esclerética y la coroides que puede expandirse para dar
cabida a las formulaciones de drogas (Chiang et al., 2017) (Chiang et al., 2018) (Emami-
Naeini & Yiu, 2019). Proporciona mayores concentraciones de droga en la zona que abarca
la unidad retina-epitelio pigmentario de la retina-coroides y el polo posterior, y minimiza la
presencia de droga en las estructuras anteriores del ojo (Olsen et al., 2011) (Touchard et
al., 2012) (Tyagi et al., 2012) (Chen et al., 2015) (Chiang et al., 2018) (Jung et al., 2018)
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(Habot-Wilner et al., 2019). Sin embargo, la eficiencia de la droga varia entre las diferentes
formulaciones debido a una alta tasa de eliminacion en el SCS, las propiedades
fisicoquimicas el tamafo o el radio molecular de la droga o las formulaciones viscosas o de
particulas, entre otros (Olsen et al., 2011) (Gu et al., 2015); (Chen et al., 2015) (Rai et al.,
2015) (Chiang, Venugopal, et al., 2016) (Chiang et al., 2017) (Y. Zhang et al., 2018) (Jung
et al.,, 2018). La inyeccion SC se considera mas eficaz que las rutas subconjuntival o
subtenoniana, y mas segura que la inyeccioén intravitrea (Rai et al., 2015) (Chen et al., 2015)
(Chiang et al., 2018) (Habot-Wilner et al., 2019).

Inyeccion transescleral

Inyeccicn intravitrea _[
y ok

Inyeccién supracoroidal

Via topica

Via intravenosa

Inyeccién subtenoniana

Figura 3. Rutas de administracion de farmacos a nivel ocular.

La inyeccion intravitrea es la opcion terapéutica de referencia para patologias del
segmento posterior como la DMAE, la retinopatia diabética o las oclusiones vasculares. El
interés de utilizar la administracion intravitrea es saltarse las barreras oculares, evitar los
eventos adversos sistémicos y mantener los niveles terapéuticos de la droga cerca del lugar
de accion, actuando como reservorio (del Amo et al., 2017) (Bisht et al., 2018). Aunque, por
otra parte, como es una via invasiva, puede dar lugar a complicaciones locales como
toxicidad o desprendimiento de la retina, lesiones del cristalino, infecciones o hemorragias
intraoculares y elevacion de la presién intraocular (Kwak & D’Amico, 1992) (Dossarps et al.,
2015) (Kersey & Broadway, 2006).

3.2. Terapias intravitreas disponibles en la actualidad

La administracion oftalmica de los farmacos es la ruta habitual para el tratamiento de
patologias oculares frecuentes como el glaucoma, la DMAE, la retinopatia diabética, las
infecciones y los trastornos autoinmunes. Tratamientos antiinflamatorios como los
glucocorticosteroides (GC) se vienen utilizando de forma habitual en la practica clinica para
tratar las enfermedades oculares del segmento posterior como la uveitis posterior no
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infecciosa, la retinopatia diabética, la oclusion venosa de la retina o la DMAE con edema
macular (Chennamaneni et al., 2013) (Lowder et al., 2011) (Ciulla et al., 2014) (Haller et al.,
2011) (Calvo et al., 2015). Los procesos del segmento posterior son dificiles de tratar por la
poca permeabilidad de los tejidos, la existencia de barreras anatémicas y fisiologicas en el
ojo y la baja biodisponibilidad del farmaco en el tejido diana (Ethier et al., 2004) (S. H. Kim
et al., 2007) (Thakur et al., 2011) (Awwad et al., 2017). Las vias disponibles actualmente,
en muchos casos, son insuficientes para mantener niveles terapéuticos adecuados del
farmaco en la regién posterior del ojo (Gaudana et al., 2010). Es por ello por lo que hay que
recurrir a altas dosis y elevadas frecuencias de administracion, lo que redunda en
importantes efectos secundarios nocivos (Oray et al., 2016) (Caplan et al., 2017) y un
elevado riesgo de complicaciones oculares graves (Dossarps et al., 2015) (Ganapathy et
al., 2018).

A nivel clinico, los implantes son los unicos sistemas de liberacién que han llegado
a comercializarse para su administracion intravitrea. Son pequefos dispositivos solidos que
se implantan quirurgicamente o se inyectan en el humor vitreo (Gote et al., 2019). En la
actualidad, en Europa existen implantes comercializados para prolongar la liberacion de
dexametasona (Ozurdex®), fluocinolona (lluvien®) y ganciclovir (Vitrasert® 4,5 mg). Los
implantes oculares buscan la liberacién controlada de farmacos, al trabajar dosificaciones y
cargas mayores de farmaco. Ademas, se presenta menor efecto secundario sistémico y
mayor proximidad al segmento posterior del ojo. Se pueden emplear polimeros
biodegradables o no biodegradables en los sistemas implantables oculares. Si bien los
implantes biodegradables no necesitan ser removidos después de la insercion en el ojo, los
no biodegradables requieren una intervencion adicional para remover o rellenar los
implantes, lo que conlleva costos adicionales y riesgos quirurgicos intra o postoperatorios.

La administracién intravitrea de farmacos se ha convertido en un método popular de
tratamiento de la DMAE de tipo exudativo, en particular, desde la introduccion de los
medicamentos anti- factor de crecimiento del endotelio vascular (VEGF). Farmacos como
bevacizumab (Avastin®), ranibizumab (Lucentis®), pegaptanib sddico (Macugen®),
aflibercept (Eylea®) y aceténido de triamcinolona (Kenalog®) se utilizan ampliamente como
inyecciones intravitreas para tratar esta y otras enfermedades de la retina. Por otro parte,
hay que considerar que actualmente no existe ningun tratamiento intravitreo enfocado al
control de la neuropatia glaucomatosa que simultaneamente disminuya la PIO y prevenga
el dafo neurorretiniano.

No obstante, hay que tener en cuenta que las inyecciones oculares repetidas pueden
producir complicaciones como son: elevacion de la PIO, inflamacién intraocular, formacion
de cataratas, desprendimiento de retina o incluso endoftalmitis, con una incidencia del
0,02% por inyeccion en esta ultima (Pershing et al., 2013) (Kumar et al., 2012) (Dossarps et
al., 2015). De ahi la necesidad de buscar un sistema minimamente invasivo de
administracion sostenida de drogas el cual mantenga la concentracion terapéutica durante
periodos prolongados, mejorando la vida media y la biodisponibilidad del farmaco, lo que
permitiria alargar los intervalos de administracion (Urtti, 2006).
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4. Biomateriales como sistemas de administracion sostenida

Un biomaterial es un material destinado a interactuar con sistemas bioldgicos para
evaluar, tratar, aumentar o sustituir cualquier tejido, érgano o funcion del cuerpo vy, en el
caso del ojo, para compensar la pérdida de visidon que puede o no estar relacionada con la
edad. Los biomateriales oftalmicos deben cumplir determinados requisitos (Ferraz, 2022).
La compatibilidad y la capacidad de suministrar oxigeno a los tejidos es una cuestién
fundamental. También se requiere un indice de refraccion cercano al del agua, lo que
significa que la mayoria de los materiales que se coloquen en el ojo deben ser transparentes,
un prerrequisito exclusivo de los biomateriales oftalmicos. Asi como combinar propiedades
superficiales y mecanicas estables durante el periodo de aplicacion.

La tecnologia moderna de liberacion sostenida de farmacos so6lo tiene 60 afos. La
primera generacion (1950-1980) sentd las bases de la liberacion controlada y gestiond con
éxito las propiedades fisico - quimicas de los sistemas de administracion. La segunda
generacién desarrollé sistemas de administracion inteligentes, pero tuvo problemas con las
barreras biolégicas. La tercera generacion actual (desde 2010) comprende sistemas de
administracion modulados disefiados para superar tanto las barreras fisicoquimicas como
las bioldgicas en el ojo con el objetivo de administrar niveles terapéuticos de farmaco con
una intervencion minima (Yun et al., 2015).

Las formulaciones de liberacion controlada permiten mantener las concentraciones
intraoculares del farmaco dentro del indice terapéutico durante periodos prolongados, lo que
posibilita intervalos de dosificacion de varios meses. Pero el disefio de sistemas de
liberacion de farmacos a nivel intraocular presenta diversas dificultades. Por un lado, los
sistemas deben tener un tamafo del orden de micrémetros o nandmetros, pero, a la vez,
debe contener la dosis adecuada para obtener concentraciones efectivas durante largos
periodos de tiempo. Por todo ello, a pesar de que numerosos sistemas de liberacién de
farmacos estan en investigacion, la mayoria de ellos estan en fases muy tempranas y solo
unos pocos han llegado a ser testados en ensayos clinicos. Entre los sistemas de liberacién
de farmacos en desarrollo destacan: hidrogeles, liposomas, microparticulas, nanoparticulas,
implantes y sistemas compuestos. En este sentido, los minerales de arcilla se postulan como
una clase emergente de biomateriales, adecuados para una amplia gama de aplicaciones
biomédicas. Tanto las arcillas sintéticas como las naturales ya han mostrado sus
propiedades como moduladores de la administracion de drogas, dada su capacidad de
controlar o vectorizar la liberacion de drogas y aumentar la biodisponibilidad (Rodrigues et
al., 2013).

4.1. Laponita

La Laponita (LAP), cuyo nombre comercial es Laponite®, es una arcilla sintética,
libres de impurezas y por tanto tienen una estructura y composicién mas uniformes. Fue
desarrollada a principios de los afios 60 (Shafran et al., 2020) como aditivo reolégico para
dispersiones de pigmentos (Neumann, 1965). Desde entonces, la LAP no sélo se ha
empleado en diversas aplicaciones industriales, sino que también ha sido objeto de
aplicaciones biomédicas (Das et al., 2019) (Tomas et al., 2018) (Samoylenko et al., 2022).
La investigacién traslacional realizada con la LAP se ha centrado principalmente en la
cicatrizacion de heridas, en los sistemas de administracion de farmacos (pequefias
moléculas y, mas recientemente, liberacion de proteinas) para tratar infecciones,
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hemorragias o cancer; y en la ingenieria de tejidos para andamiajes 6seos (Kiaee et al.,
2022) (C. Wang et al., 2023). Sin embargo, hay muy pocas publicaciones cientificas relativas
a aplicaciones oftalmolégicas (Figura 4).
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Figura 4. Aplicaciones potenciales de la laponita.

Desde un punto de vista fisicoquimico, la férmula empirica de este nanosilicato
sintético es (Na*o7[(SisMgs.sLio3)O20(0OH)4])o7 (Gaharwar et al., 2019). Como mineral
arcilloso, su estructura basica consiste en la alternancia de una lamina octaédrica de AlO6
intercalada entre dos laminas tetraédicas de SiO4 (Pauling, 1930) (Murray, 1991). La LAP
tiene una superficie de doble carga. Las superficies superior e inferior estan cargadas
negativamente debido al desequilibrio de carga causado por la sustitucion del magnesio por
el litio en la capa octaédrica, mientras que los bordes de las particulas pueden estar
cargados positivamente por la protonacion de los grupos hidroxilo (OH) terminales de las
capas tetraédricas de silicato. Pueden apilarse varias capas unas sobre otras,
principalmente por fuerza electrostatica, pero también por enlaces de hidrégeno y por las
fuerzas de Van der Waals. Las arcillas de silicato estratificado ofrecen una elevada
superficie (mas de 700 m?/g) y permiten la interaccién y retencion de farmacos, polimeros,
proteinas o vesiculas extracelulares, formando asi sistemas multifuncionales de
administracion de farmacos con un mejor rendimiento terapéutico. En forma seca, la LAP
esta formada por cristales bidimensionales en forma de disco (0,92 nm de altura, 25 nm de
diametro, 2,65x103g/cm? de densidad) (Lapasin et al., 2017). Al dispersarse en un medio
acuoso, se convierte en particulas coloidales tridimensionales de gel incoloro, liberandose
iones de sodio, lo que da lugar a una superficie de carga negativa débil y a una mayor
absorcién de agua, con el consiguiente aumento de volumen (Zhao et al., 2015). Forma una
dispersion coloidal clara con caracteristicas de gel tixotropico, viscoelastico y transparente,
apta para ser administrada por inyecciones (Lapasin et al., 2017). Las condiciones
microambientales, como el pH o la concentracion salina tienen un impacto significativo en

31



el tiempo de gelificacion, el cual aumenta significativamente con la disminucién de la
concentracién de sal. Sin embargo, con concentraciones de LAP superiores a 10 g/L la
concentracion de sal no influye en el tiempo de gelificacion. Otros cambios ambientales,
como la humedad local, pueden hacer que la arcilla absorba o pierda agua, dando lugar a
un grado de hinchamiento variable. La permeabilidad al agua y la difusién de moléculas
pequenas depende de la orientacion de las particulas de arcilla dentro del gel. Las particulas
bien orientadas pueden servir de barrera a gases y liquidos, mientras que las particulas
orientadas de forma aleatoria o desordenada pueden aumentar la permeabilidad (Wu et al.,
2010). El hinchamiento puede evitarse mediante la formacion de interacciones entre los
polimeros y la Laponita, controlando asi la liberacién lenta (Takeno et al., 2017) (Tipa et al.,
2022) (Yadav et al., 2022). La capacidad de interactuar con otras moléculas mediante
mecanismos muy diversos le permite transportar compuestos que son insolubles en agua
(Staniford et al., 2015). Puede actuar como portador de varios farmacos (Aguzzi et al., 2007),
liberandolos de manera controlada segun las condiciones del entorno, como el pH o la
temperatura (Xiao et al., 2016) (G. Wang et al., 2014) (J. Wang et al., 2016).

La biocompatibilidad es clave para la traslacion médica. Basandose en datos
experimentales y modelizados, la Agencia de Proteccion Medioambiental de EE. UU. ha
verificado que la LAP es un producto quimico seguro y poco preocupante. Diversos estudios
han demostrado la alta biocompatibilidad de LAP, asi como su caracter biodegradable,
permitiendo un amplio campo de aplicaciones biomédicas. No presenta toxicidad sistémica
tras su administracion oral, intramuscular u ocular (Lee et al., 2019) (L. Zhang et al., 2022)
(Domeneguetti et al., 2023) tanto a bajas concentraciones (0,1-7% p/v) como con una
concentracién inhibitoria de 4 mg/mL (Gaharwar et al., 2012). Varios estudios afirman que
los valores con concentracion inhibitoria de la LAP varian considerablemente, oscilando
entre 0,05 y 50 mg/mL (Veernala et al., 2019). Ademas, tras la administracion intravenosa,
un nanocompuesto basado en LAP no mostré actividad hemolitica in vitro ni alteraciones
histopatoldgicas en los tejidos cerebral, cardiaco, hepatico o renal de ratones in vivo (Singh
et al., 2020). Sin embargo, no se recomienda la medicacion oral prolongada debido al riesgo
de formacion de calculos renales y la eliminacion de enzimas y otros elementos nutritivos.
Ademas, altas concentraciones de nanosilicatos pueden reducir la proliferacion celular in
vitro (Maisanaba et al., 2015). Por otro lado, se ha demostrado que las particulas de LAP se
degradan de forma natural en aproximadamente 30 dias de media. Un hidrogel con una vida
de mas de 30 dias impidié que las particulas de Laponita escapen completamente del
hidrogel, evitando asi citotoxicidad adversa (Brokesh et al., 2022). La LAP, especialmente
la forma comercial Laponita® XLG, se considera adecuada para aplicaciones biomédicas
debido a su bajo contenido de metales pesados. Este nanosilicato hidrico contiene
elementos como magnesio, zinc, litio y hierro que también se encuentran en el organismo y
en el metabolismo cerebral, y sus productos de degradacion no téxicos [Na+, Mg?*, Si (OH)a,
Li+] son facilmente absorbidos por el organismo (Singh et al., 2020) (Thompson &
Butterworth, 1992). La degradacién de la LAP libera productos que tienen, por si mismos,
funciones bioldgicas. Reffit et al mostraron un aumento de la sintesis de colageno tipo |
debido al acido ortosilicico [Si(OH)4] (Reffitt et al., 2003). Los iones de magnesio también
pueden desencadenar respuestas celulares, estabilizar los compuestos de polifosfato en las
células, como el trifosfato de adenosina (ATP), o participar en la actividad enzimatica y los
procesos de sefializacion. Los cationes de sodio pueden interferir la generacion de impulsos
nerviosos y el equilibrio hidroelectrolitico y el litio puede afectar al comportamiento de las
neuronas (Romani, 2011); (Williams et al., 2004).
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A nivel oftalmoldgico, se ha demostrado in vivo la seguridad de LAP en la
administracion mediante inyeccion en conejos sanos, siendo un portador seguro y
biocompatible para la administracién sostenida de agentes bioactivos en el ojo con
persistencia intraocular de larga duraciéon después de la inyeccion SC e IV (Prieto et al.,
2018). La LAP es un modificador reolégico comunmente utilizado para ajustar la viscosidad
global de la formulacién del farmaco y para controlar comportamientos no newtonianos
como la deformacién por cizalladura (X. Liu & Bhatia, 2015) (B. Liu et al., 2020). Esta
propiedad tixotrépica de Laponita® (Barnes, 1997) facilita su inyeccion mediante agujas de
pequeno calibre y preserva mejor el contenido del dispositivo inyectado en el momento de
la cizalladura (Samimi Gharaie et al., 2018). Ademas, los nanosilicatos son 6pticamente
transparentes en medios acuosos. La LAP puede ser marcada con fluoréforos,
luminiscencia y particulas paramagnéticas. Estas caracteristicas pueden ser beneficiosas
especialmente en aplicaciones oftalmicas, al facilitar su identificacion y localizacion.

5. Modelos de experimentacién en animales

La evaluacion preclinica en animales es fundamental para el desarrollo de nuevos
farmacos, de estrategias de administracion de éstos, de tecnologias de diagndstico
oftalmico o para la simulacién de enfermedades humanas en modelos animales. Los
conejos son el modelo preclinico mas utilizado para evaluar la farmacocinética ocular,
mientras que los roedores se utilizan ampliamente para estudiar la respuesta ocular a los
farmacos.

5.1. El conejo como modelo animal sano

La toma de muestras invasiva del ojo humano esta muy limitada tanto desde el punto
de vista ético como técnico. Los ojos humanos solo contienen pequefias cantidades de
humor acuoso (unos 200 pl) y vitreo (unos 4,5 ml), por lo que es técnicamente dificil obtener
cantidades suficientes de fluido ocular para medir la concentracién del farmaco. Ademas,
los métodos que se utilizan para obtener el liquido ocular, como la puncién vitrea o la
paracentesis de la camara anterior, pueden dafiar el tejido ocular y provocar complicaciones
graves, como cataratas, endoftalmitis o desprendimiento de retina. Por consiguiente, la
farmacocinética ocular ha de basarse en modelos animales.

La estimacion del curso temporal de los efectos del farmaco en el segmento posterior
del ojo solo puede llevarse a cabo con herramientas de modelizacién farmacocinética. El
conejo es un modelo animal clinicamente predecible para la farmacocinética intravitrea, ya
que tanto el volumen de distribucion intravitrea como los valores de aclaramiento difieren
s6lo moderadamente entre el conejo y el ser humano (del Amo & Urtti, 2015). Los conejos,
que son pequenos mamiferos del orden Lagomorpha de la familia Leporidae, se encuentran
ampliamente disponibles y son animales faciles de manejar. El tamafio de los ojos es similar
al de los humanos y existe una gran base de datos de informacion para comparacion (Figura
5). Como limitaciones a la hora de inferir resultados, hay que tener en cuenta el menor
volumen de la cavidad vitrea (1,5 ml) y el menor compartimento sérico de los conejos.
Ademas, en los seres humanos el vitreo se licua mas y se vuelve menos homogéneo con el
envejecimiento, lo que se asocia a un aumento del flujo convectivo en el vitreo. Por lo tanto,
se ha sugerido que la licuefaccion y la conveccidon en el vitreo son diferencias
farmacocinéticas importantes entre el conejo y el ser humano, las cuales deben tenerse muy
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en cuenta a la hora de extrapolar las propiedades farmacocinéticas de los farmacos,
obtenidas a partir de estudios en animales a los seres humanos (Ahn et al., 2016).

Figura 5. Cortes histoldgicos transversales de un ojo de conejo (izquierda) y un ojo
de rata (derecha). Fuente: Wang et al., 2021.

5.2. Los roedores como modelo animal de patologia

El desarrollo de modelos de induccidén de glaucoma en roedores viene utilizandose
desde hace mas de dos décadas, habiendo contribuido a un mejor conocimiento de los
mecanismos moleculares que sustentan la patofisiologia de esta enfermedad
neurodegenerativa multifactorial. La PIO puede ser inducida por diversos métodos:
cauterizacion de la vena episcleral (Garcia-Valenzuela et al., 1995), inyeccion salina
hipertonica en las vias de flujo del humor acuoso (Morrison et al., 1997), fotocoagulacién del
limbo con laser (WoldeMussie et al., 2001) (Levkovitch-Verbin et al., 2002) (Cuenca et al.,
2010) o mediante inyecciones de microesferas (Ms) (Urcola et al., 2006) (Samsel et al.,
2011). También se han desarrollado modelos de ratones transgénicos DBA/2J para el
estudio de glaucoma (Vecino & Sharma, 2011). Descifrar los cambios anatémicos y
funcionales de la retina de los roedores por la hipertensién ocular tiene un gran valor
potencial. La retina de la rata, al igual que la de otros vertebrados, esta formada por una
capa pigmentaria y una capa neuronal, constituyendo ésta ultima en sentido estricto la retina
(Ruberte et al., 2017).

En cuanto a los tipos celulares que encontramos en la retina de los roedores (Figura
6) existen 5 tipos de neuronas (fotorreceptores, células horizontales, células bipolares,
células amacrinas y células ganglionares) y 3 tipos de células gliales (células de Mdiller,
astrocitos y microglia). Las caracteristicas de cada una de éstas son:

e Células ganglionares (CGR): tienen un gran nucleo vesiculoso con nucléolo prominente.
En los roedores, la mayor densidad de CGR se localiza en la region temporal (>8.000
células/mm?), mientras que la menor densidad se da a nivel de la vertiente superior
(<2.000 células/mm?). Los axones de las CGR forman la CFNR y convergen radialmente
hacia el disco éptico donde constituyen el nervio éptico.

e (Células bipolares: conectan los fotorreceptores y las CGR y son las células mas
abundantes en la CNI. Tienen un nucleo pequefio de morfologia variable.
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Células horizontales: son similares en apariencia a las bipolares, aunque tienen mas
citoplasma.

Células amacrinas: son de mayor tamafo que las células horizontales y tienen un nucleo
con una indentacidon y un nucléolo prominente. Puede haber células amacrinas
desplazadas a la CCG.

Fotorreceptores: los bastones representan el 95% de los fotorreceptores. Los nucleos de
los bastones tienen la cromatina mas densa que los de los conos.

Células de Miiller: se extienden desde la camara del vitreo, donde forman la MLI hasta
el limite mas externo de la CNE, donde constituyen la MLE. Los nucleos se localizan en
la CPI. Estas células mantienen la integridad estructural de la retina.

Astrocitos: estan localizados preferentemente en la parte mas interna de la retina, dentro
de la CFNR y CCG.

Célula
pigmentada

Baston

Célula horizontal

Célula amacrina

Célula bipolar

Célula ganglionar

A B

Figura 6. Corte sagital de retina de rata adulta. A: Esquema modificado de la retina con
representacién de los distintos tipos de células neuronales. B: Corte histoldgico tefiido
con hematoxilina-eosina (40X) (imagen extraida de Tesis Doctoral de Mayordomo,
2013). EPR: epitelio pigmentario de la retina; SEF: segmentos externos de
fotorreceptores; MLE: membrana limitante externa; CNE: capa nuclear externa; MPE:
membrana plexiforme externa; CNI: capa nuclear interna; MPI: membrana plexiforme
interna; CCG: capa de células ganglionares; CFN: capa de fibras nerviosas; MLI:
membrana limitante interna.

La poblacion de CGR ha sido bien caracterizada anatémica y funcionalmente y

puede estudiarse en secciones radiales o de forma integra si se disecciona y se extiende
sobre un plano. Hay que tener en cuenta que en los roedores la CCG alberga una poblacién
de células amacrinas desplazadas de magnitud similar a la de las CGR; asimismo, también
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hay un pequefio numero de células horizontales desplazadas. Aunque las células amacrinas
son mas pequenas que la mayoria de las CGR, hay una superposicion de tamafo entre las
células amacrinas mas grandes y las CGR mas pequenas que hace que el tamario celular
no sea un criterio siempre valido para diferenciarlas. Esta caracteristica anatomica de la
CCG de los roedores ha hecho necesario el uso de técnicas alternativas para identificar de
forma inequivoca las CGR, como es el uso de trazadores neuronales que dependen del
transporte axonal funcional y/o la integridad anatémica del axon, o el uso de marcadores
antigénicos y moleculares especificos para las CGR, mas accesibles y de mas facil manejo
(Vidal-Sanz et al., 2012).

6. Técnicas de evaluacion de la tolerancia y eficacia terapéutica

Estas técnicas son fundamentales para predecir como un farmaco podria
comportarse en humanos y son cruciales en las etapas iniciales del desarrollo de nuevas
estrategias terapéuticas. La eleccion del tipo de técnica depende de los objetivos especificos
del estudio y la etapa del desarrollo del farmaco. Las técnicas in vivo tienen un caracter mas
dinamico y son esenciales para monitorizar variables, mientras que las técnicas ex vivo
permiten estudios especificos a nivel molecular / tisular, proporcionan un control mas
detallado de las condiciones experimentales y presentan la ventaja de la reproducibilidad.

6.1. Técnicas in vivo

6.1.1. Medicién de la presién intraocular

Se realiza mediante el tonometro. Es una técnica de facil evaluacion y plenamente
implantada en la practica clinica y en los modelos animales de glaucoma. Se aconseja
realizar todas las mediciones en el mismo momento del dia para evitar fluctuaciones
circardianas y diarias. Se puede realizar sin y con sedacioén, en el caso de usar sedacién
debe ser inferior a 3 minutos para evitar hipotensiones.

6.1.2. Tomografia de coherencia optica (OCT)

Desde hace afnos se utiliza ampliamente para estudiar la estructura neurorretiniana,
tanto en la practica clinica como en investigacion, permitiendo cuantificar su espesor in vivo.
La OCT es una tecnologia de facil manejo, econdmicamente rentable, no invasiva, inocua y
objetiva que proporciona imagenes de corte transversal de alta resoluciéon. Su
funcionamiento esta basado en la interferometria de baja coherencia, que utiliza fuentes de
luz de banda ancha de baja energia y genera imagenes dependiendo del grado de
reflectividad. Ademas, los dispositivos mejorados de OCT con fuente de barrido o de mejora
de la imagen profunda han permitido estudiar también las caracteristicas del vitreo en los
ultimos afios (Uji & Yoshimura, 2016) (Keane et al., 2014) (Sreekantam et al., 2017).

6.1.3. Electrorretinografia

Para evaluar el dafo desde el punto de vista funcional, la técnica mas utilizada es la
electrorretinografia (ERG), aunque suele presentar amplia variabilidad en sus respuestas.
La electrorretinografia se basa en la estimulacién de la retina con una luz de distintas
intensidades, lo cual produce flujos i6nicos (especialmente de sodio y potasio) que entran y
salen de las células sensibles a la luz y genera un potencial eléctrico. EI ERG representa
graficamente ese potencial eléctrico y nos permite medir la amplitud y la latencia de las
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distintas ondas generadas, procedentes de los distintos tipos de células neurales de la
retina. La amplitud se mide en microvoltios (pV) y la latencia en milisegundos (ms).

6.2. Técnicas ex vivo

Las técnicas mas utilizadas hasta la fecha para evaluar desde el punto de vista
morfologico la neurodegeneracion retiniana inducida y el efecto de las terapias aplicadas en
modelos animales son las técnicas histologicas. Por otro lado, la evaluacién del
comportamiento cinético y de la biodisponibilidad de los farmacos inyectados en el
segmento posterior se realiza mediante los estudios farmacocinéticos.

6.2.1. Técnicas histolégicas

Las técnicas histolégicas permiten la observacion directa de la estructura
neurorretiniana, aunque requieren de la enucleacién ocular. El sello distintivo de la
neuropatia glaucomatosa es la progresiva y lenta degeneracion de las CGR y sus axones.
Por tanto, es en estas estructuras histolégicas donde se centra el interés para evaluar los
mecanismos fisiopatolégicos de la enfermedad y los posibles beneficios farmacolégicos.
Entre los marcadores neuronales, el anticuerpo monoclonal frente al factor de transcripcién
Brn3a ha mostrado ser un marcador altamente especifico de las CGR en ratas adultas,
permitiendo no solo su identificacion y cuantificacién, sino también la evaluacion de su
estado funcional, dado que en los dias siguientes a la destruccién axonal se observa una
disminucion en la expresion del anticuerpo. Los axones se pueden poner de manifiesto con
anticuerpos anti-neurofilamentos; mientras que la poblacion glial se puede visualizar con
marcadores habituales de la glia como es el caso de la proteina acida fibrilar glial (GFAP)
(Vidal-Sanz et al., 2012).

6.2.2. Estudios farmacocinéticos

Comprender la farmacocinética de los farmacos intraoculares es importante para
conocer la eficacia y seguridad de estos, determinar la dosis éptima y minimizar las
complicaciones sistémicas y/o intraoculares. Los parametros farmacocinéticos oculares
primarios, como son el volumen de distribuciéon y el aclaramiento, son la fuente de
informacion mas fiable para las comparaciones farmacocinéticas en funcion de la especie,
la enfermedad, la edad, el farmaco y el sistema de administracion. Los estudios
farmacocinéticos se basan en la monitorizacién de las concentraciones de los farmacos
inyectados. Para ello suele ser necesario que los animales sean sacrificados a diferentes
intervalos de tiempo, extrayendo los ojos y analizando las muestras de humor vitreo para
determinar las concentraciones de farmaco. El establecimiento de puntos temporales a
intervalos adecuados es crucial para obtener perfiles farmacocinéticos fiables. Los valores
obtenidos permiten mediante modelizacién estimar las concentraciones medias en estado
de equilibrio, los perfiles de concentracion, la vida media y la cantidad de farmaco en el ojo
tras la administraciéon de diferentes dosis o formas de dosificacion (del Amo & Urtti, 2015).
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ESTADO ACTUAL DEL TEMA

Las enfermedades del segmento posterior del ojo suponen un reto desde el punto
de vista clinico, tanto por su frecuencia como por su grave afectacion de la vision. La
complejidad anatomica del ojo y la existencia de diversas barreras fisioldgicas con funcion
protectora dificultan el acceso de los tratamientos farmacoldgicos a su interior. Las
diferentes vias de administracion oftalmicas (topica, intravitrea y periocular) tienen en
comun, en mayor o menor grado, la baja biodisponibilidad del farmaco en el lugar de accion
y la necesidad de administraciones repetidas, lo que conlleva en el caso de las inyecciones
oculares un riesgo no desdefiable de complicaciones graves. Por ello, sigue siendo
necesario buscar nuevos sistemas y formulaciones de administracion ocular que consigan
que el farmaco esté disponible en el lugar adecuado, en una concentracion suficiente,
durante el tiempo preciso para lograr el efecto deseado y con un intervalo de administraciéon
lo mas largo posible. Las formulaciones de liberacion sostenida parecen ser la opcién
mas adecuada en este contexto, especialmente si son biocompatibles y biodegradables,
con sistemas de administracién minimamente invasivos y que permitan mantener las
concentraciones intravitreas del farmaco dentro del indice terapéutico durante periodos
prolongados (Patel et al., 2011) (Hartman & Kompella, 2018) (Emami-Naeini & Yiu, 2019).

Es, en este sentido, donde surgen los biomateriales, cuyo desarrollo en las ultimas
décadas ha permitido avanzar a la medicina en multiples campos, incluida la oftalmologia.
Al seleccionar biomateriales oftalmoldgicos hay que considerar las peculiaridades del ojo
humano frente a otras partes del organismo, lo que conlleva la exigencia de propiedades
fisicoquimicas y biolégicas adecuadas al contexto anatémico. Las arcillas, y muy
especialmente las sintéticas como la Laponita®, se caracterizan por reunir los requisitos
necesarios para ser potenciales candidatos en el disefio de sistemas de liberacién
prolongada de farmacos en el campo de las enfermedades oftalmoldgicas del segmento
posterior. Sin embargo, a pesar de sus prometedoras cualidades, existen pocos estudios
realizados sobre aplicaciones del biomaterial Laponita® en el ojo y/o tejido ocular hasta la
fecha, a pesar de existir numerosas pruebas cientificas que sugieren que puede utilizarse
en todas las estructuras y tejidos oculares, desde la piel y los apéndices oculares hasta la
retina y la érbita.

A la hora de plantearse la realizacion de nuevos estudios de investigacion, es
fundamental realizar un disefio bien estructurado y adecuado a los objetivos planteados. La
fase experimental de los estudios sobre patologia oftalmica del segmento posterior requiere
una evaluacion preclinica en modelos sanos, donde valorar la tolerancia, seguridad y
estudios farmacocinéticos, y del desarrollo de modelos animales de enfermedad para
evaluar la respuesta a la intervencion terapéutica. Otro aspecto no menos importante es la
seleccion adecuada del método y las técnicas de evaluacién de los resultados. Estudios ex
vivo como el examen histologico permiten la vision directa o el analisis de los tejidos, pero
conllevan el sacrificio del animal. En la actualidad se apoya el desarrollo y aplicacién de
técnicas in vivo que posibilite el estudio monitorizado de forma no invasiva, ademas de
suponer un menor coste y conllevar un facil manejo.
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HIPOTESIS

Las formulaciones farmacoldgicas de liberacion sostenida minimamente invasivas,

basadas en el uso de Laponita como vehiculo, son seguras y eficaces en el tratamiento de
enfermedades oculares del segmento posterior, siendo posible ademas monitorizar los
cambios neuro-retinianos y los niveles de concentracion de formulacién intravitrea mediante
técnicas no invasivas (tomografia de coherencia 6ptica).

OBJETIVOS

1)

Estudiar in vivo la seguridad ocular y los parametros farmacocinéticos de la
formulacién de liberacion sostenida de Dexametasona-Laponita tras administracion
por inyeccién intravitrea y supracoroidea en ojos sanos de conejo.

Comparar el tiempo de permanencia de la dexametasona en el segmento posterior
mediante la formulacién de liberacion sostenida de Dexametasona-Laponita respecto
a la formulacién convencional.

Demostrar la eficacia hipotensora y neuroprotectora de la formulacion intravitrea de
liberacion sostenida de Brimonidina-Laponita en ratas con glaucoma inducido.

Comprobar si una unica inyeccion intravitrea de la formulaciéon Brimonidina-Laponita
muestra una liberacion sostenida y mantiene su efecto durante al menos 6 meses.

Analizar los cambios en la intensidad de la sefal vitrea mediante tomografia de
coherencia 6ptica (OCT) que genera la formulacion intravitrea de Brimonidina-
Laponita durante 24 semanas de seguimiento.

Evaluar si hay correlacion entre los cambios en la intensidad de la sefal vitrea de la
formulacién intravitrea de Brimonidina-Laponita mediante OCT con los niveles del
farmaco brimonidina medidos mediante cromatografia liquida - espectrometria de
masas, con el objetivo de monitorizar los niveles del farmaco de forma no invasiva.

Realizar una revision sistematica de la evidencia cientifica actualmente disponible
sobre el uso de Laponita en oftalmologia.

Realizar una revisién bibliografica de las potenciales aplicaciones biomédicas de la
Laponita en patologia ocular relativas a la administracion de farmacos, prevencion o
tratamiento de hemorragias, e ingenieria de tejidos mediante medicina regenerativa.
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METODOLOGIA
1. Declaraciones éticas

La manipulacién de los animales se realizé de acuerdo con la Politica Espafiola de
Proteccion Animal RD1201/05, que cumple con la Directiva 86/609/CEE de la Union
Europea. Las practicas y el cuidado de los animales cumplieron con la Declaracion de la
Asociacién de Investigacion en Visién y Oftalmologia para el uso de animales en
procedimientos experimentales y otros propdsitos cientificos.

Los procedimientos relativos al primer articulo se realizaron de acuerdo con la
Licencia de Proyecto P112/02285 aprobada por el Comité de Etica para Experimentos con
Animales de la Universidad de Zaragoza (Espafa) y los relativos al segundo y tercer articulo
fue previamente aprobado con la Licencia de Proyecto PI34/17.

El trabajo con los animales se llevd a cabo en el servicio de cirugia experimental del
Centro de Investigacion Biomédica de Aragdon (CIBA). Los animales fueron alojados
individualmente en jaulas metabdlicas estandar, en una habitacién con luz controlada (12
h/12 h ciclo oscuro/luz) a 20+2° C con una humedad relativa del 40-70%. La dieta y el agua
estaban disponibles ad libitum y se realizaban diariamente examenes clinicos exhaustivos.

En relacién con los animales concretos, en el primer articulo todos los experimentos
se llevaron a cabo utilizando 30 conejos albinos hembra de Nueva Zelanda con un peso de
2,5 a 4,0 kg (3,1+0,4 kg). En el segundo articulo, el estudio se llevo a cabo con 91 ratas
(40% de machos, 60% de hembras) Long Evans de 4 semanas de edad y con pesos que
oscilaban entre 50 y 100 gramos al comienzo del estudio. El trabajo con animales se realiz6
en el seno del Grupo de Investigacion de innovacion Miguel Servet Oftalmologia (GIMSO).

2. Formulaciones terapéuticas

Las formulaciones DEX/LAP y BRI/LAP fueron preparadas y caracterizadas por el
Instituto de Sintesis Quimica y Catalisis Homogénea (ISQCH), grupo de investigacion de la
Universidad de Zaragoza. Después, este grupo realizé los estudios farmacocinéticos.

3. Estudio computacional de imagen

El grupo de Biomateriales del Instituto Universitario de Investigacion en Ingenieria
de la Universidad de Zaragoza, perteneciente al Departamento de Ingenieria Mecanica,
realizo el estudio de procesamiento y analisis de imagenes sobre la monitorizacion de la
formulacién BRI/LAP a nivel vitreo mediante tomografia de coherencia 6ptica (OCT).
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4. Metodologia relativa al primer articulo
4.1. Formulacion DEX/LAP

4.1.1. Quimica y reactivos

La dexametasona (DEX) era de Sigma-Aldrich (Madrid, Espafia). Laponite®RD
(LAP) (densidad superficial 370 m?/g, densidad aparente 1000 kg/m?3, composicion quimica:
SiO2 59,5%, MgO 27,5%, LiO 0,8%, 2,8Na;O %) fue comprada a Rockwood Additives
(Widnes, Cheshire, Reino Unido). La solucion de hialuronato sédico al 3% (Healon®
EndoCoat OVD) y la solucion salina equilibrada al 0,9% (9 mg/mL NaCl) (BSS) se obtuvieron
de Abbott Medical Optics (Barcelona, Espafia) y Fresenius Kabi (Barcelona, Espafia),
respectivamente. El etanol, la acetona y el acetonitrilo fueron de grado HPLC de Scharlab
(Barcelona, Espana).

4.1.2. Preparacion y caracterizacion de la formulacion DEX/LAP

La concentracion optima de dexametasona (DEX) para cargar la Laponita ha sido
determinada por nuestro grupo en estudios anteriores, en base a la naturaleza de la
interaccion farmaco-arcilla y el comportamiento in vitro del medio hasta la liberacién del
farmaco (Fraile et al., 2016). El farmaco se incorpord al polimero disolviéndolo en una
dispersién acuosa de LAP: 10 mg-DEX se disolvieron en acetona (10 mL) y luego se
afadieron 100 mg-LAP a esta solucion. La lechada se agitd a temperatura ambiente durante
1 hora y luego se elimind el disolvente en un evaporador rotativo. El solido se secé a
temperatura ambiente durante la noche al vacio sobre P205. El polvo dexametasona-
Laponita (DEX/LAP) se almacend en viales de un solo uso bien tapados y esterilizados con
rayos gamma. Inmediatamente antes de la inyeccion, el polvo DEX/LAP se suspendié en 10
mL de BSS y se sometié a un suave vortice durante 10 minutos, para obtener una
suspension transparente y homogénea (10 mg/mL; 1:10 p/p).

4.1.3. Determinacion de los volumenes de inyeccion

Se determind un volumen de 50 yL y 100 yL de suspensiéon DEX/LAP para la
administracion intravitrea y supracoroidea, respectivamente. La dosis de DEX utilizada fue
de 0,1 mg en 100 yL para la inyeccién IV y de 0,05 mg en 50 yL para la inyeccién SC, que
es la concentracion optima de DEX para cargar a la arcilla LAP (10 mg/mL, 1:10 p/p) (Fraile
et al.,, 2016). Se determind que el volumen de suspension utilizado para la inyeccion
intravitrea y la inyeccion de SC era el volumen habitualmente utilizado para los estudios
farmacocinéticos (PK) y que debia administrarse con seguridad sin riesgo de fugas,
induccién de elevacion de la presion intraocular o hemorragia coroidea (Ahn et al., 2016)
(Chen et al., 2015) (Prieto et al., 2018)).

4 .2. Diseno del estudio in vivo

4.2.1. Administracion in vivo: procedimiento de inyeccién

Treinta animales se incluyeron en el estudio y se dividieron aleatoriamente en dos
grupos. Quince animales recibieron una administracion supracoroidea (grupo SC) y los otros
quince animales una inyeccion intravitrea (grupo V) de la formulacion DEX/LAP. Sélo se
administré en un ojo (ojo derecho) de cada animal. El otro ojo (ojo izquierdo) permanecio
sin tratar.
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Todas las inyecciones se realizaron bajo anestesia general y en condiciones
asépticas. Para la inyeccion IV, se anestesié a los animales mediante la inyeccion
intramuscular de clorhidrato de ketamina (25 mg/Kg) (Ketolar 50®, Pfizer, Madrid, Espafia)
y medetomidina (0,5 mg/Kg) (Domtor®, Esteve, Madrid, Espaiia). Para la administracion via
SC, al ser un procedimiento mas largo, se realizé una anestesia general inhalatoria con
2,5% de sevoflurano (Sevorane®, Abbott Laboratories, Madrid, Espafia) en oxigeno por
medio de una mascarilla, con control de los signos vitales. Se utilizd anestesia tépica con
clorhidrato de tetracaina (1 mg/mL) y clorhidrato de oxibuprocaina (4 mg/mL) en gotas
oftalmicas (Colircusi Anestésico Doble®, Alcon Cusi SA, Barcelona, Espafia), y se aplico
solucion de povidona yodada (5%) para la antisepsia de la superficie ocular antes y después
de la inyeccion.

El mismo oftalmélogo realizé todas las inyecciones oculares, bajo la vision directa de
un microscopio quirdrgico (Zeiss Opmi 6¢/Osmi 99 Microscope, Carl Zeiss Meditec Inc,
California, USA).

Después de los procedimientos quirdrgicos se permiti6 que los animales se
recuperaran de la anestesia y se superviso el estado de salud de la superficie ocular.

(a) Inyeccién supracoroidea

La administracion SC se realizd en el cuadrante nasal superior del ojo mediante la
técnica de la canulacion del SCS (Olsen y otros, 2006). La esclerética se expuso realizando
una peritomia conjuntival con un corte radial paralelo al musculo recto superior. Se hizo una
profunda incisién intraescleral de unos 9 mm mas alla del limbo, cerca del meridiano del
globo de las 2 en punto. Se utilizé una espatula roma para diseccionar la esclerética y entrar
en la SCS haciendo un pequeiio bolsillo como depdsito (Figura 7). La administracion directa
de la suspension DEX/LAP se realizé mediante una inyecciéon con una canula de irrigacion
de calibre 25 (con un angulo de 35°, 7,0 mm desde la curva hasta la punta, 19,0 mm de
longitud total excluyendo el centro) unida a una jeringa de 1 mL, mientras que el bolsillo
escleral se ocluyé con una microesponja quirdrgica y se mantuvo durante 1 minuto para
evitar fugas en el lugar de la inyeccién. Finalmente, la conjuntiva fue restaurada por una
sutura 8-0.

Figura 7. Colocacién de la formulacién DEX/LAP en el espacio subcoroideo.
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(b) Inyeccién intravitrea

La inyeccion intravitrea se realizé con una aguja del calibre 25 en el cuadrante
temporal superior, unos 3-5 mm posteriores al limbo, hacia el centro de la cavidad vitrea.
Previamente, se realizé una paracentesis en la camara anterior con una aguja hueca del
calibre 30 con la eliminacion del humor acuoso, para evitar una elevacién de la presion
intraocular. Después de la inyeccion, la ausencia de reflujo se verificd en todos los casos
mediante la compresidn suave del punto de inyeccion con un bastoncillo de algodén durante
30 segundos.

4.2.2. Analisis de seguridad de los ojos administrados con la suspension DEX/LAP

Tras la administracion ocular de la suspension DEX/LAP en ambos grupos (SCy V),
los ojos fueron monitorizados mediante tonometria ocular, examen con lampara de
hendidura y oftalmoscopia indirecta, al dia 1y 1, 4, 12 y 24 semanas antes del sacrificio.

4 3. Estudio farmacocinético

Para la toma de muestras de tejidos oculares y posteriores estudios de
farmacocinética ocular, se sacrificaron tres animales al dia 1 y a las semanas 1, 4, 12y 24
mediante una inyeccion intravenosa rapida de pentobarbital sédico (30 mg/kg) a través de
la vena de la oreja. Inmediatamente después de la eutanasia, se enuclearon los ojos y se
congelaron los globos a (-40°C) para la posterior diseccion adecuada del cristalino, el vitreo,
la unidad coroide-retina y la esclerética. Las concentraciones de DEX en los tejidos oculares
se determinaron utilizando un método sencillo y de facil acceso mediante la cromatografia
liquida acoplada a espectrometria de masas de alta resolucion (HRLC-MS), de acuerdo con
la metodologia descrita por nuestro grupo (Prieto et al., 2017).

4.3.1. Método analitico

La determinacion de DEX se realiz6 por el método HRLC-MS en un sistema Waters
2695 equipado con una columna Phenomenex Kinetex C18 (75 mm x 4,6 mm x 2,6 ym)
acoplada a un detector PDA Waters 2995. La fase movil era acetonitrilo/agua (35:65 v/v)
bombeada a un flujo de 0,2 mL/min a 35°C. Se utiliz6 la deteccion a 250 nm. La cantidad de
DEX fue calculada por una curva de calibracion de siete puntos contra 6-a-metilprednisolona
como estandar interno. Se mezclaron alicuotas del medio de extraccion (200 upL) con
acetonitrilo (2 mL) y 100 pL de una solucion estandar (20 ppm en acetonitrilo). A
continuacion, la solucién se sometié a un vortex durante 1 min y a una sonicacién durante
5 min para asegurar la mezcla completa, y finalmente se centrifugé a 3000 rpm durante 5
min. El sobrenadante fue recogido y evaporado al vacio, y luego disuelto en 200 pL de
acetonitrilo, filtrado a través de un filtro de jeringa de PTFE 0.22 ym y analizado.

4.3.2. Analisis farmacocinético

Se determinaron las concentraciones de DEX en los diferentes tejidos de los ojos
inyectados y de control para realizar un andlisis de PK. Los datos de PK se analizaron para
determinar el mejor ajuste y, en consecuencia, se modelaron segun modelos no
compartimentados utilizando el "PK Solver Add-in" de Microsoft Excel (Albuquerque, NM,
EE. UU.), en el que se utilizan ecuaciones que describen la concentracion en funcién del
tiempo. Se obtuvieron los siguientes parametros PK: concentracion maxima (Cmax), tiempo
hasta la concentracién maxima (Tmax), vida media de eliminacién (T'%), la constante de la
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tasa de eliminacion (Ke) que se deriva de la vida media de eliminacién de la droga (Ke=
0,693/T1/2), eliminacion de la droga (CL), y el area bajo la curva de concentracion-tiempo
(AUCO-).

Para describir el curso del tiempo-concentracién de la DEX después de la
administracion se utilizé la siguiente ecuacion, donde C es la concentracion en el tejido, CO
es la concentracion en el tiempo t0. El area bajo la curva de concentracion-tiempo (AUCO-
=) fue estimada por el método lineal-trapezoidal a partir de las concentraciones tisulares
experimentales, en el que el area desde el ultimo punto de concentraciéon (Tlast= 24
semanas) hasta el infinito (~) se calculé como Clast/Ke.

4 .4. Analisis estadistico

Los analisis estadisticos fueron realizados por SPSS version 21.0 (SPSS Inc.,
Chicago, IL). Los datos de las concentraciones de DEX se expresaron como media *
desviacion estandar. La prueba de Kolmogorov-Smirnov se utilizé para determinar la bondad
del ajuste a la distribucion normal de las variables continuas. La prueba t de Student se
utilizé para comparar las concentraciones de tejido y los parametros de farmacocinética
entre los dos grupos. Otros resultados fueron medidas descriptivas y se utilizé la prueba de
Chi cuadrado de Pearson para comparar los datos categoricos. La significacion estadistica
fue aceptada a un nivel de p< 0,05.

5. Metodologia relativa al segundo articulo
5.1. Formulacion BRI/LAP

5.1.1. Productos quimicos y reactivos

La brimonidina y la 2-bromoquinoxalina se obtuvieron de Sigma-Aldrich (Madrid,
Espafia). Laponita®-RD (LAP) (densidad superficial 370 m?/g, densidad aparente 1000
kg/m3, composicion quimica: SiO2 59,5%, MgO 27,5%, Li.O 0,8%, Na,O 2,8%) se ha
obtenido de BYK Additives (Widnes, Cheshire, Reino Unido). La solucion salina equilibrada
al 0,9% (9 mg/mL NaCl) (BSS) se obtuvo de Fresenius Kabi (Barcelona, Espana). El etanol
de grado HPLC, el acetonitrilo, el metanol, el formiato de amonio, el acido férmico, el
amoniaco y el acido fosférico (85% p/p) se obtuvieron de Scharlab (Barcelona, Espafia). La
placa de elucién de 96 pozos Oasis MCX Prime se obtuvo de Waters Chromatography
(Barcelona, Espafia).

5.1.2. Formulacion de Brimonidina-Laponita

La brimonidina se cargd en la Laponita siguiendo la metodologia descrita para la
dexametasona (Fraile et al., 2016). Asi pues, la Brimonidina/Laponita (BRI/LAP) se preparo
afnadiendo LAP (100 mg) a una solucion de Brimonidina en etanol (10 mg/10 mL), agitdndola
a temperatura ambiente y evaporando el disolvente en vacio para obtener una buena
dispersion de la Brimonidina en la superficie. El polvo de BRI/LAP se almacend a -30°C en
viales de un solo uso bien tapados y esterilizados con rayos gamma.

La carga de droga en la LAP se determind por el método del espectrometro de masas
de cromatografia liquida de ultra alta presion (UHPLC-MS) (ver abajo). La muestra en polvo
(5 mg) se extrajo en 5 mL de acetonitrilo/etanol (1/1 v/v). Después de 1 h de agitacion, la
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muestra se centrifugé a 3000 rpm durante 10 min a temperatura ambiente y se analizé el
sobrenadante, obteniéndose una carga total de 8,98 mg por 100 mg de sdlido (98,8% de la
cantidad inicial). Inmediatamente antes de la inyeccion, el polvo de BRI/LAP se suspendio
en BSS (10 mg/mL) y se someti6 a un suave voértice durante 10 minutos para producir una
dispersion coloidal amarilla.

5.2. Procesamiento de muestras para la determinacién farmacocinética

El ojo de rata fue cortado con tijeras de diseccion, se anadido 1 mL de solucion de
acido férmico al 5% en acetonitrilo y la mezcla fue sonicada a 45W de potencia durante 10
min con un procesador de ultrasonidos Hierchler UP50H. A la mezcla se le afadié 1 mL de
200 mM de formiato de amonio en acido fosforico al 4%, y 100mL de 50 ppm de estandar
interno (IS) de 2-bromoquinoxalina en acido férmico al 0,1% en acetonitrilo, y la mezcla fue
sonicada durante 10 minutos adicionales. Luego la muestra se centrifugé a 3000 rpm
durante 10 min. El sobrenadante fue recogido y limpiado por extraccion en fase sélida (SPE)
en una placa de elucion Oasis MCX. Asi, el sobrenadante se pas6 a través del adsorbente
bajo vacio, y la muestra adsorbida se enjuagdé con 600 mL de metanol. Los Bri e IS
adsorbidos fueron eluidos de la placa con 500 mL de una solucién de amoniaco al 5% en
metanol. El extracto recogido se evaporo al vacio y se disolvié en 200 mL de acido férmico
al 0,1% en acetonitrilo. La solucién fue analizada por UHPLC-MS. La recuperacién del
analito se determin6 en muestras punzantes de ojo de rata en tres niveles de concentracion
(bajo, medio y alto). Se encontré que estaba entre el 92% (nivel de concentracién mas bajo)
y el 98% (nivel de concentracion mas alto).

5.3. Método analitico

Las muestras fueron analizadas usando un instrumento UPLC de Aguas de Actitud
acoplado a un espectrometro de masas QDa de Aguas de Actitud. La separacion
cromatografica se logré utilizando una columna de cortezas de agua T3 (1,6 mm, 2,1 x 75
mm) a 30°C. La fase mévil comprendia una mezcla de acetonitrilo (0,1% de acido férmico)
y agua (0,1% de acido férmico). Las muestras (10 mL) se eluyeron a un flujo de 0,5 mL/min.

Elinstrumento de MS funcioné en modo positivo de ionizacion por electrospray (ESI).
Se utilizé el modo de exploracion completa (150-500 Da) para identificar el analito (m/z =
293 (100%) y 295 para la Brimonidina) y el IS (m/z = 210 (100%) y 212 para la 2-
bromoquinoxalina). La cuantificacién se llevé a cabo en modo de monitoreo de iones unicos
(SIM) (m/z = 293 para la brimonidina y 212 para la bromoquinoxalina). El método se valido
de acuerdo con las directrices del International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH).

5.4. Induccién de hipertension ocular (HTO) y procedimiento de inyeccién de drogas

Los 91 animales se dividieron en una cohorte control [no-BRI] y una cohorte con
Laponita-Brimonidina [BRI-LAP]. La cohorte [no-BRI] estaba compuesta por 31 ratas. En
esta cohorte, la HTO fue inducida en el ojo derecho y el ojo izquierdo se mantuvo sin
intervencion y sirvié como ojo de control. La cohorte [BRI-LAP] estaba compuesta por 60
ratas. En esta cohorte, la HTO fue inducida en ambos ojos, pero el ojo derecho recibid una
inyeccion intravitrea con la formulacion de Brimonidina-Laponita (FI BRI/LAP). El ojo
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derecho sirvié como ojo hipertenso tratado y el ojo izquierdo como ojo hipertenso de control
(Figura 8).

Figura 8. Imagenes bajo microscopio quirurgico de un ojo de la cohorte [BRI-LAP]. En Ia
imagen de laizquierda se observa la vena epiescleral esclerosada. En laimagen de la derecha
se aprecia la formulacién BRI/LAP.

La hipertension ocular se generd con el modelo descrito por Morrison y otros por
medio de la esclerosis de las venas epiesclerales (Morrison et al., 1997) con una solucién
hiperténica de 1,8M bajo gotas oculares topicas (Anestésico doble Colircusi®, Alcon Cusi®
SA, Barcelona, Espafia) y anestesia general por inyeccion intraperitoneal (IP) (60 mg/Kg de
Ketamina + 0,25mg/Kg de Dexmedetomidina). En ambas cohortes se reinyectaba a los
animales cada dos semanas si las medidas de PIO eran inferiores a 20 mmHg para
mantener la HTO. En el tiempo basal la cohorte [BRI-LAP] recibié 3 mL de la formulacién
BRI/LAP (10 mg BRI/LAP/mL, cantidad de Bri inyectada 2,69 mg). Esta concentracion se
determiné de acuerdo con las dosis usadas por otros autores en ratas (K. E. Kim et al.,
2015), ratones (Lambert et al., 2015) y conejos (Chiang, Venugopal, et al., 2016), con su
correspondiente correccién de escala. Los ojos derechos fueron inyectados intravitreos
utilizando una jeringa Hamilton® medida en mL y una micropipeta de vidrio, lo que permitio
la visualizacién de la formulacion amarillenta que se estaba introduciendo. Después de la
intervencion, se dejé que los animales se recuperaran bajo control de temperatura con
almohadillas calientes, por medio de una atmdsfera de oxigeno enriquecido al 2,5% y un
unguento antibiotico lubricante en los ojos.

5.5. Examen clinico, funcional y estructural oftalmoldgico in vivo

Cada semana se evaluaron los signos clinicos oftalmolégicos como el
enrojecimiento, las cicatrices, la infeccion o la inflamacion intraocular, asi como las
mediciones de la presion intraocular (P1O) registradas con el tonémetro de rebote Tonolab®.
El valor de la PIO fue el promedio de tres mediciones consecutivas, que resultaron del
promedio de 6 rebotes. Para ello, se sedd a las ratas durante menos de tres minutos con
una mezcla de gas sevoflurano al 3% y oxigeno al 1,5% para evitar el posible efecto de la
anestesia de gas, como se recomendo (Ding et al., 2011).
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La funcionalidad de las estructuras neurorretinales se estudiaron con
electrorretinografia (ERG) (Roland consult® RETlanimal ERG, Alemania) mediante los
protocolos Flash escotépico ERG y Respuesta negativa fotopica (RNF) en el momento
basal, alas 8, 12 y 24 semanas. Para probar el Flash escotdpico ERG, los animales fueron
previamente adaptados a la oscuridad durante 12 horas en una habitacion oscura,
anestesiados con inyeccién intraperitoneal y anestesia topica y completamente dilatados
con gotas oculares midriaticas (Tropicamida 10mg/ml, Fenilefrina 100mg/ml, Alcon Cusi®
SA, Barcelona, Espana) y cornea lubricada (Hipromelosa 2%). Los electrodos de la cornea
servian como electrodos activos, los electrodos de referencia se colocaban
subcutaneamente a ambos lados y el electrodo de tierra cerca de su cola. La impedancia
de los electrodos se aceptaba si habia una diferencia <2kQ entre los electrodos. Ambos ojos
fueron probados simultaneamente por una esfera Ganzfeld Q450 SC con LEDs blancos que
parpadean en busca de estimulos y se realizaron estos siete pasos con intensidad creciente
de luminancia e intervalos (paso 1: 0,0003 cds/m?, 0. 2Hz/s; paso 2: 0,003 cds/m?,
0,125Hz/s; paso 3: 0,03 cds/m?, 8,929Hz/s; paso 4: 0,03 cds/m?, 0,111Hz/s; paso 5:0,3
cds/m?, 0,077Hz/s; paso 6: 3,0 cds/m?, 0,067Hz/s; y paso 7: 3,0 cds/m?, 29,412Hz/s) (Umeya
et al 2019). Luego se realizé el protocolo RNF después de la adaptacién de la luz al fondo
azul (470 nm, 25 cds/m?) y se utiliz6 como estimulo el flash de LED rojo (625nm, 0,30
cds/m?). Se estudiaron la latencia (en milisegundos) y la amplitud (en microvoltios) en las
ondas a, b y RNF.

Las estructuras neurorretinianas se estudiaron con un dispositivo de tomografia de
coherencia optica de alta resolucion (HR-OCT Spectralis, Heidelberg® Engineering,
Alemania) al inicio, al tercer diay a las 2, 4, 6, 8, 12, 24 semanas después de la inyeccidn
de BRI/LAP. Se evaluaron protocolos como el polo posterior de la retina, la capa de fibra
nerviosa de la retina (CFNR) y la capa de células ganglionares (CCG) con segmentacion
automatica. Estos protocolos analizaron un area de 1, 2 y 3 mm alrededor del centro del
disco optico mediante 61 b-scans y los examenes de seguimiento posteriores se adquirieron
en este mismo lugar utilizando el software de seguimiento ocular y la aplicacién de
seguimiento. Para la adquisicion de los escaneos, se anestesio a las ratas con inyeccion
intraperitoneal y se adapté una lente de contacto plano en su cérnea para obtener imagenes
de alta calidad.

Los examenes sesgados se descartaban o se corregian manualmente por un técnico
capacitado enmascarado si el algoritmo se habia equivocado de forma obvia.

5.6. Inmunohistoquimica

Bajo anestesia general, los animales fueron sacrificados con una inyeccién
intracardiaca de tiopenthal de sodio (25mg/ml). Los ojos se enuclearon inmediatamente, se
fijaron en formalina tamponada neutra al 10% y se incluyeron en parafina. Se analizaron un
total de 44 ojos pertenecientes a 22 ratas de la cohorte [BRI-LAP] (22 ojos derechos
hipertensos inyectados con BRI/LAP y 22 ojos izquierdos hipertensos control). Los bloques
de parafina fueron desbastados hasta llegar a la cabeza del nervio éptico. Posteriormente
se realizaron secciones de 5 um que fueron desparafinadas, rehidratadas y lavadas en H>O»
al 10% durante 5 minutos (enfriamiento) antes de proceder a la incubacién con los siguientes
anticuerpos primarios a 4°C durante la noche: Brn3a de ratén (Santa Cruz Biotechnology,
Inc, Heidelberg, Alemania) a una dilucion de 1:50, y proteina acida fibrilar anti-glial
(GFAP) de conejo (DAKO, Bath, Reino Unido) a una diluciéon de 1:1000. Después de eso,
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las secciones se incubaron durante 90 minutos a temperatura ambiente con anticuerpos
secundarios especificos: anti-ratén biotinilado de caballo a 1:50 de dilucién y anti-conejo
biotinilado de cabra a 1:100 de dilucion (Vector Laboratories, Burlingame, CA, USA). Luego
se realizé la incubacion con ABC-HRP (Thermo Fisher Scientific, Waltham Massachusetts,
USA) en diluciéon 1:50 durante 90 minutos a temperatura ambiente. Las secciones se lavaron
en solucién salina tamponada con fosfato antes y después de cada incubacion. Finalmente,
las secciones se tifieron con diaminobenzidina (DAB) durante 3 minutos y se tifieron con
hematoxilina de Harrys (Sigma-Aldrich Corp., St. Louis, MO, USA) durante 20 minutos a
temperatura ambiente. Los controles inmunohistoquimicos de procedimiento se hicieron por
omisién del anticuerpo primario en una seccién secuencial de tejido. También se realizaron
secciones oculares tefiidas con hematoxilina/eosina para analizar la morfologia general de
la retina. Los portaobjetos se visualizaron en un microscopio 6ptico convencional (Figura 9).
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Figura 9. Imagenes microscdpicas (40X) de cortes histoldgicos de retina normal tefiidos con Brn3a
(izquierda) y proteina glial fibrilar (GFAP) (derecha). El anticuerpo Brn3a tifie las células
ganglionares (flecha), mientras que GFAP muestra positividad débil lineal a nivel de la capa de
fibras nerviosas (flecha delgada) y en células gliales aisladas de la capa nuclear interna (flecha
gruesa).

5.7. Recuento de células ganglionares de la retina

Las células ganglionares de la retina fueron contadas sobre secciones radiales de la
retina, a lo largo de 2 mm de una region lineal de la capa de células ganglionares, en cuatro
areas diferentes, dos a cada lado de la cabeza del nervio éptico. Las imagenes fueron
analizadas por un operador ciego a los grupos de tratamiento.

5.8. Analisis estadistico

Todos los datos se registraron en una base de datos de Excel, y el analisis
estadistico se realiz6 utilizando el software SPSS version 20.0 (SPSS Inc., Chicago, IL). Se
utilizoé la prueba de Kolmogorov-Smirnov para evaluar la distribucion de la muestra. Dada la
distribucion no paramétrica de la mayoria de los datos, las diferencias entre ambas cohortes
se evaluaron utilizando la prueba de la U de Mann-Whitney y los cambios registrados en
cada ojo durante el periodo de estudio de 24 semanas se compararon utilizando una prueba

51



de Wilcoxon emparejada. Todos los valores se expresaron como media + desviaciones
estandar. Se considerd que valores de p <0,05 eran estadisticamente significativos. Para
evitar una alta tasa de falsos positivos, se calcul6 la correccién de Bonferroni para multiples
comparaciones. El nivel de significacion de cada variable se establecié en base a los
calculos de Bonferroni. El analisis estadistico del nimero de células ganglionares se realizd
en R (v. 3.6.0) utilizando una prueba t emparejada. Los resultados se muestran como error
estandar de la media (SEM). Se considerd que los valores de p <0,05 eran estadisticamente
significativos.

6. Metodologia relativa al tercer articulo
6.1. Recopilacion de datos

Las imagenes de tomografia de coherencia éptica (OCT) de los datos relativos a los
niveles vitreos y de droga se obtuvieron a partir de los experimentos realizados en el estudio
de intervencion referido previamente (apartado 5.5). En ese estudio, el glaucoma crénico se
indujo bilateralmente mediante inyecciones quincenales segun el modelo bien establecido
de Morrison (Morrison et al., 2015) y se realiz6 una Unica inyeccién de la formulacion
intravitrea brimonidina/Laponita (FI BRI/LAP) en el momento basal en los ojos derechos de
ratas Long Evans, mientras que los ojos izquierdos sirvieron como hipertensos sin
tratamiento. En este estudio se analizaron los examenes de OCT en la linea de base y a las
1, 2, 4, 6, 8, 12, 24 semanas después de la inyeccion intravitrea de las ratas intervenidas
para cuantificar la evolucion de la FI BRI/LAP a lo largo de 6 meses. También se examinaron
las ratas no intervenidas para compararse como controles.

6.2. Tomografia de coherencia Optica

Las imagenes se obtuvieron usando el dispositivo de OCT de alta resolucién con una
lente de contacto plana adaptada en la cornea de la rata para obtener imagenes de mayor
calidad. La version para roedores de este sistema adquiere imagenes de corte transversal
mediante 61 b-scans de alrededor de 3 mm de longitud centrados en el nervio éptico.
Explora con una resolucion de 3 micras por pixel generado; y se analizaron un total de 1536
x 496 pixeles. Se utilizé el protocolo del polo posterior de la retina con segmentacion
automatica, software de rastreo ocular y aplicacién de seguimiento para asegurar que se
volvieran a escanear los mismos puntos durante el estudio. El modo de "mejorar la imagen
de profundidad" se desactivo en todos los casos.

6.3. Analisis de la formulacion intravitrea mediante OCT

Los agregados de la FI BRI/LAP en el vitreo se estudiaron partir de los escaneos
vitreos de la OCT. Estos agregados se definieron como puntos hiperreflectantes de mayor
tamano, irregulares o de mayor sefal, dispersos en el humor vitreo o en la interfaz vitreo-
retinal, que difieren del ruido de fondo (Figura 10).
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Figura 10. Imagen obtenida mediante tomografia de coherencia dptica en la que se
observan los agregados hiperreflectantes (flechas rojas) de la formulacién intravitrea
de brimonidina-Laponita (BRI/LAP) detectados en la interfase vitreo-retiniana.

El contraste de la imagen no se ajustd en ningun momento en el sistema de la OCT.
Las imagenes sin procesar fueron exportadas como videos AVI. Estos videos se analizaron
por un programa personalizado implementado en Matlab (version R218a, Mathworks Inc.,
Natick, MA). Con este cédigo, podemos reconocer la membrana limitante interna (MLI), y la
capa interna y externa del epitelio pigmentario de la retina (EPR) mediante conversion en
escala de grises. De esta manera, el espacio vitreo y el espacio EPR se pueden delimitar
en cada b-scan. El vitreo (VIT) se definié como el espacio entre la extension superior del b-
scany el MLI, mientras que el EPR se definié como el espacio entre la capa interna y externa
del EPR (Sreekantam et al., 2017) (Keane et al., 2014).

El valor de intensidad media de estos dos espacios se calculé como el promedio de
la intensidad de todos los pixeles dentro de cada regidn, obteniendo la intensidad relativa
de VIT/EPR en cada b-scan. Asi, la intensidad relativa VIT/EPR de cada ojo es el promedio
de los 61 b-scan. Ademas, como los agregados de BRI/LAP tienden a depositarse en la
MLI-CFNR (capa de fibra nerviosa de la retina), se determinaron los limites internos y
externos de la MLI-CFNR para obtener la evolucién del espesor de la MLI-CFNR a lo largo
de las 24 semanas de seguimiento.

El tamafo de los agregados en cada b-scan también se determin6 calculando el
nuamero de pixeles que cada agregado contiene en la imagen. En los b-scans analizados,
hay un total de 761856 pixeles y el area de la imagen es de 2.906 mm?, por lo tanto, la
proporcion es de 3.815 um?/pixel. Para hacerlo correctamente, el ruido de fondo de la
imagen fue eliminado primero usando un filtro de supresion de ruido que permitié distinguir
entre los agregados y el ruido de fondo. Este filiro se implementé en nuestro cédigo
personalizado siguiendo la definicion de los agregados como puntos mas grandes cuya
intensidad es mayor que la del fondo. Una vez calculado el tamafio de cada agregado,
pudimos calcular el area promedio y el area total de FI BRI/LAP en cada ojo en diferentes
momentos del seguimiento.

Los datos de las imagenes se estudiaron por un lector enmascarado para obtener
informacion clinica y de niveles de drogas. Dos investigadores diferentes realizaron la
segmentacion de la OCT de forma enmascarada para comprobar la reproducibilidad.
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6.4. Analisis estadistico

Todos los datos se registraron en una base de datos de Excel, y el analisis
estadistico se realizé utilizando el software SPSS version 20.0 (SPSS Inc., Chicago, IL).
Para evaluar la distribucién de la muestra se utilizé la prueba de Kolmogorov-Smirnov, pero
dada la distribucion no paramétrica de la mayoria de los datos, se utilizo la prueba de la U
de Mann-Whitney para evaluar las diferencias entre ambas cohortes y una prueba de
Wilcoxon emparejada para comparar los cambios registrados en cada ojo durante el periodo
de estudio. Se considerd que los valores de p <0,05 eran estadisticamente significativos.

7. Metodologia relativa al cuarto articulo

Se llevo a cabo una busqueda sistematica utilizando las guias Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) para revisiones estructuradas.
La busqueda bibliografica se realizo en plataformas como Web of Science®, la base de datos
Wiley, Scopus® Google Scholar®, Pubmed, PubChem, Mendeley® y las bases de datos
science.gov a fecha de agosto de 2023. Para la busqueda bibliografica, se emplearon
diferentes combinaciones de palabras clave, como "minerales arcillosos", "Laponita",
"aplicaciones biomédicas", "revision" y "oftalmologia". Se utilizaron los operadores
booleanos para combinar los términos seleccionados ["Laponita" y "revision"], ["Laponita" y
"aplicaciones biomédicas"], ["'Laponita" y "aplicaciones biomédicas" y "revision"], y
["Laponita" y "oftalmologia"] centrados mas especificamente en la aplicacién oftalmica de la
Laponita.

Los estudios identificados, de mas general a mas especifico, fueron los que
contenian lo siguiente: el término general ["clay minerals"], que encontré 48521
coincidencias en Web of Science, 14400 en Google Scholar y cerca de 3000 tanto en
Pubmed como en PubChem (desde 1915); el término especifico ["Laponite"], que encontrd
mas de 2700 coincidencias en Web of Science mas de 2200 en Google Scholar y unos 700
resultados en Pubmed (desde 1969); y ["Laponite NM"], que arrojo un total de 187 resultados
en Pubmed y 179 referencias consolidadas en PubChem (desde 2007).

Para la fase de cribado, se revisaron todos los titulos obtenidos de todas las
busquedas en bases de datos utilizando los operadores booleanos y las palabras clave
["Laponita" y "revision"], ["Laponita" y "aplicaciones biomédicas"], ['Laponita" y "aplicaciones
biomédicas" y "revision"] y ["Laponita" y "oftalmologia"]. Para las referencias que cumplian
los criterios de exclusion y de inclusion, respectivamente, se leyo el resumen como criterio
de elegibilidad.

Los criterios de exclusién fueron: (a) comunicaciones, resumenes o estudios con
escasa evidencia cientifica (es decir, no incluidos en el Journal Citation Reports [JCR®])
sobre arcillas minerales y que no mencionaran la Laponita, (b) referencias centradas
unicamente en propiedades quimicas, o aplicaciones industriales, (c) referencias en idiomas
distintos del inglés.

Los criterios de inclusion fueron estudios o revisiones centradas en: (a) la arcilla
Laponita en términos generales, (b) minerales arcillosos, incluida la Laponita, para
aplicaciones biomédicas, (c) el uso de la Laponita en el ojo.
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Si el articulo se consideré de especial interés para su aplicacién y/o traslacion
oftalmoldgica, o por la perspectiva ofrecida, se leyd en detalle y se incorporoé a esta revision.

Para la etapa de inclusion, los estudios seleccionados se clasificaron segun se
realizaran en el 0jo o no, pero cumpliendo los siguientes criterios: que los farmacos también
se utilizaran en el 0jo, que el tejido evaluado in vitro o in vivo estuviera presente en el ojo,
que las patologias tratadas también se produjeran en el mismo y/o que los nuevos
tratamientos fueran potencialmente aplicables.
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Abstract

This paper presents a novel nanoformulation for sustained-release delivery of dexamethasone
(DEX) to the ocular posterior segment using a Laponite (LAP) carrier—DEX/LAP 1:10 w w™!
formulation; 10 mg ml~L. In vivo ocular feasibility and pharmacokinetics after intravitreal (IV) and
suprachoroidal (SC) administration in rabbit eyes are compared against IV administration of a
DEX solution (1 mg ml~!). Thirty rabbit eyes were injected with the DEX/LAP formulation (15
suprachoroid/15 intravitreous). Ophthalmological signs were monitored at day 1 and at weeks
1-4-12-24 post-administration. Three eyes per sample time point were used to quantify DEX
concentration using high-performance liquid chromatography-mass spectrometry. The ocular
tissues’ pharmacokinetic parameters (lens, vitreous humour, choroid-retina unit and sclera) were
studied. DEX/LAP was well tolerated under both administration methods. Peak intraocular DEX
levels from the DEX/LAP were detected in the vitreous humour after both deliveries soon after
administration. The vitreous area under the curve was significantly greater after both DEX/LAP
deliveries (IV: 205 968.47; SC: 11442.22 ng g~ ' d ') than after IV administration of the DEX
solution (317.17 ng g~* d1). Intravitreal DEX/LAP delivery extended higher vitreous DEX levels
up to week 24 (466.32 £ 311.15 ng g~ !). With SC delivery, DEX levels were detectable in the
choroid-retina unit (12.04 & 20.85 ng g~ ') and sclera (25.46 4+ 44.09 ng g~ !) up to week 24. This
study demonstrated the intraocular feasibility of both SC and IV administration of the DEX/LAP
formulation. The LAP increased the intraocular retention time of DEX when compared with
conventional solutions. DEX/LAP could be considered a biocompatible and useful
sustained-release formulation for treating posterior-pole eye diseases.

1. Introduction

Glucocorticosteroids (GCs) have been widely used in
clinical practice to treat posterior-segment eye dis-
eases such as non-infectious posterior uveitis, dia-
betic retinopathy, retinal vein occlusion or age-related
macular degeneration with macular oedema [1-5].
However, posterior segment processes are especially
difficult to treat because of poor tissue permeability,
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58

anatomical and physiological barriers in the eye and
low drug bioavailability in the target tissue [6-9]. The
routes typically used [10] to administer GCs in oph-
thalmology are, in many cases, insufficient to deliver
and maintain therapeutic drug levels in the posterior
segment [11]. High and frequent doses by topical
and systemic administration or by periocular and
intravitreal (IV) injection are required, causing sig-
nificant harmful side effects [12, 13] and heightened
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risk of severe ocular complications [14, 15]. To over-
come these limitations, alternative drug delivery sys-
tems and sustained-release formulations are being
developed [16, 17].

IV administration of GCs by injection or by
implantation of surgical devices have a powerful
therapeutic effect on neuroretinal tissues by achiev-
ing high local drug concentrations in the vitreous
humour near their site of action [3, 18]. This route
acts as a reservoir and minimizes the systemic side
effects. However, as it is an invasive route it could
lead to local complications, such as retinal tox-
icity or detachment, lens injury, intraocular infec-
tions or haemorrhages, and elevated intraocular pres-
sure (IOP) [14, 19, 20]. Periocular routes offer an
alternative means of delivery to the posterior seg-
ment of the eye due to their ability to bypass the
conjunctiva—cornea batrier, thereby enabling dir-
ect transscleral delivery [21]. Among the different
forms of periocular administration, suprachoroidal
(SC) injection is an emerging technique considered
to be more effective than the subconjunctival or
subtenon routes and to be safer than IV injection
[22-25]. The suprachoroidal space (SCS) is a poten-
tial space located between the sclera and choroid
that can expand to accommodate drug formula-
tions [24,26-28]. It delivers higher drug concen-
trations in the area spanning the retina—retinal pig-
ment epithelium—choroidal unit and the posterior
pole, and minimizes the presence of the drug in the
anterior structures of the eye [23-25, 29-33]. How-
ever, drug efficacy varies among formulations due to
the high rate of clearance in the SCS and to the differ-
ing physico-chemical properties and size or molecu-
lar radius of the drug, as well as depending on whether
the formulation is viscous or particulate, among other
aspects [22, 23, 26,27, 29, 32, 34, 35]. SC administra-
tion represents a promising alternative route for treat-
ing posterior-segment eye diseases and has become a
focus of drug delivery research [22, 36, 37].

Several GCs such as triamcinolone acetonide
(TA), dexamethasone (DEX) and fluocinolone acet-
onide (FA), with which to treat posterior eye dis-
ease are now available [38]. TA is a potent selective
GC agonist with low water solubility (21 pug ml™!),
which confers a sustained release in aqueous media
[3, 23]. TA showed efficacy for diabetic macular
oedema, retinal vein occlusion and non-infectious
posterior uveitis in human and animal studies after
IV or SC administration [25, 28, 39—42]. In con-
trast, DEX is more potent and has a lower risk
of inducing ocular hypertension and cataracts after
IV administration than TA [3], but it has a short
half-life (3.5 h) [19] and higher water solubility
(100 pg ml™1), which reduces its clinical application
when used in conventional formulations. Therefore,
sustained-delivery systems (implants) are necessary
to maintain long-lasting therapeutic effects and avoid
re-injections. IV implants [43] require placement
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in the operating room, injection using larger gauge
needles or even surgical extraction devices in the case
of non-biodegradables (such as Retisert® and Ilu-
vien® made of FA), and therefore conferring greater
risk. Biodegradable IV DEX implants (Ozurdex®)
are widely used in clinical care and their efficacy
has been proved. However, IOP increases and catar-
acts are relatively frequent due to the passing of
DEX to the anterior eye structures [44]. To reduce
those side effects, SC administration may be more
appropriate.

Nowadays, to create anti-inflammatory [45—-49]
treatments a wide variety of polymeric nanocarri-
ers in the form of dendrimers, micelles, nanocap-
sules and vesicles, liposomes or nanoparticles and
nanogels are being investigated [50]. These formu-
lations are made of smart materials, which control
drug release in response to exogenous or endogen-
ous stimulations such as pH fluctuation, temperature
or isquemic conditions. Gold nanoparticles loaded
with DEX released the drug and induced apoptosis
on a DEX sensitive lymphoma cell line [48]. A DEX-
loaded lipid nanoemulsion with specific binding to
endothelial cells via the P-selectin target reduced vas-
cular inflammation in viiro and in vivo, after intern-
alizing into the endothelial cell, reducing proinflam-
matory gene expression, and preventing monocyte
adhesion and migration [47]. A combination of DEX
and cholesteryl butyrate in solid-lipid nanoparticles
relieved colon inflammation at doses lower than the
required for each single drug [46]. And microplates
made of poly(lactic-co-glycolic acid sustained release
DEX for up to 60 d and decreased expression of the
inflammatory cytokines IL-1f3, IL-6 and TNF-wx [49].

There is currently demand for biocompatible and
biodegradable sustained-release formulations con-
taining GCs for ocular administration by minimally
invasive (IV or SC) injection in clinical practice [28,
51, 52]. DEX loaded oligo-cationic liposomes, by IV
administration slowly released DEX for more than
20 d. And a polysaccharide-drug conjugate composed
of hydrazine-DEX showed a very slow diffusivity and
prolonged drug release in vitreous humour [49]. To
the authors’ knowledge, only one study featuring
implantation of DEX in the SCS has been conduc-
ted. This paper demonstrated sustained DEX delivery
from a polyurethane implant for 42 d and decreased
inflammatory signs in uveitic rats [53].

Synthetic and natural clays have received great
attention as drug delivery modulators in biomedical
applications due to their ability to control or vector-
ize the release of drugs and increase bioavailability
[54]. Laponite (LAP) is a synthetic colloidal layered
silicate (Na0.7[(S18Mg5.5Li0.3)020(OH)4]0.7) used
in various drug delivery applications in nanomedi-
cine to treat skin, bones and cancer [55, 56]. Admin-
istration of LAP in rabbit eyes has also been shown
to be safe and biocompatible, with long-lasting
intraocular residence after SC and IV injection [57].



10P Publishing

Biomed. Mater. 15 (2020) 065021

LAP has a high total surface area and offers cation
exchange capacity, interchanging sodium counter
ions in aqueous saline solution [58, 59], becoming
a transparent thixotropic gel that allows adminis-
tration by injection and providing good dispersibil-
ity and a stable structure [60]. In previous in vitro
studies [61], we first demonstrated that DEX, des-
pite being a neutral molecule, is retained on LAP
due to weak non-ionic interactions (mainly hydro-
gen bonds). These findings were later corroborated by
other authors [62]. DEX was also shown to be encap-
sulated in and uniformly distributed on the surface of
LAP nanoplatelets, to possess pH-dependent proper-
ties and to have good in vitro cytocompatibility with
MG63 cells [63]. The DEX/LAP formulation showed
an initial burst release of DEX (of around 40% of the
initial dose loaded on LAP, which is consistent with
other drugs [64]) in saline or hyaluronate solutions,
with subsequent progressive, sustained drug delivery
[61, 62].

In this manuscript we describe the first in vivo
application of the DEX/LAP formulation for sus-
tained release of DEX. Specifically, it has been used
in the ocular posterior segment and its ocular phar-
macokinetics has been characterized over 6 months
following IV and SC administration in healthy rab-
bit eyes.

2. Experimental procedures

2.1. DEX/LAP formulation

2.1.1. Chemical and reagents

DEX was obtained from Sigma-Aldrich (Mad-
rid, Spain). Laponite®-RD (LAP) (surface dens-
ity 370 m’ g~', bulk density 1000 kg m~?, chem-
ical composition: $i02 59.5%, MgO 27.5%, Li2O
0.8%, Na20 2.8%) was obtained from BYK Addit-
ives (Widnes, Cheshire, UK). The balanced 0.9% salt
solution (9 mg ml~! NaCl) (BSS) was obtained from
Fresenius Kabi (Barcelona, Spain). The HPLC-grade
ethanol and acetonitrile were obtained from Scharlab
(Barcelona, Spain).

2.1.2. Preparation and characterization of the
DEX/LAP formulation
The optimal loading of DEX on LAP was determined
by our group in previous work based on the nature
of the drug—clay interaction, where DEX was incor-
porated on the surface of the clay nanoplatelets and
the in vitro behaviour of the medium in relation to
the release of the drug was studied [61]. DEX/LAP
was prepared by adding LAP (100 mg) to a solution
of DEX in ethanol (10 mg/10 ml), stirring at r.t. and
solvent evaporation under vacuum to get a good dis-
persion of DEX on the surface. The DEX/LAP powder
was stored in tightly capped single-use vials that were
gamma-ray sterilized.

Immediately before injection, the DEX/LAP
powder was suspended in BSS (10 mg ml™!) and
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gently vortexed for 10 min to yield a transparent col-
loidal dispersion.

2.2, In vivo study design

2.2.1. Ethics statement

All experiments were carried out using female
New Zealand albino rabbits (obtained from the
Animal Experimentation Service of the University
of Zaragoza). Animal handling was in accordance
with the Spanish Policy for Animal Protection (RD
1201/05), which meets European Council Direct-
ive 86/609/EEC. Animal care and practices complied
with the ARVO Statement for the Use of Animals
in Experimental Procedures and Other Scientific
Purposes. All procedures were performed accord-
ing to Project Licence PI12/02285 approved by the
in-house Ethics Committee for Animal Experiments
at the University of Zaragoza (Spain). The animals
were singly housed in metabolic standard cages, in a
light-controlled room (12 h/12 h dark/light cycle) at
20 + 2 °C with a relative humidity of 40-70%. Diet
and water were available ad libitum and thorough
clinical examination was performed daily.

2.2.2. In vivo administration: injection procedure
Thirty animals weighing 2.5-4.0 kg (3.1 £ 0.4 kg)
were included in the study and randomly divided into
two groups. Fifteen animals received suprachoroidal
administration (SC group) and the other 15 animals
received an IV injection (IV group) of the DEX/LAP
formulation (10 mgml™', 1:10 ww™!). Only one eye
(right eye) of each animal was treated. The fellow eye
(left eye) remained untreated and served as the com-
parative control. Data from 18 animals injected with
DEX IV were also served as comparison [65].

All the injections were performed under gen-
eral anaesthetic and aseptic conditions. For IV
injection, the animals were anaesthetized by
intramuscularly injecting ketamine hydrochloride
(25 mg kg™') (Ketolar 50®, Pfizer, Madrid, Spain)
and medetomidine (0.5 mg kg~!) (Domtor®, Esteve,
Madrid, Spain). As SC administration was a longer
procedure, a general inhalation anaesthetic contain-
ing 2.5% sevoflurane (Sevorane®, Abbott Labor-
atories, Madrid, Spain) was administered in oxy-
gen by mask and vital signs were monitored. A
topical anaesthetic containing tetracaine chlorhy-
drate (1 mg ml™") and oxybuprocaine chlorhydrate
(4 mg ml™!) in the form of ophthalmic drops (Colir-
cusi Anestésico Doble®, Alcon Cusi SA, Barcelona,
Spain) was administered, and povidone-iodine solu-
tion (5%) was applied for ocular surface antisepsis
before and after the injection.

The same ophthalmologist performed all the
eye injections under the direct view of a surgical
microscope (Zeiss Opmi 6 ¢/Osmi 99 Microscope,
Carl Zeiss Meditec Inc. California, USA). Following
administration, the animals were allowed to recover
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from the anaesthetic, and the health state of the eye
surface was monitored.

2.2.3. Determination of injection volumes

Volumes of 100 pl and 50 ul of DEX/LAP suspen-
sion were used for IV and SC administration, respect-
ively. The DEX dose used was 0.1 mg in 100 ul for
IV injection and 0.05 mg in 50 pl for SC injection.
The volumes of formulation determined for IV and
SC injection were the highest volumes that could be
safely administered by either route without risk of
leaking, elevating IOP or inducing choroidal haem-
orrhage [23, 57, 66].

2.2.4. SC injection

SC administration was carried out in the superior
nasal quadrant of the eye by cannulation of the SCS
[41]. The sclera was exposed by performing a con-
junctival peritomy with a radial cut parallel to the
superior rectus muscle. A deep intrascleral incision
was made about 9 mm past the limbus, near the
2 o’clock meridian. A blunt spatula was used to dis-
sect the sclera and enter the SCS, making a tiny
poclket intended to serve as a reservoir. Direct admin-
istration of 50 pl of DEX/LAP suspension was per-
formed by injection using a 25 gauge irrigating can-
nula (angled 35°, 7.0 mm from bend to tip, 19.0 mm
overall length excluding hub) attached to a 1 ml
syringe. The port of the pocket was occluded with
surgical microsponges and maintained for 1 min to
prevent as much leaking at the site of injection as
possible, however a minimum leaking occurred and
unfortunately the lost volume could not be quanti-
fied. Finally, the conjunctiva was repaired with an 8-0
suture.

2.2.5. IV injection

IV injection was performed using a 25 gauge needlein
the superior temporal quadrant, about 3-5 mm pos-
terior to the limbus and towards the centre of the vit-
reous cavity. Paracentesis had been performed before-
hand in the anterior chamber using a 30 gauge hollow
needle to remove aqueous humour so as to avoid elev-
ating IOP. After the injection, the absence of reflux
was verified in all cases by gentle compression of the
injection point for 30 s with a cotton swab.

2.2.6. Clinical safety after ocular administration of the
DEX/LAP formulation

After ocular administration of the DEX/LAP formu-
lation in both groups (SC and IV), the eyes were mon-
itored using ocular tonometry, slit-lamp examination
and indirect ophthalmoscopy at day 1 and at weeks 1,
4, 12 and 24 before euthanasia, as described in our
previous report [57].

2.3. Pharmacokinetic (PK) study
To determine eye-tissue drug concentrations and for
subsequent ocular PK studies, three animals from
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each sampling time point (at day 1 and at weeks 1,
4, 12 and 24) were used. The animals were humanely
euthanized using a rapid intravenous injection of
sodium pentobarbital (30 mg kg~') through the ear
vein. Immediately after euthanasia, the eyes were
enucleated and the globes were snap-frozen (—40 °C)
for posterior dissection of the lens, vitreous, choroid-
retina unit and sclera. Each part was mixed with acet-
onitrile (2 ml), vortexed for 1 min, sonicated for 5 min
to ensure thorough mixing, and finally centrifuged at
3000 rpm for 5 min. The supernatant was collected
and evaporated under vacuum.

2.3.1. Analytical method

DEX concentrations in ocular tissue were determined
using a simple and easily accessible method—high-
performance liquid chromatography-mass spec-
trometry (HPLC-MS)—in a Waters 2695 system
equipped with a Phenomenex Kinetex C18 column
(75 mm X 4.6 mm x 2.6 pm) coupled to a Waters
ZQ4000MS detector. A 35:65 mixture of acetoni-
trile and formic/formate buffer (2 mM ammonium
formate buffer, adjusted to pH 3.5 with formic
acid and doped with sodium formate 0.2 mM) was
used as mobile phase. The dried samples obtained
as described above were then dissolved in 200 pl
of acetonitrile containing 6--methylprednisolone
(20 ppm, internal standard), filtered through a
0.22 pum PTEE syringe filter and analysed. Analyt-
ical method validation was carried out according to
ICH guidelines. Linearity was assessed by seven-point
calibration curves in triplicate. The curves were con-
structed over a range between 50 and 100 000 ng g~ .
The limit of detection (LOD, 10 ng g~') and the
lower limit of quantification (LLOQ, 45 ng g~ ') were
determined by the method based on the standard
deviation of the slope and response. Full details for
this method have been published elsewhere [65].

2.3.2. PK analysis
DEX concentrations were determined in the dif-
ferent tissues of both injected and control eyes to
perform PK analysis. PK data were analysed for
best fit and were consequently modelled accord-
ing to a non-compartmental model using Microsoft
Excel’s PK Solver Add-in (Albuquerque, NM, USA) in
which equations describing concentration as a func-
tion of time are used. The following PK paramet-
ers were obtained: peak concentration (Cy), time
to peak concentration (Ty.y), elimination half-life
(Tyy,), elimination rate constant (K,) as derived from
the elimination half-life of the drug (K, = 0.693/1),),
drug clearance (Cl), distribution volume ( V;;) and the
area under the concentration—time curve (AUC, .. ).
To describe the concentration—time of DEX after
administration, the following equation was used:
C_tissue = C_0""e"(—K_e t), where C is the tis-
sue concentration and C; is the concentration at
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time T,. The area under the concentration—time
curve (AUCy o) was estimated using the linear—
trapezoidal method taking the experimental tissue
concentrations over 24 weeks, in which the area from
the last concentration point ( Ty, = day 168) to infin-
ity (oc) was calculated as Cppgt/Ke.

Finally, vitreous availability of DEX after LAP/-
DEX administration was calculated and indicates the
fraction of the administered drug that is absorbed and
reaches the vitreous humour (I' = AUC,_,.*Cl/D).
The relative vitreous availability of DEX after SC
injection was also calculated with respect to the IV
route (Fyi, = AUC* Dy /AUC; D).

2.4, Statistical analysis

Statistical analyses were performed using SPSS ver-
sion 21.0 (SPSS Inc. Chicago, IL). Data on DEX
concentrations were expressed as mean =+ standard
deviation. The Shapiro—Wilk test was used to determ-
ine goodness of fit to the continuous variables’ nor-
mal distribution. Student’s ¢-test was used to com-
pare PK parameters between the groups. Other results
were assessed using descriptive measures, and Pear-
son’s Chi-Square test was used to compare categorical
data. Statistical significance was accepted at a level of
P < 0.005.

3. Results

3.1. Clinical safety after ocular administration of
the DEX/LAP formulation

The clinical ophthalmological signs in eyes after SC
and IV administration of the DEX/LAP formulation
are detailed in table 1.

Both SC and IV DEX/LAP injection were well tol-
erated. No case of infection, inflammation or ocu-
lar hypertension was detected (IOP ranged from 7
to 16 mmHg in both routes of administration under
study). Variable grades of conjunctival hyperaemia
and swelling were observed in both groups, although
these were more intense in SC delivery and included
haemorrhages located around the administration site
up to week 1. Variable corneal epithelial defects were
also observed, probably due to the surgical proced-
ure. The IV group showed a higher rate of early catar-
act formation, in the form of focal opacity located
in the posterior lens capsule, which did not interfere
with the ophthalmoscope examination. This was also
attributed to technical issues associated with rabbits’
large lens. Using ophthalmoscopy, the DEX/LAP sus-
pension could be observed in the vitreous as a trans-
parent floater from 24 h up to 24 weeks after adminis-
tration, and without any signs of inflammation of the
retina or optic nerve.

3.2. Concentrations of DEX in posterior-segment
eye tissue

Figure | shows the concentration—time curves in the
ocular tissues (lens, vitreous, choroid-retina unit and
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sclera) over the course of the study following SC
administration of DEX/LAP suspension. Concentra-
tion is expressed in nanograms of DEX per gram
of the specific ocular tissue. The highest intraocular
DEX levels after SC administration were observed in
the vitreous humour (460.38 + 93.79 ng g ') fol-
lowed by the choroid-retina (275.54 + 164.85ng g 5
at 1 week. Vitreous DEX levels experienced the most
abrupt decrease (under the lowest limit of detection
(LLD: 10 ng g~ ') at 12 weeks), contrasting with the
other tissues, which experienced a gentler decrease.
DEX levels in the sclera and choroid-retina unit plat-
eaued from weeks 12 to 24 and maintained detectable
concentrations in the sclera (25.46 + 44.09 ng g™ )
and choroid-retina (12.04 £ 20.85 ng g~*) up to the
end of the study (week 24). These values were lower
than expected, probably due to leaking in the admin-
istration procedure.

After IV administration, DEX was only detec-
ted in the vitreous humour. Levels in the other
ocular tissues (lens, choroid-retina and sclera)
were below the lowest limit of detection for the
analytical method used. Peak DEX concentration
(2258.00 £ 1610.32 ng g~') was observed on
day 1 and then drastically decreased, plateauing
(626.42 & 251.31 to 466.32 + 311.15ng g~ ') from
weels 1 to 24 after administration (see figure 2).

DEX concentrations in the vitreous humour
after SC and IV administration were compared
(figure 2). Direct injection of DEX/LAP suspension
into the vitreous humour showed 7 times higher
DEX concentration at day 1—although the levels
were roughly equal at week 1 (626.42 + 251.31
vs 460.38 £ 93.79 ng g !)—and concentration
remained higher at week 24 (466.32 + 311.15 ng g™*
vs non-detectable levels) than when DEX/LAP sus-
pension was administered suprachoroidally. DEX
levels were not detectable in contralateral eyes (in
the vitreous humour or choroid-retina unit) after
both SC and IV administration of the DEX/LAP
formulation.

3.3. Ocular tissue pharmacokinetics

The experimental levels of DEX in ocular tissue
over time after both SC and IV administration of
DEX/LAP may be explained by a non-compartmental
model. In the case of the SC route, there were
not enough experimental points for compartmental
modelling. Meanwhile, the IV route showed a good
correlation between observed and predicted concen-
trations with this model (R’ = 0.9897).

Following the SC route, the maximum concen-
trations (C,,..) were found in the vitreous humour
(460.38 ng g '), sclera (283.53 ng g~ ') and choroid-
retina unit (275.54 ng g~'). Times of maximum
concentration (Ty,,) were achieved at day 7 after
administration, with the exception of the sclera
(day 1). The scleral tissue showed the highest area
under the concentration—time curve value (AUC:
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Figure 1. DEX concentrations in poslerior segimenl tissues (lens, vitreous, choroid-relina unit and sclera) alter SC admimistration
of DEX/LAP (1:10 w w™ ") suspension (10 mg ml '), Data expressed as mean =+ sd. n = 3 animals per sampling time point.

Abbreviations: ng: nanograms; g: grams; w: week.
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Figure 2. DEX concentrations in the vitreous humour after IV and SC administration of DEX/LAP (1:10 w w™!) suspension
(10 mg ml 1), Data expressed as mean £ sd. n = 3 animals per sampling time point.

12399.70 ng g ! d7!) after SC administration.
Although the vitreous humour was the intraocular
tissue that exhibited the lowest distribution volume
(Vi 35.80 g), it nevertheless showed a large AUC
(11442.22ngg ' d'). The longest elimination half-
life (Tl/z) was found in the sclera (48.05 d), fol-
lowed by the choroid-retina unit (36.37 d). There
were similar drug clearance (Cl) values in all ocular
tissue: 4.724 g d~! in the lens, 4.369 g d=! in the
vitreous, 5.118 g d~! in the choroid-retina unit, and
4.032 g d ! in the sclera. Table 2 shows the PK para-
meters of the DEX in the rabbits’ ocular tissues after
SC administration of DEX/LAP suspension.

PK parameters of the DEX in the rabbits’ vitreous
humour after IV administration of DEX/LAP suspen-
sion are shown in table 3. It compares the vitreous
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PK parameters of DEX versus SC and IV administra-
tion of DEX/LAP, and versus IV injection of DEX in
solution (1 mgml™!) (data taken from our previous
study [65]).

Following the IV route, the maximum concen-
tration of DEX achieved in the vitreous humour
after administration of DEX/LAP suspension was
higher than that achieved with DEX solution (C,.x:
2258.00 ng g ! vs 112.27 ng g !). Even when
the DEX/LAP suspension was administered suprac-
horoidally, vitreous levels were higher than after dir-
ect IV injection of DEX solution (460.38 ng g~ ! vs
112.27 ng g *). The vitreous AUC was significantly
larger (p = 0.036) after IV and SC administration of
DEX/LAP suspension than following IV injection of
DEX solution (205 968.47 and 11442.22 ngg~'d ™1,
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Table 2. Ocular tissue PK parameters alter SC admimstration of DEX/LAP suspension.

PK parameters Units Lens Vitreous humour Choroid-retina unit Sclera

K. d! 0.031 0.122 0.019 0.014
T]/Ja d 22.65 5.68 36.37 48.05

Ve g 154.38 35.80 268.58 279.51

Cl gL{7‘ 4.724 4.369 5.118 4.032
AUCq~ ngg gt 10584.36 11442.22 9768.63 12 399.70
(o ngg ! 263.34 460.38 275.54 283.53
Tinax d 7 7 7 1

*The T1/2 value was determined by calculating the lambda Z parameter (0.05 d-1).

Table 3. Vitreous PK comparison. Vitreous humour PK parameters following 50 pl SC and 100 pl IV administration of DEX/LAP
(1:10 w w ™~y suspension (10 mg ml™!) compared to IV injection of DEX in solution (1 mg ml~!) [65]. A non-compartmental model
was achievable for vitreous levels in the DEX/LAP administration groups—IV and SC. The monocompartmental model was a [it for

vitreous levels in IV delivery of DEX in solution.

SC DEX-LAP IV DEX-LAP IV DEX solution
PK parameters Uhits (1:10 ww™') (10mgml™") (L10ww™") (10mgml™") [65] (1 mgml™")
K. d! 0.122 0.005" 5.48
Ty" d 5.68 134.75 0.13
Vi o 35.80 97.57* 57.55
l gd™! 1.369 0.486" 315.29
AUCy. 0 ngg 'd7! 11442.22 205968.47 317.17
Gz ngg ! 460.38 2258.00 112.27
T 7 1 0.5
F % 99.98 100.10 100.00

2The T'/2 value was determined by calculating the lambda Z parameter (0.05 d=!).
* Statisrical difference at p < 0.05 compared with that of SC administration, calculared using Student’s £ test.

respectively, vs 317.17 ng g~ d~!). SC administra-
tion of DEX/LAP suspension showed the lowest dis-
tribution volume (35.80 g), (p = 0.022).

DEX/LAP suspension, for both the SC and IV
routes, showed a vitreous DEX elimination rate that
was significantly lower (p = 0.023) than that found
after IV administration of the DEX solution, with a
clearance of 4.37, 0.49 vs 315.29 g day ™}, respectively.
The half-life of DEX in the vitreous was extended
from 0.13 d (IV DEX solution) to 5.68 d and 134.75d
(SC and IV DEX/LAP suspension, respectively) when
the new LAP formulation was used.

Figure 3 differences in DEX
concentration-time profiles in the vitreous humour
between the two IV formulations (DEX/LAP sus-
pension and DEX solution) in order to observe the
effect of the long-lasting release of DEX from the
LAP carrier. In the vitreous humour, DEX levels
remained detectable for up to 168 d after injection of
the DEX/LAP formulation (figure 3(A)). In contrast,
levels of DEX rapidly decreased within 24 h of admin-
istration of the solution (figure 3(B)).

shows the

4, Discussion

Treatment of chronic posterior segment patholo-
gies with GCs requires sustained-release systems that
maintain therapeutic levels of the drug near the site
of action for long periods of time and with the
least number of re-injections, since repeated injection
has been shown to worsen patient compliance and
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increase the risk of possible severe ocular complica-
tions [67].

The vitreous is considered a natural ocular drug
reservoir that extends therapeutic application near its
site of action (the choroid-retina unit) [68]. However,
part of the IV-administered dose is ‘lost’ through the
anterior or posterior pathways, producing undesir-
able effects such as increased IOP or cataracts [69,
70] in addition to being greatly diluted due to the
high water content of the vitreous humour [35] and
having to pass through the retinal pigment epithe-
lium (RPE) barrier, all of which reduces the bioavail-
ability of the drug in the choroid-retina unit. SC
administration maintains higher drug levels in the
choroid-retina unit compared to IV delivery [31].
SC administration has the handicap of rapid clear-
ance, as the choroid has the greatest vascular flow
per unit of weight (62 ml h™' in rabbits [71] and
1200 ml/100 g min ' in humans [31]) and the chori-
ocapillaris is fenestrated, which rapidly decreases
the bioavailability of the drug administered in
the SCS.

In order to overcome these limitations, research
has been conducted in recent years into nanoparticle
systems [72] capable of sustained release of drugs,
thereby making it possible both to decrease the
dose administered and to deliver them locally at
the target site—the choroidal retinal tissue—in the
posterior segment [25] over prolonged periods of
time. Meanwhile, the high hydrosolubility of DEX
means that in order to administer it intravitreally
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Figure 3. DEX concentrations in the vitreous humour after IV administration of DEX/LAP suspension (A) and DEX solution (B).

Data expressed as mean + sd. 1 = 3 animals per sampling time point.

or suprachoroidally it is necessary to develop sys-
tems that allow sustained long-term release of
the drug.

In previous papers, our group created and char-
acterized, in vitro, a new DEX formulation using
a LAP matrix as the base (DEX/LAP formulation).
DEX/LAP showed an initial burst release of less than
40% followed by sustained release of DEX from the
carrier LAP for up to 24 weeks [61]. It also demon-
strated the ocular feasibility and safety of IV and SC
administration of LAP [57]. This study evaluates the
ocular safety and PK profile of the new DEX/LAP for-
mulation when administered in rabbit eyes after hav-
ing demonstrated the suitability of this animal model
in the form of a good pharmacokinetic correlation
between the rabbits’ vitreous humour and that of
humans [71].

4.1. Analysis of IV administration

Currently, GCs are available that can be administered
intravitreally either in suspension (TA) or in biode-
gradable (DEX) or non-biodegradable (FA) implants
[70]. After IV administration, their ocular kinetics
show an initial burst peak in the vitreous and then
progressively and variably decrease until the levels sta-
bilize, after which they fall further until they become
non-detectable. IV TA (Kenalog®), DEX (Ozurdex®,
Cortiject®, Posurdex®) and FA (Retisert®, Illuvien®)
implants have different delivery mechanisms that
contribute to the differing durations of their thera-
peutic effect (approximately 2 months, 4 months,
and years, respectively). Studies in rabbits using IV
TA showed high vitreous levels on day 1 followed
by an exponential decrease up to week 4 and then
a steady decline over the following months, with
a Cpax greater than 10000 ng g~'. However, IV
FA implants (Retisert® or Illuvien®) show low and
constant vitreous levels from 2 h up to more than
1 year, with a C,,.x of 1-20 ng g~'. It has been
hypothesized that GCs with a near zero-order burst
maintain their efficacy for longer because, in con-
trast, a very high initial dose may make the cells
dependent on high doses to maintain the same effect
[70]. Furthermore, studies comparing dose efficacy
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showed that low doses (SC administration) can be
just as effective as high IV doses in controlling acute
inflammation [22]. Increasing the dose of steroids
released does not necessarily result in a correspond-
ing increase in efficacy [70]. We were unable to cor-
roborate these findings in our study, however, as our
animals were healthy. Regarding DEX (the GC chosen
in this study), various trials have been conducted
using sustained-release systems like Cortiject® (for
DME), Posurdex (for DME and posterior uveitis), as
well as the FDA-approved and commercially available
surgically placed biodegradable PLGA (poly-lactic-
glycolic acid) IV implant Ozurdex® that it is widely
used in clinical practice. Ozurdex® maintains in vitro
release of DEX for 6 months. Chang-Lin et al [73]
demonstrated in male monkeys that vitreous DEX
peaked at month 2. Levels then dropped progress-
ively up to day 120 (4 months), were maintained up to
day 180 (6 months) and became non-detectable bey-
ond 6 months. However, in our case, [V administra-
tion of 0.1 mg of DEX in the form of a suspension
(10 mg ml™") of DEX/LAP (1:10 ww '), in addition
to presenting the advantage of being administered as
a mild nanogel injected by 25 G needle [74], pro-
duced a short and early peak release of DEX at day
1 (2258.00 + 1610.32 ng g~ ') followed by a drop
at week 1 and a subsequent plateau DEX vitreous
level for up to 6 months (466.32 + 311.15 ng g~ '),
even though the dose of DEX administered was
lower than that of Ozurdex® (0.1 vs 0.7 mg). IV
DEX/LAP decreased the time and minimized other
ocular structures’ exposure to high levels of DEX (at
week 1) and, therefore, reduced the risk of devel-
oping cataracts, ocular hypertension or corticoster-
oid glaucoma. In our study, no animal developed
these potential long-term complications following IV
administration of DEX/LAP. In this regard, studies
conducted with IV Iluvien® implants, with more
posterior placement than Retisert®, decreased OHT
events when compared with the latter. The fact that
the DEX/LAP formulation is not an implantable
insert and can be placed away from the ciliary body
and iridocorneal angle may have helped to maintain
ocular normotension.
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The initial peak in DEX levels in the vitreous
humour (matching that observed in in vitro studies
[61]) may be due to the release of DEX from the
surface of the LAP, with the entrapped DEX sub-
sequently being released sustainedly [62]. Our find-
ings showed that the use of LAP as a carrier exten-
ded the half-life of the DEX in the vitreous when
compared with IV injection of the DEX in solu-
tion (134.75 vs 0.13 d). The LAP increased the vis-
cosity of the formulation, which increased its resid-
ence time and bioavailability [26, 75]. In addition,
highly cationic molecules such as LAP may find their
mobility limited and so aggregate in the vitreous. In
our study, we observed the DEX/LAP formulation as
a single semi-transparent aggregate in the vitreous
throughout the study.

However, the goal of IV administration is to
achieve DEX levels in the choroid-retina unit, where
the drug exerts its greatest effect. IV administration
of 0.7 mg of Ozurdex® produces a peak in retinal
DEX at day 60 (Cipax 1110 ng g~ !) followed by a steep
decline up to week 12 (0.0167 ng g~! at day 210)
and no detectable level after day 240.66. In our study,
unfortunately, following IV administration of 0.1 mg
of DEX in the form of a suspension (10 mg ml™')
of DEX/LAP (1:10 w/w), DEX levels were below the
detection limit.

4.2. Analysis of SC administration
SC administration presents several advantages over
IV administration, among them lower risk of haem-
orrhage in the pars plana, not creating opacity in the
visual axis (cataracts or floating bodies), better tar-
geting of the choroid-retina unit and lower immune
response. This higher potential is manifested in the
number of SC administration patents registered, as
well as in the growing number of publications in
recent years in which this route is used [36].
Administration of 0.05 mg of DEX—in the
form of a suspension (10 mg ml™') of DEX/LAP
(1:10 w w!)—in the SCS produced (despite of the
non-quantified leaking at injection time) a peak in
DEX in the choroid-retina unit at week 1 (Cp.
275.54 + 164.85 ng g~ ') followed by a progressive
decline up to week 12 and plateauing up to week 24
(Cuax 12.04 + 20.85 ng g~'). SC administration of
DEX/LAP increased DEX availability in the choroid-
retina compared with IV injection of Ozurdex® (AUC
9786 vs 47200 ng g~ ' d~!) and was also maintained
more consistently and prolongedly until the end of
the study [70, 73]. This could prevent overdosing,
fluctuations and side effects, as no animal in the study
showed increases in IOP, cataracts or infection after
SC administration of DEX/LAP. The presence of DEX
levels in the choroid-retina unit at the end of the study
can be explained by retention of the formulation as
a macro-aggregate at the injection site (SCS), act-
ing as a reservoir from where DEX is slowly released
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over time. The pore size of the choriocapillaris ves-
sels is estimated at 6 nm, meaning that during biode-
gradation of the gel small subcomponents of it could
pass through the pores and thus produce progress-
ive release. In this regard, Chiang et al [27] showed
how non-rigid molecules (DEX or even DEX/LAP
nano-aggregates in our case) can adapt and pass
through the fenestrations (which would coincide with
the initial burst). Polystyrene particles of between
20 nm and 10 pm, however, were still retained in the
SCS 2 months after injection [76]. In our study, the
DEX/LAP aggregate was retained in the SCS for up to
6 months, enabling prolonged release of the drug.

Olsen et al [29] asserted that the sustained release
of small molecules may indicate an ideal candidate
for SC administration, as they clear quickly by them-
selves (2 d) [27]. The distribution of small molecules
in the posterior segment, after SC administration,
was studied using fluorescein as a model. As DEX
has a slightly lower molecular mass than fluorescein
(332 vs 392.46 Daltons), we consider the latter’s beha-
viour to be extrapolatable to the GC in our study.
Small molecules spread rapidly throughout the pos-
terior segment [22], meaning that the DEX released
in the initial burst could be widely distributed. Pre-
vious studies show an approximate asymmetrical cir-
cumferential distribution of 50%, which is limited in
the equatorial area by the vascular barriers of the long
posterior ciliary arteries (LPCAs) in rabbits or the
short ones in humans [27, 51]. In our study, the SC
injection site selected was 9 mm from the limbus in
order to avoid possible ectasia, due to the increased
scleral thinning in the pre-equatorial region [41], and
to overcome the LCPA barriers and so achieve wider
potential distribution of our fermulation in the pos-
terior segment.

In contrast, agents with LAP-like viscous and
hydrophilic properties, such as carboxymethylcellu-
lose (CMC), expand and increase their area at the
SC injection site for up to 2 d after administration
[27]. In addition, the use of hydrogels has shown
an increase in particle distribution secondary to an
osmotic push [33], although it is generally located at
the injection site, since the more viscous a formula-
tion is the less it is distributed [51]. Low-viscosity for-
mulations expand with a constant thickness. How-
ever, if the viscosity of the formulation is increased,
the thickness of the SCS likewise increases [27] (to
more than 30 microns under normal conditions) [22]
until reaching a maximum thickness after gelatine
injection of 250 microns [77], at which point the
viscosity matches the biomechanical resistance exer-
ted by the tissues. This makes it possible to place
the formulation at a specific site away from the cil-
iary body so as to prevent ocular hypertension or to
treat specific sites/targets. The nanogel DEX/LAP for-
mulation remained at the injection site and could
be observed and delimited macroscopically at the
moment of injection (figure 4). Thus, although in
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our study we do not evaluate the placement or dis-
tribution of the DEX/LAP formulation, based on his-
tological studies or imaging tests using fluorescent
markers or stains the above evidence suggests that
DEX/LAP may behave in a similar way.

The LAP swells in an aqueous medium and facil-
itates —OH—H + exchange of the drug (in our case,
DEX). This may be what caused higher and earlier
levels (initial burst) of DEX to be detected in the
most hydrated tissues. Our study showed that the
highest concentration of DEX, following SC admin-
istration of DEX/LAP, was detected in the vitreous
humour, followed by the sclera. Chiang et al [27]
found that after initial leaking, the main clearance
route for small molecules was transscleral diffusion.
The sclera shows increased permeability to small
molecules (such as DEX) and decreased permeability
to macromolecules (LAP aggregate), thus retaining
them. As the LAP was not cleared by the transscleral
route, the DEX could be released sustainedly to the
choroid-retina unit (12.04 + 20.85 ng g ') and
sclera (25.46 + 44.09 ng g~') (greater in the sclera
as it is a more hydrated tissue) through to the end of
the study.

The DEX’s hydrophilia was also considered
responsible for the greater early loss rate in the tis-
sues with the greatest water component: the vitreous,
followed by the choroid-retina unit (even when the
formulation is injected directly there), the sclera and
the crystalline cone. The high concentration of DEX
in the vitreous after SC injection was noteworthy
because the RPE-choroid has thin bonds that, under
normal conditions, restrict the passage of hydrosol-
uble or polar molecules, such as DEX, to the retina.
Thus, these unexpectedly high concentrations in the
vitreous suggest a possible disruption of the Bruch
membrane in the rabbits in this study. In this regard,
disruption of the RPE may occur with application
of certain injection and/or cannulation techniques
in the SCS, as we used in this study [10]. The use
of standardized microneedles (as Clearside®) for SC
administration seems important, as gauge, length and
injection force, as well as type of formulation, influ-
ence placement of the formulation in the SCS. And
probably, the use of these standardized microneedles
would avoid the undesirable initial leaking. Viscous
gels may require long needles or extended injection
times, although there are cases in which gel-type for-
mulations have been injected using 30 G needles and
the LAP’s thixotropic property would facilitate this
[78]. Using microneedles 1 mm long appears to be
advisable so as to avoid puncturing the choroidal
vasculature [52].

Most studies of SC administration of GCs have
been conducted with TA due to its intrinsic sustained
release capability. Animal and human studies showed
an increase in TA levels in the choroid-retina unit
and sclera up to 6 months after administration, with
levels decreasing in anterior structures and less need
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for re-injection when compared with IV administra-
tion [23, 40, 42].

To our knowledge, there has only been one study
of administering DEX in the SCS [53]. This study
demonstrated the safety and efficacy of controlling
inflammation in rats with uveitis following the sur-
gical placement of a slow-degradation polyurethane/-
DEX implant with a semi-crystalline structure. How-
ever, it did not analyse i1 vivo pharmacokinetics. The
in vitro release study shows that the DEX release pro-
file of the implant exhibited a higher initial burst than
that observed with our DEX/LAP formulation (55%
vs 40%), as was the case in our study in week 1, as
well as subsequent sustained release of shorter dura-
tion (42 d vs 6 months) [61]. However, it uses much
higher doses of DEX (6, 18.8 and 29 mg) than used in
our DEX/LAP SC delivery study (0.05 mg of DEX in
the form of a suspension (10 mg ml~") of DEX/LAP
(I:10ww 1)) [53].

4.3. Comparison between IV and SC route for
DEX/LAP formulation

Both routes of administration were sate and the com-
bination with LAP allowed sustained and longer ocu-
lar levels of DEX compared to a conventional injec-
tion. Our results suggest a greater benefit of the
SC route of DEX/LAP compared to the IV route.
Although the SC route led to increased hyperemia and
epithelial defects, these inconveniences were attrib-
uted to the surgical intervention of the cannulation
process, It could be minimized with the use of injec-
tions such as Clearside®. The SC route produced
reversible and time-limited side effects on the ocu-
lar surface. However, iatrogenesis by [V injection was
permanent ( cataract) and generated a vision of floater
with potential visual alteration until the end of the
study. It did not occur with the SC route.

The SC route maintained sustained levels of DEX
in ocular tissues with a lower amount of drug injec-
ted into the eye (0.1 IV vs. 0.05 mg SC). The IV route
exhibited higher dilution and greater initial burst.
Therefore, to maintain prolonged eye levels it is neces-
sary to administer a greater amount of DEX, which
carries a potential greater risk of side effects such as
cataracts or ocular hypertension (although no animal
developed these complications).

Nowadays, it would be convenient to carry out
further studies on SC administration to facilitate the
wide use of this route in daily practice. The extens-
ive experience obtained with IV injections in clinical
practice makes the IV route also have to be con-
sidered. The authors recommend evaluating the suit-
ability of using one route or another depending on the
individual characteristics of each patient. IV adminis-
tration could be more suitable to treat pathologies (1)
of inner neuroretina, or 2) with intraocular inflam-
mation of the posterior pole, (3) requiring wider dif-
fusion of the drug, (4) with necessity of an attack
dose and subsequent control of immunity, (5) and in
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Figure 4. Placement of the DEX/LAP formulation in the SC space.

which visual quality is not the first handicap to solve
at that stage. However, the SC route seems ideal to
treat pathologies (1) of outer retina (2) that require
a targeted location and (3) in need of preserving the
available visual quality of the patient at that time.

4.4. Limitations and objectives for future studies
The analytical medium used in this study to quantify
the DEX was only able to detect DEX levels in the vit-
reous, not in the other tissues analysed, so unfortu-
nately comparison of DEX in retina-choroid between
the two administration routes could not be made.
No blood tests were performed to determine DEX
levels, (further studies for quantification of plasma
DEX concentration would be interesting to further
validate the ocular PK data) nor were histological
studies conducted to confirm the correct placement
of the DEX/LAP formulation in the SCS, its distribu-
tion area, its degradation over time and its effect on
the near tissue.

The PK behaviour of a substance can be modi-
fied by the presence of disease, which causes tissue-
specific bonds to form faster. Future studies using
models of inflammatory ocular disease will allow
for better understanding of the pharmacodynamics
and comparison with those of other formulations or
devices. Development of formulations that modu-
late the release of DEX from the LAP carrier based
on pH or temperature is also considered of interest,
as in the presence of disease the medium becomes
more acidotic and its temperature rises due to the
increase in flow and cell activity. In these situations,
there could potentially be greater degradation of the
DEX/LAP formulation and, therefore, greater release
of DEX, positioning it as a shock treatment. Sub-
sequently, with the improvement in the hyperkinetic
pathology, the degradation of the DEX/LAP would
decrease while maintaining low-level sustained DEX
release, allowing a form of control or maintenance.

5. Conclusions

The DEX/LAP formulation was administered by
minimally invasive IV injection and by safe SC
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administration in healthy rabbits. A single IV or SC
administration of the DEX/LAP formulation pro-
duced the progressive release of DEX and exten-
ded the residence time in the vitreous humour and
choroid-retina unit by up to 6 months when com-
pared with conventional formulations. DEX/LAP
could therefore be considered as a biocompatible
sustained-release formulation to treat ocular pos-
terior segment diseases.
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Brimonidine-LAPONITE® intravitreal formulation
has an ocular hypotensive and neuroprotective
effect throughout 6 months of follow-up in a
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Intravitreal administration is widely used in ophthalmological practice to maintain therapeutic drug levels
near the neuroretina and because drug delivery systems are necessary to avoid reinjections and sight-
threatening side effects. However, currently there is no intravitreal treatment for glaucoma. The brimoni-
dine-LAPONITE® formulation was created with the aim of treating glaucoma for extended periods with a
single intravitreal injection. Glaucoma was induced by producing ocular hypertension in two rat cohorts:
[BRI-LAP] and [non-bril, with and without treatment, respectively. Eyes treated with brimonidine-
LAPONITE® showed lower ocular pressure levels up to week 8 (p < 0.001), functional neuroprotection
explored by scotopic and photopic negative response electroretinography (p = 0.042), and structural pro-
tection of the retina, retinal nerve fibre layer and ganglion cell layer (p = 0.038), especially on the
superior-inferior axis explored by optical coherence tomography, which was corroborated by a higher
retinal ganglion cell count (p = 0.040) using immunohistochemistry (Brn3a antibody) up to the end of the
study (week 24). Furthermore, delayed neuroprotection was detected in the contralateral eye.

Received 19th June 2020,
Accepted 15th September 2020

DOI: 10.1039/d0bm01013h Brimonidine was detected in treated rat eyes for up to 6 months. Brimonidine- LAPONITE® seems to be a

rsc.li/biomaterials-science potential sustained-delivery intravitreal drug for glaucoma treatment.

1. Introduction

Glaucoma is the second-biggest cause of irreversible blind-
ness worldwide and the leading cause in developed
countries. According to the World Health Organization, it
affects over 61 million people. The main modifiable risk
factor is intraocular pressure (IOP) increase, which leads to
progressive retinal ganglion cell (RGC) death and subsequent
irreversible vision loss." However, RGC dysfunction and
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death can also occur in ocular normotensive subjects.
Although not fully explored yet, several studies have shown
secondary degeneration of retinal cells due to the cytotoxic
environment (reactive oxygen species, nitric oxide, glutamate
or other free radicals) produced by surrounding affected
I'LCHI'UIIS.2

Brimonidine is a highly selective alpha-2 adrenergic pan-
agonist lipophilic drug.? It has been used in ophthalmological
care to produce ocular hypotension since 1974.* The 20-30%
reduction in IOP® is due to its effect on alpha,, ¢ adrenergic
receptors in the ciliary epithelium,®” which inhibit aqueous
humour inflow and lead to an increase in uveoscleral
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outflow.*® The peak occurs within 2-3 hours and lasts until
10-14 hours after instillation.'® Therefore, to decrease I0P to
optimal therapeutic levels, topical eye drops must be adminis-
tered twice a day by the patient. This can have several disad-
vantages, such as therapeutic oversights, loss of drug efficacy
when crossing the anterior eye structures, and a remarkable
12.7% incidence of ocular and periocular allergic
reactions,"'™* or even intraocular inflammation,™ These draw-
backs worsen patient quality of life and decrease the compli-
ance rate, which lead to progression of the disease.”
Meanwhile, the neuroprotective effect of brimonidine has
been described by many research groups since the four criteria
used to evaluate the potential role of a neuroprotective agent
are widely proven:'® (1) brimonidine has targets (alfa-,apc
adrenergic receptors for RGCs, glial cells and photoreceptors)
in the retina,”'” (2) the neuroprotective effect was demon-
strated in cell and animal studies,'® " mainly in the RGC body
and axons, but also in bipolar cells*! and photoreceptors,* (3)
it reaches neuroprotection concentration on the posterior
segment where the drug interacts with retinal cells,***" and
finally (4) it showed neuroprotective characteristics in recent
clinical trials in patients with diabetes®® and age-related
macular degeneration.?®

LAPONITE® Na*®” [(SigMgs 5Lio 1)0,0(OH),] °7 is a biocom-
patible and biodegradable synthetic clay that in recent years
has been used in a wide range of biomedical and biomaterial
applications, particularly in nanomedicine, regenerative medi-
cine and tissue engineering.”” LAPONITE® is composed of
two-dimensional nanoscale disk-shaped crystals (0.92 nm
height, 25 nm diameter, 2.65 x 10° g cm ™ density) comprising
an octahedral magnesia sheet sandwiched between two tetra-
hedral silica sheets.”® When dispersed in aqueous media, a
three-dimensional house-of-cards structure is formed. Sodium
ions are released, leading to a weak negative-charge surface
and further water absorption, resulting in an increase in the
clay’s volume.””*" 1t forms a clear colloidal dispersion with
thixotropic, viscoelastic and transparent gel characteristics,
suitable for administration by injection.”® Since it is able to
interact with other molecules by ion-exchange, van de Waals
forces, hydrogen bonding, cation/water bridging, protonation
or ligand exchange, LAPONITE® is even able to bring into
solution compounds that are water insoluble.* It can act as a
carrier for several drugs,’ and can also release drugs in a con-
trolled manner depending on surrounding conditions such as
pH or temperature.”™** Degradation of LAPONITE® releases
products that have, by themselves, biological roles; Reffitt
et al., showed an increase in collagen type I synthesis because
of orthosilicic acid [Si(OH),];"* magnesium ions may also
trigger cell responses, stabilize polyphosphate compounds in
cells such as adenosine triphosphate (ATP), or be involved in
enzymatic activity and signalling processes; sodium cations
interfere with the generation of nerve impulses and the hydro-
electrolyte balance, and lithium affects the behaviour of
neurons.”**  Previous animal studies demonstrated
LAPONITE®'s safety®’ and analysed the pharmacokinetics and
pharmacodynamics up to 24 weeks of intravitreal injection of
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dexamethasone-LAPONITE® formulation in the vitreous
humour of rabbit eyes."

Intravitreal injection is the gold standard therapeutic
option for posterior segment pathologies such as age-related
macular degeneration, diabetic retinopathy or vascular occlu-
sions. It has long been used in ophthalmological treatment**
because it maintains therapeutic drug levels at the target site
while avoiding ocular barriers.”* Thus, repeated ocular injec-
tions are needed, threatening complications such as IOP
elevation, inflammation, cataract formation,
retinal detachment or even endophthalmitis, with a 0.02%
incidence per injection in the latter.”*"® Minimally invasive
sustained drug delivery maintains therapeutic concentration
for prolonged periods, enhancing the halflife and bio-
availability of the drug and preventing the need for frequent
administration."®

There is currently no intravitreal treatment focused on
control of glaucomatous neuropathy that simultaneously
decreases the TOP and prevents neuroretinal damage.

To our knowledge, this is the first study demonstrating that
a sustained-release brimonidine-LAPONITE® formulation,
administered in a single intravitreal injection, exerts a func-
tional and structural ocular hypotensive and neuroprotective
effect lasting at least 6 months in a glaucoma animal model.

intraocular

2. Materials and methods
Chemicals and reagents

Brimonidine and 2-bromoquinoxaline were obtained from
Sigma-Aldrich (Madrid, Spain). LAPONITE®-RD (LAP) (surface
density 370 m* g7', bulk density 1000 kg m™, chemical com-
position: $i0, 59.5%, MgO 27.5%, Li,O 0.8%, Na,O 2.8%) was
obtained from BYK Additives (Widnes, Cheshire, UK).
Balanced 0.9% salt solution (9 mg ml* NaCl) (BSS) was
obtained from Fresenius Kabi (Barcelona, Spain). HPLC-grade
ethanol, acetonitrile, methanol, ammonium formate, formic
acid, ammonia and phosphoric acid (85% w/w) were obtained
from Scharlab (Barcelona, Spain). Oasis MCX Prime 96-well
pElution plates were obtained from Waters Chromatography
(Barcelona, Spain).

Brimonidine-LAPONITE® formulation

Brimonidine (BRI) was loaded on LAPONITE® (LAP) following
the previously deseribed methodology for dexamethasone.***”
Thus, BRI/LAP was prepared by adding LAP (100 mg) to a solu-
tion of brimonidine in ethanol (10 mg per 10 ml), stirring at r.
t. with solvent evaporation under vacuum to get a good dis-
persion of brimonidine on the surface. The BRI/LAP powder
was stored at —30 °C in tightly capped single-use vials that
were gamma-ray sterilized.

Drug load on the LAP was determined using the ultra-high-
pressure  liquid chromatography mass spectrometry
(UHPLC-MS) method (see below). Sample powder (5 mg) was
extracted in 5 ml of acetonitrile/ethanol (1/1 v/v). After 1 h of
stirring, the sample was centrifuged at 3000 rpm for 10 min at

This journal is © The Royal Society of Chemistry 2020
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r.t. and the supernatant was analysed, yielding a total load of
8.98 mg per 100 mg of solid (98.8% of the initial amount).

Immediately before injection, the brimonidine/LAP powder
was suspended in BSS (10 mg ml™") and gently vortexed for
10 min to yield a yellow colloidal dispersion.

Sample processing for pharmacokinetic determination

Each rat eye was cut with dissecting scissors, 1 ml of 5%
formic acid solution in acetonitrile was added and the mixture
was sonicated at 45 W power for 10 min with a Hielscher
UP50H ultrasound processor. Next, 1 ml of 200 mM
ammonium formate in 4% phosphoric acid, and 100 pi of
50 ppm 2-bromoquinoxaline internal standard (IS) in 0.1%
formic acid in acetonitrile were added to the purée and the
mixture was sonicated for 10 additional minutes. The sample
was then centrifuged at 3000 rpm for 10 min. The supernatant
was collected and cleaned up by solid phase extraction (SPE)
in an Oasis MCX pElution plate. Thus, the supernatant was
passed through the adsorbent under vacuum, and the
adsorbed sample was rinsed with 600 pl of methanol. The
adsorbed BRI and IS were eluted from the plate with 500 pl of
5% ammonia solution in methanol. The collected extract was
evaporated under vacuum and dissolved in 200 pl of 0.1%
formic acid in acetonitrile. The solution was analysed by
UHPLC-MS. Recovery of the analyte was determined on spiked
samples of rat eye at three concentration levels (low, medium
and high) and was found to be between 92% (lowest concen-
tration level) and 98% (highest concentration level).

Analytical method

Samples were analysed using a Waters Acquity UPLC instru-
ment coupled to a Waters Acquity QDa mass spectrometer.
The chromatographic separation was achieved using a Waters
Cortecs T3 column (1.6 pm, 2.1 x 75 mm) at 30 °C. The mobile
phase comprised a mixture of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B).
Samples (10 pl) were eluted in gradient mode (¢ = 0 min, 75%
A; ¢ = 3 min, 50% A, t = 4 min, 75% A) at a flow rate of 0.5 ml
min~".

The MS instrument was operated in electrospray ionization
(ESI) positive mode. Full scan mode (150-500 Da) was used to
identify the analytes (m/z = 292 (100%) and 294 for brimoni-
dine and m/z = 209 (100%) and 211 (92.8%) for 2-bromoqui-
noxaline as the IS). Quantization was carried out in single ion
monitoring (SIM) mode (m/z = 292 and 209 for brimonidine
and 2-bromoquinoxaline, respectively).

The method was validated according to the ICH guidelines.
Selectivity was assessed by analyzing blank samples from non-
treated rat eyes, and no interferences were found. Calibration
curves for brimonidine were constructed in the range
1-0.025 pg mL ™' by plotting the brimonidine/IS peak area
ratio vs brimonidine nominal concentration. A weighted (1/X%)
linear regression model was applied to fit the data (* > 0.999).
The measured concentration of the standard samples was
found to be within 10% of the nominal concentration,
showing the accuracy of the method. The limit of detection
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(LOD) was found to be 0.005 pg mL™", calculated by the stan-
dard error of the intercept method. The LOD was assessed
with a sample of nominal concentration obtained by the
method of signal-to-noise ratio of at least 10. The limit of
quantization (LOQ) was determined by the standard error of
the intercept method and was found to be 0.017 pg mL™".

Animals

The study was carried out on 91 4 week old Long-Evans rats
(40% males, 60% females) weighing from 50-100 grams at the
beginning of the study. The animals were housed in standard
cages with water and food ad [libitum in rooms kept at a con-
trolled temperature (22 °C) and relative humidity (55%) with
12-hour dark/light cycles. The work with animals was carried
out in the experimental surgery service department of the
Aragon Biomedical Research Centre (CIBA). The experiment
was previously approved by the Ethics Committee for Animal
Research (PI34/17) and was carried out in strict accordance
with the Association for Research in Vision and
Ophthalmology's Statement for the Use of Animals.

Ocular hypertension (OHT) induction and drug injection
procedure

The animals were divided in two cohorts: [non-bri] and
[BRI-LAP|. The [non-bri] cohort comprised 31 rats. In this
cohort, OHT was induced in the right eye (RE) and the left eye
(LE) was untreated and served as the control eye. The
[BRI-LAP| cohort comprised 60 rats. In this cohort, OHT was
induced in both eyes but the RE received an intravitreal injec-
tion with the brimonidine-LAPONITE® (Bri-Lap) formulation.
The RE served as the treated hypertensive eye and the LE
served as the hypertensive control eye.

Ocular hypertension was generated using the model
described by Morrison et al. by means of sclerosis of episcleral
veins*® with a hypertonic 1.8 M solution in topical eye drops
(Anestesico doble Colircusi®, Alcon Cusi® SA, Barcelona, Spain)
and general anaesthesia by intraperitoneal (IP) injection
(60 mg kg ' of ketamine + 0.25 mg kg " of dexmedetomidine).
To maintain OHT, animals in both cohorts were re-injected
every two weeks if IOP measurements were less than
20 mmHg. At the baseline, the [BRI-LAP| cohort received
3 ul*® of the Bri-Lap formulation (10 mg Bri-Lap per ml;
amount of brimonidine injected: 2.69 pg, 0.13 mg ml™" of vitr-
eous humour, considering a rat vitreous volume of 20 ul*%).
Determination of this concentration, applying the corres-
ponding scale correction, was based on the doses given by
other authors to rats (8.8 mg of brimonidine in nanoparticles,
0.44 mg ml™" of vitreous, induces neuroprotection),” mice
(1.07 mg of Bri-tartrate in nanosponges, 0.14 mg Bri per ml of
vitreous, induces ocular hypopressure)®> and rabbits (lower
dose of 0.45 mg of Bri-tartrate in microspheres, 0.20 mg ml™*
of vitreous, induces ocular hypopressure).”* REs were intravi-
treally injected using a Hamilton® syringe (measured in pl)
and a glass micropipette, which allowed visualization of the
yellowish formulation being administered. After intervention,
animals were left to recover at a temperature controlled by
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r.t. and the supernatant was analysed, yielding a total load of
8.98 mg per 100 mg of solid (98.8% of the initial amount).

Immediately before injection, the brimonidine/LAP powder
was suspended in BSS (10 mg ml™") and gently vortexed for
10 min to yield a yellow colloidal dispersion.

Sample processing for pharmacokinetic determination

Each rat eye was cut with dissecting scissors, 1 ml of 5%
formic acid solution in acetonitrile was added and the mixture
was sonicated at 45 W power for 10 min with a Hielscher
UP50H ultrasound processor. Next, 1 ml of 200 mM
ammonium formate in 4% phosphoric acid, and 100 pi of
50 ppm 2-bromoquinoxaline internal standard (IS) in 0.1%
formic acid in acetonitrile were added to the purée and the
mixture was sonicated for 10 additional minutes. The sample
was then centrifuged at 3000 rpm for 10 min. The supernatant
was collected and cleaned up by solid phase extraction (SPE)
in an Oasis MCX pElution plate. Thus, the supernatant was
passed through the adsorbent under vacuum, and the
adsorbed sample was rinsed with 600 pl of methanol. The
adsorbed BRI and IS were eluted from the plate with 500 pl of
5% ammonia solution in methanol. The collected extract was
evaporated under vacuum and dissolved in 200 pl of 0.1%
formic acid in acetonitrile. The solution was analysed by
UHPLC-MS. Recovery of the analyte was determined on spiked
samples of rat eye at three concentration levels (low, medium
and high) and was found to be between 92% (lowest concen-
tration level) and 98% (highest concentration level).

Analytical method

Samples were analysed using a Waters Acquity UPLC instru-
ment coupled to a Waters Acquity QDa mass spectrometer.
The chromatographic separation was achieved using a Waters
Cortecs T3 column (1.6 pm, 2.1 x 75 mm) at 30 °C. The mobile
phase comprised a mixture of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B).
Samples (10 pl) were eluted in gradient mode (¢ = 0 min, 75%
A; ¢ = 3 min, 50% A, t = 4 min, 75% A) at a flow rate of 0.5 ml
min~".

The MS instrument was operated in electrospray ionization
(ESI) positive mode. Full scan mode (150-500 Da) was used to
identify the analytes (m/z = 292 (100%) and 294 for brimoni-
dine and m/z = 209 (100%) and 211 (92.8%) for 2-bromoqui-
noxaline as the IS). Quantization was carried out in single ion
monitoring (SIM) mode (m/z = 292 and 209 for brimonidine
and 2-bromoquinoxaline, respectively).

The method was validated according to the ICH guidelines.
Selectivity was assessed by analyzing blank samples from non-
treated rat eyes, and no interferences were found. Calibration
curves for brimonidine were constructed in the range
1-0.025 pg mL ™' by plotting the brimonidine/IS peak area
ratio vs brimonidine nominal concentration. A weighted (1/X%)
linear regression model was applied to fit the data (* > 0.999).
The measured concentration of the standard samples was
found to be within 10% of the nominal concentration,
showing the accuracy of the method. The limit of detection
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(LOD) was found to be 0.005 pg mL™", calculated by the stan-
dard error of the intercept method. The LOD was assessed
with a sample of nominal concentration obtained by the
method of signal-to-noise ratio of at least 10. The limit of
quantization (LOQ) was determined by the standard error of
the intercept method and was found to be 0.017 pg mL™".

Animals

The study was carried out on 91 4 week old Long-Evans rats
(40% males, 60% females) weighing from 50-100 grams at the
beginning of the study. The animals were housed in standard
cages with water and food ad [libitum in rooms kept at a con-
trolled temperature (22 °C) and relative humidity (55%) with
12-hour dark/light cycles. The work with animals was carried
out in the experimental surgery service department of the
Aragon Biomedical Research Centre (CIBA). The experiment
was previously approved by the Ethics Committee for Animal
Research (PI34/17) and was carried out in strict accordance
with the Association for Research in Vision and
Ophthalmology's Statement for the Use of Animals.

Ocular hypertension (OHT) induction and drug injection
procedure

The animals were divided in two cohorts: [non-bri] and
[BRI-LAP|. The [non-bri] cohort comprised 31 rats. In this
cohort, OHT was induced in the right eye (RE) and the left eye
(LE) was untreated and served as the control eye. The
[BRI-LAP| cohort comprised 60 rats. In this cohort, OHT was
induced in both eyes but the RE received an intravitreal injec-
tion with the brimonidine-LAPONITE® (Bri-Lap) formulation.
The RE served as the treated hypertensive eye and the LE
served as the hypertensive control eye.

Ocular hypertension was generated using the model
described by Morrison et al. by means of sclerosis of episcleral
veins*® with a hypertonic 1.8 M solution in topical eye drops
(Anestesico doble Colircusi®, Alcon Cusi® SA, Barcelona, Spain)
and general anaesthesia by intraperitoneal (IP) injection
(60 mg kg ' of ketamine + 0.25 mg kg " of dexmedetomidine).
To maintain OHT, animals in both cohorts were re-injected
every two weeks if IOP measurements were less than
20 mmHg. At the baseline, the [BRI-LAP| cohort received
3 ul*® of the Bri-Lap formulation (10 mg Bri-Lap per ml;
amount of brimonidine injected: 2.69 pg, 0.13 mg ml™" of vitr-
eous humour, considering a rat vitreous volume of 20 ul*%).
Determination of this concentration, applying the corres-
ponding scale correction, was based on the doses given by
other authors to rats (8.8 mg of brimonidine in nanoparticles,
0.44 mg ml™" of vitreous, induces neuroprotection),” mice
(1.07 mg of Bri-tartrate in nanosponges, 0.14 mg Bri per ml of
vitreous, induces ocular hypopressure)®> and rabbits (lower
dose of 0.45 mg of Bri-tartrate in microspheres, 0.20 mg ml™*
of vitreous, induces ocular hypopressure).”* REs were intravi-
treally injected using a Hamilton® syringe (measured in pl)
and a glass micropipette, which allowed visualization of the
yellowish formulation being administered. After intervention,
animals were left to recover at a temperature controlled by
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3. Results The percentage of eyes with OHT (>20 mmHg) in both
cohorts was studied and analysis revealed a lower percentage
of hypertensive eyes when treated with Bri-Lap up to week 8.
In the [non-bri] cohort, an IOP increase of >20 mmHg was This was especially remarkable during the first month (0% vs.
found in the RE between weeks 1 and 10, peaking at week 7  72% at week 1, 4.8% vs. 88% at week 2, and 28.1% vs. 91.7% at
(29.92 + 7.39 mmHg). Between week 11 and the end of the week 4, respectively) both in the injected RE but also in the
study (week 24) TOP remained stable at 17.38 + 2.87 to 23.66 = untreated LE. Nevertheless, a higher percentage of hyperten-
5.45 mmHg (Fig. 1a). sive eyes treated with Bri-Lap intravitreal formulation from the
In the [BRI-LAP] cohort, REs showed normotensive levels [BRI-LAP] cohort, as compared with the LEs used as hyperten-
(IOP < 20 mmHg) until week 3, after which I0P increased, sive controls, was found throughout the study (Fig. 1c).
ranging between 17.36 + 4.10 and 23.99 + 4.04 mmHg until the There were no cases of allergic reaction, infection, intra-
end of the study. LEs also showed progressive increases in IOP  ocular inflammation or retinal detachment. Two animals
throughout follow-up. REs, however, showed statistically sig- developed cataracts during the episcleral vein sclerosis pro-
nificant higher levels of I0P than LEs (Fig. 1b). cedure, though these reverted spontaneously in the sub-
When REs from the [non-bri] and [BRI-LAP] cohorts were  sequent weeks.”® One case of cataract formation after the intra-
compared, the eyes treated with Bri-Lap always exhibited stat- vitreal injection developed, probably due to surgical issues as
istically lower IOP levels from weeks 1 to 10, and even rats have thick lenses. This animal was thus only used for
Bonferroni correction for multiple comparisons (marked with  histological studies. As a remarkable adverse event, fifteen
**) was exceeded from weeks 1 to 8 (p < 0.001). However, this  early and unexpected animal deaths occurred without any
trend inverted from week 12 and no statistical differences were obvious cause: four rats died at week 2, four rats died at week

Intraocular pressure and clinical signs

found after that (Fig. 1a). 4, six rats died at week 8 and one rat died at week 12.
10P (mmHg) RE [non-bri]Cohort 10P (mmHg) [BRI-LAP]cohort
40 gl —RE —LE
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Fig. 1 Intraocular pressure curves. (a) Right eye comparison between the [non-bri] cohort (rats with ocular hypertension in the right eye) and the
[BRI-LAP] cohort (rats with ocular hypertension in both eyes and an intravitreal injection of brimonidine-LAPONITE® formulation in the right eye).
(b) Comparison between right and left eyes in the [BRI-LAP] cohort. (c) Percentage of ocular hypertensive eyes (>20 mmHg) in the [non-bri] cohort
and the [BRI-LAP] cohort during follow-up. Abbreviations: IOP: intraocular pressure; RE: right eye; LE: left eye; w: week; d: day; *p < 0.05: statistical
differences, **p < 0.001: statistical differences with Bonferroni's correction. REs from the [non-bril cohort received an ocular hypertensive injection
by sclerosing the episcleral veins. LEs from the [non-bril cohort did not receive any treatment. REs from the [BRI-LAP] cohort received an ocular
hypertensive injection by sclerosing the episcleral veins plus an intravitreal injection with brimonidine-LAPONITE® formulation. LEs from the
[BRI-LAP] cohort received an ocular hypertensive injection by sclerosing the episcleral veins.
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Electroretinography

REs from the [non-bri] cohort showed a decreasing tendency
in amplitude in @ (13.25 + 16.78 vs. 67.53 + 138.31 pV), b (44.64
+28.20 vs, 56.54 + 53.34 pV) and PANR (18.68 = 24,77 vs, 25.52
+ 26.79 pV) waves when explored using the PhNR protocol at
week 24 with respect to week 12, although no statistical differ-
ences were found.

The [BRI-LAP] cohort did not exhibit statistical differences
in latency between REs and LEs when explored using the sco-
topic flash ERG protocol, but statistically significant higher
amplitudes in a and b waves were found in the REs injected
with Bri-Lap formulation as compared with LEs, mainly with
lower intensity stimulus, at 8, 12 and 24 weeks. Similar results
were obtained with the PhNR protocol, in which no statistical
differences in latency were found between eyes, although a ten-
dency to maintain this value was observed over 24 weeks.
Statistically significant higher amplitudes in REs vs. LEs were
also obtained in a, b and PhNR waves at 8, 12 and 24 wecks.
Furthermore, a progressively increasing trend in PANR wave
amplitude was found in REs from weeks 8 to 12 (Fig. 2a and
b).

When REs from the [non-bri] and [BRI-LAP] cohorts were
compared, no statistically significant differences in latency
were found using any protocol. The scotopic ERG test at week
24 showed worse statistically significant results in the ampli-
tude and latency parameters in the [BRI-LAP] cohort, but the
PhNR protocol revealed statistically significant higher ampli-
tudes in the PANR wave at week 12 and in the a and PANR
waves at week 24 in eyes treated with the Bri-Lap formulation
(Fig. 2c and d).

Optical coherence tomography

In the [non-bri] cohort, REs showed a progressive loss in R,
RNFL and GCL thickness measured by OCT over 24 weeks of
follow-up.

In the [BRI-LAP] cohort, REs showed a trend towards
greater R thickness and lower percentage loss (mainly in the
inner sectors at early stages; p < 0.05) when compared with
untreated contralateral hypertensive LEs (Fig. 3a). Higher
RNFL thickness and, consequently, lower percentage loss were
found in REs over follow-up with statistically significant differ-
ences in the early stages (Fig. 3a). A striking increase in thick-
ness in most sectors was also found at day 3. When analysing
the GCL protocol, LEs exhibited greater thickness (p < 0.05) in
outer sectors in the early stages (outer nasal and outer tem-
poral sectors at weeks 2 and 4, respectively). However, a lower
percentage loss trend was observed in REs throughout the rest
of the follow-up (ESI Table 1+).

With the aim of finding out the total effect exerted by the
Bri-Lap formulation, REs from the [non-bri] and [BRI-LAP]
cohorts were compared. Retina scans from the [BRI-LAP|
cohort showed a tendency towards greater thickness in the
early stages (statistically significant sectors are detailed in
Fig. 3b). Analysing the RNFL protocol, a tendency to greater
thickness in eyes injected with Bri-Lap formulation was
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observed from early/intermediate stages through to the end of
the study, and the glaucomatous superior/inferior axis showed
higher statistical significance (Fig. 3b). According to GCL
examinations in the [BRI-LAP] cohort, all sectors (except the
temporal sector) exhibited greater thicknesses with statistical
significance in the superior/inferior axis at earlier stages
(Fig. 3b); at the end of the study (week 24) every single sector
from the group injected with Bri-Lap formulation had greater
thicknesses, reaching statistically significant differences in the
inner inferior and outer temporal sectors (ESI Table 21).

To evaluate if the Bri-Lap formulation could exert an effect
on the contralateral eye, LEs from the [non-bri] cohort (control
eye without any treatment, but with contralateral OHT eye) vs.
LEs from the [BRI-LAP] cohort (OHT eye without treatment but
with Bri-Lap injection in the contralateral OHT eye) were com-
pared. No statistical differences were found in most sectors at
any of the stages analysed, except at week 24, when greater
RNFL thickness was measured in the [BRI-LAP] cohort
explored using the RNFL protocol in the nasal superior sector
(18.57 + 6.24 vs. 34.60 + 10.55 pm, p = 0.023), and in GCL thick-
ness explored using the GCL protocol in total volume (0.14 =
0.01 »s. 0.15 + 0.01 pm, p = 0.030) and in the inner inferior
sector (21.71 + 1.60 vs. 26.20 £ 1.09 pm, p = 0.004). LEs from
both cohorts were >20 mmHg at week 24, However, by that
stage LEs from the [BRI-LAP] cohort had statistically higher
axonal and ganglion thickness than LEs from the [non-bri]
cohort.

Images from vitreous scans showed hyperreflective aggre-
gates of Bri-Lap formulation dispersed in the vitreous body as
floaters, with a tendency to move to the vitreoretinal interface.
A progressive decrease in the number and size of Bri-Lap
aggregates was also detected over time (ESI Video 17).

Immunohistochemistry

In experimental glaucoma, accurate measures of the number
of RGCs are essential to evaluating the efficacy of novel thera-
peutic agents.” However, because there are around 30
different types of RGCs with different morphologies, gene
expression and physiological properties,®® it is necessary in
experimental glaucoma to use a marker that identifies all the
different types of RGCs. In this study, we have used an anti-
body against transcription factor Brn3a that is considered the
most reliable pan-marker of RGCs in retinal sections.>®

As expected,” simple visual examination revealed that the
central areas of the retina showed greater density of RGCs
marked with anti-Brn3a than the peripheral areas (Fig. 4a).
Furthermore, the count of positive Brn3a cells along 2 mm of
the retina showed that the mean number of RGCs was signifi-
cantly higher in hypertensive eyes injected with the Bri-Lap for-
mulation than in untreated contralateral hypertensive eyes
(REs 23 + 0.39 vs. LEs 20.66 + 0.98; mean number of RGCs per
linear mm of retina, p = 0.040) (Fig. 4b and c), confirming the
neuroprotective effect of brimonidine during glaucoma.

Although it is generally accepted that glaucomatous
damage is a consequence of axonal degeneration that leads to
RGC death, glial activation is also present in glaucoma.®*
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Fig. 2 Functional examinations using electroretinography (ERG). (a) PhNR (photopic negative response) latency from the [BRI-LAP] cohort (rats
with ocular hypertension in both eyes and an intravitreal injection of brimenidine-LAPONITE® formulation in the right eye), maintained over 24
weeks. (b) PhNR amplitude, (a, b and PANR waves) increased and was statistically significantly higher in eyes treated with the Bri-Lap formulation in
comparison with contralateral left eyes. (c) The scotopic ERG test showed lower (b wave) amplitude at 24 weeks in eyes treated with the Bri-Lap for-
mulation. (d) PhNR amplitude (@ and PhNR waves) was statistically significantly higher in eyes treated with the Bri-Lap formulation in comparison
with hypertensive and untreated eyes in the [non-bri] cohort. Abbreviations: RE: right eye; LE: left eye; a wave: signal from photoreceptors; b wave:
signal from intermediate cells; PANR wave: signal from retinal ganglion cells; Phases 1 to 7: multistep procedure with increasing intensity of lumi-
nance and different intervals from 0.0003 cds m 2 to 3.0 cds m’z, w: week; ms: milliseconds; pV: microvolts; *p < 0.05: statistical differences, **p <

0.001: statistical differences with Bonferroni’s correction.

Experimental IOP triggers GFAP upregulation in astrocytes and
Miiller cells.®* To test if the hypotensive effect of brimonidine
had any effect on GFAP expression in hypertensive eyes, GFAP
immunohistochemistry was performed in the radial eye sec-
tions of the [BRI-LAP] cohort. The results obtained showed
increased GFAP expression in the ganglion cell layer of the
central retina two weeks after injection of a hypertonic solu-
tion into the episcleral veins (Fig. 5). In contrast, there was not
an obvious increase in GFAP expression in the optic nerve
head of glaucomatous eyes (Fig. 5). No differences in GFAP
expression were observed between the glaucomatous eyes
injected with Bri-Lap (REs) and untreated control eyes (LEs)
(Fig. 5), suggesting that the Bri-Lap formulation does not have
a beneficial effect on the gliosis produced by the increased
10P.

Concentration of brimonidine in rat eyes

In contrast to our previous study using dexamethasone release
in rabbits,"® this study on rats precluded analysis of the brimo-

This journal is © The Royal Society of Chemistry 2020

nidine content in the different ocular tissues, and total
content in the rat eyes was determined after appropriate hom-
ogenization and subsequent fractionation by SPE. Fig. 6 shows
the brimonidine concentration curves vs. time over the course
of the study following IV administration of the Bri-Lap formu-
lation. Concentration is expressed in nanograms of brimoni-
dine per ml of the final solution.

Brimonidine concentration remains nearly constant in the
first week after IV administration (121.0 + 25.6 ng ml %),
showing a steady decrease until a plateau was reached at 6
weeks and achieving a value of 62.8 + 9.0 ng ml™" 24 weeks
after administration. Brimonidine levels in contralateral eyes
were always below the detection limit.

4. Discussion

In our previous paper, we showed that the release of dexa-
methasone from LAPONITE® was sustained for up to
6 months in the vitreous body of healthy rabbit eyes.'® In this
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Fig. 3 Neuroretinal analysis using OCT. (a) OCT sectors with increased thickness in right eyes injected with Bri-Lap formulation as compared with
untreated left eyes. (b) OCT sectors with statistically significant increases in thickness in right eyes from the [BRI-LAP] cohort as compared with right
eyes from the [non-bri] cohort. Dark to light greyish sectors indicate OCT neuroretinal sectors exhibiting greater thicknesses with statistical signifi-
cance, from earlier to later stages, respectively. Abbreviations: GCL: ganglion cell layer; RNFL: retinal nerve fibre layer; RE: right eye; LE: left eye; w:
week; d: day; *p < 0.05: statistical differences. REs from the [non-bri] cohort received an ocular hypertensive injection by sclerosing the episcleral
veins. LEs from the [non-bril cohort did not receive any treatment. REs from the [BRI-LAP] cohort received an ocular hypertensive injection by scler-
osing the episcleral veins plus an intravitreal injection with brimonidine-LAPONITE® formulation. LEs from the [BRI-LAP] cohort received an ocular

hypertensive injection by sclerosing the episcleral veins.

study, we decided to make three important changes: (1) use of
brimonidine, a different drug, to demonstrate the generality of
the release method; (2) tests in another animal (rats), required
before translational trials; and (3) application in a disease
model (chronic glaucoma) in order to confirm not only the
absence of side effects but also the therapeutic effect over an
extended period, the goal being to use the treatment in future
glaucomatous patients.

At present, there is no effective intravitreal hypotensive and
neuroprotective treatment for glaucoma or other optic neuro-
pathies in daily ophthalmology practice. The results of this
study show that a single intravitreal injection of the Bri-Lap
formulation, producing sustained release of brimonidine from
the LAPONITE® carrier clay for at least 6 months, had a func-
tional and structural hypotensive and neuroprotective effect.
As it is administered intravitreally, this formulation would
ensure treatment compliance and satisfactory control of the
disease over extended periods of time, with administration
being necessary perhaps twice yearly.

This paper shows that the Bri-Lap formulation has a net
hypotensive effect (decrease of approximately 9 mmHg) when
injected into an eye with ocular hypertension (compared to an
untreated hypertensive cohort [non-bri]) lasting for 8 weeks.
This is twice the time described when using intravitreal nanos-
ponges.”® The greatest hypotensive effect was observed in the
early stages and coincided with the greatest release of brimoni-
dine (approximately 120-80 ng ml™"). It disappeared in later
stages when the release of brimonidine plateaued (approxi-
mately 60 ng ml™").

Meanwhile, the fact that in the eye injected intravitreally
with the Bri-Lap formulation IOP did not increase until week

Biomater. S5ci.

3 of the study suggesting that the volume (3 microlitres) did
not cause hypertensive iatrogenesis and that the greatest
hypotensive effect (14.96 + 4.16 vs. 23.34 + 3.53 mmHg)
occurs within the first two weeks of administration.
However, from week 3 onwards the REs injected with Bri-Lap
showed higher IOP than the contralateral hypertensive left
eyes (p < 0.05). This finding may be because of both the
variability described for the Morrison technique™ for hyper-
tensive induction (although all injections were administered
by the same experienced ophthalmologist) and the intrinsic
characteristics of the clay. LAPONITE® becomes hydrated
and expands in volume in aqueous media.”” However, the
brimonidine deposited on the surface produces a hydro-
phobic effect, which gradually dissipates as release occurs,
which would delay hydration and expansion until the surface
of the LAPONITE® recovers its hydrophilic characteristics,
which appears to occur from week 3 or 4 onwards.

Neuroretinal examinations using OCT technology showed
that Bri-Lap formulation enhanced structural protection in
axonal (up to week 6) and ganglion structures in intermediate
(weeks 6 and 8) and late (weeks 12 and 24) stages. These
results support the previous ones, in which the greater hypo-
tensive effect observed in the early stages of the study pro-
tected the axons from IOP-dependent damage while the sub-
sequently inferior concentrations of brimonidine (in the order
of nanograms) detected in the plateau stage later provided
neuroretinal protection by interacting with the retina’s adre-
nergic receptors.”'”

Our findings also showed a protective functional effect, as
explored with the PhNR ERG and mainly applicable to the
RGCs (greater amplitude at week 12) and the axons (main-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Retinal ganglicn cell analysis in glaucomatous eyes. (a) Retinal
ganglion cells were counted in radial sections of the eye along 2 mm of
a linear region of the retina, corresponding to four areas, two on each
side of the optic nerve head (ONH). (b) Two representative images of the
ganglion cell layer marked with anti-Brn3a corresponding to a right eye
(RE) and a left eye (LE) of the same animal. Arrows mark the positive
nuclei to Brn3a. (c) The mean number of retinal ganglion cells per linear
mm of retina was significantly higher in hypertensive eyes injected with
Bri-Lap formulation than in the untreated contralateral hypertensive
eyes (RE 23.00 £ 0.39 vs. LE 20.66 £+ 0.98, p = 0.040). Abbreviations: RE:
right eye; LE: left eye; ILM: internal limiting membrane. Scale bars: (a)
22.72 ym, (b) 5.8 pm.

tained latency). This suggests that the Bri-Lap formulation has
a mainly protective effect on the soma of the RGCs, which was
corroborated in the histological studies’ finding of a higher
RGC count using the specific Ac Brn3a. Kim et al,” also
reported a neuroprotective effect after intravitreal injection of
brimonidine-loaded nanoparticles that improved RGC survival
in an optic nerve crush model, though this did not last longer
than 14 days. The axonal protection provided by intravitreal
brimonidine, associated with better anterograde and retro-
grade transport, has also been demonstrated by other
groups.5>%t
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View Article Online

Paper

The Bri-Lap intravitreal formulation also has a protective
structural and functional effect on the retina in the early
stages of treatment (up to week 8; p < 0.05). This was main-
tained in photoreceptors under photopic stimulation (but not
under scotopic stimulation) in the later stages (week 24) (see
Fig. 3d). Similar results were reported by Ortin-Martinez
et al.,** where topical brimonidine had a protective effect on
the cones, and by Yukita et al.,** who observed conservation of
RGC function under photopic conditions but without effect on
the @ and b waves of the scotopic ERG. Intraocular injection of
brimonidine has also been shown to preserve outer nuclear
layer thickness as measured by OCT® and even to reduce geo-
graphic atrophy secondary to age-related macular degeneration
in a phase 2 study with a brimonidine drug delivery system.*®

The difference found between the protective functional
effect on RGCs (observed throughout the study) relative to
photoreceptors with photopic stimulus (found at a later stage)
may be due to the time required for the formulation to pass
through the different layers of the retina and approach the
photoreceptors. For instance, week 12 was the earliest that
intraretinal Bri-Lap formulation was observed using OCT
imaging.

OCT studies of GCL thickness detected a smaller percen-
tage loss of thickness in the REs of the [BRI-LAP] cohort from
week 4 onwards (vs. LE). However, a higher number of RGCs
were counted from the start of the study, indicating that
BRI-LAP also had an early neuroprotective effect on the
injected eye. This finding seems to suggest underestimation of
the neuroprotective effect on the GCL as measured by OCT.
Before week 4, the left eyes of the [BRI-LAP] cohort exhibited
greater GCL thickness (as measured by OCT) but nonetheless
showed a lower number of RGCs (histological studies). This
may be due to the increase in the size of the soma prior to
ganglion death®® because, as in the case of other authors who
used the same glaucoma model,""*"** RGC death was
observed in the early stages of the study (before week 4).
Another thickness confusion factor may have been glial infil-
tration and activation.®® This was ruled out, however, as glial
activation with no statistically significant differences between
REs and LEs was detected in the [BRI-LAP] cohort (with
induced bilateral glaucoma). Another fact to consider is that
the astrocyte and Miiller cell reaction (detected using GFAP)
occurred at a very early stage of the study (from week 2
onwards) in both OHT-induced eyes, even when 10P was on
average less than 20 mmHg. This shows that an upward fluctu-
ation in IOP (albeit in a range considered normotensive:
<20 mmHg) triggered a premature immune response resulting
in consequent cell death, as also described in ref. 70 and 71.

These analyses seem to suggest a possible error or deviation
with regard to considering—in the early stages of the disease
—greater GCL thickness, as measured by OCT, as indicative of
better condition or protection, and lesser thickness as neuro-
degeneration. This long-term longitudinal study has demon-
strated the dynamism, and therefore change in thickness, that
can be quantified by OCT. The authors of this study consider
that the results measured by OCT in the early stages should be
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Fig. 5 Increased GFAP expression was ohserved in the ganglion cell layer of the central retina two weeks after injection of a hypertonic solution
into the episcleral veins (black arrows). The Bri-Lap formulation does not induce any obvious change in GFAP expression in the retina or in the optic
nerve head in glaucomatous eyes. 1: Optic nerve; 2: Central retina; 3: Central vessel of the retina; 4: Optic nerve head; 5: Retinal pigment epithelium;
6: Sclera; Arrows: central retina without overexpression of GFAP. Scale bars: 82.2 ym.

considered as a whole and not from the simplistic assumption
of greater thickness/protection and lesser thickness/damage,
as other authors have shown in other inflammatory neurode-
generative diseases.”

Interestingly, starting treatment with the Bri-Lap formu-
lation in one eye could also control TOP in the contralateral
eye, even though brimonidine levels were below the detection
limit. In this regard, it was observed that when LEs from the
[BRI-LAP] cohort were compared with LEs from the [non-bri]
cohort the percentage of eyes with OHT was lower in the
[BRI-LAP] cohort. Even in the later stages of the study (week
24) OCT detected greater thicknesses in the untreated hyper-
tensive LE in the [BRI-LAP] cohort when compared with a
healthy normotensive eye (left eye of the [non-bri] cohort) that
undergoes the physiological process of ganglion death and is
affected by the harmful agents in its OHT-induced contralat-
eral eye.”® These optimal results may have been a consequence

Biomater. S5ci.

of retrograde and anterograde contralateral substance dissemi-
nation via the visual pathway™”® and of improvement of
axonal transport by brimonidine.”” In addition, brimonidine
may spread through the blood vessels. Communication and
propagation of molecules to the opposite eye affecting the
retina has also been suggested.”™ As brimonidine in the blood
was not quantified in this study, neither of these routes can be
ruled out.

It is a remarkable hallmark that intravitreal injection of Bri-
Lap produces neuroprotection, even with higher I0P (p <
0.05), in the treated eye very soon after injection and over a
period of six months. Furthermore, to the best of our knowl-
edge, this paper is the first to demonstrate a neuroprotective
effect on the eye contralateral to the one treated, which even
shows an improvement in degeneration over time.

Brimonidine concentration in the vitreous of treated
patients stands at 185 nM.”® The amounts analysed in the rats

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Mean brimonidine concentrations in rat eyes after intravitreal administration of the Bri-Lap formulation.

in our study reveal an apparent concentration (considering a
vitreous volume of 20 pl) ranging from 4.1 pM (week 1) to
2.0 pM (week 24). The decrease in drug levels in the eye
throughout the study coincided with the degradation (smaller
aggregates over time) of the Bri-Lap formulation observed
using OCT (unpublished data). It is an order of magnitude
greater than the concentration observed in patients and three
orders of magnitude greater than that required for receptor
activation, since only 2 nM of alpha-2 agonists are required for
maximum receptor activation.'® This suggests that formu-
lations with lower doses could also be effective while incurring
lower risk of side effects.

Brimonidine, in neutral form, shows very low solubility in
the aqueous phase. This is one of the reasons why it is usually
administered in cationic form (as tartrate). The slow release of
Bri-Lap can therefore be explained by two factors: the low solu-
bility of brimonidine and the retention ability of LAPONITE®
due to hydrogen bonds and van der Waals interactions, as we
previously observed with dexamethasone,***” All brimonidine
content (associated or not associated with LAPONITE®) was
measured in the eye over the study. As mentioned in the intro-
duction, brimonidine has a short half-life (12 hours) and rapid
clearance in the eye.'” Tt is probable that at 6 months (60 ng
ml™) most of the analysed brimonidine is associated with
LAPONITE®. The very low (unknown) quantity of non-associ-
ated brimonidine would not control 10P efficiently in the final
stages of the study. This observation concurs with previous
authors, showing an initially higher ocular hypopressure
effect™ that decreases later (up to 4 weeks).”® Drug resistance
cannot therefore be ruled out. However, up to the end of the
study it showed a neuroprotective effect (as found when using
nanoparticles®'). In addition, the basicity of the Bri-Lap formu-
lation could counteract the acidosis of glaucoma®*®*' and
enhance the benefits.

This journal is © The Royal Society of Chemistry 2020

This study demonstrates that using LAPONITE® as a drug
carrier for intraocular delivery has several advantages. From a
chemical perspective, the Bri-Lap formulation is easy and
simple to prepare and drug release is not associated with
carrier degradation, unlike other drug delivery systems
(DDS).** From a clinical perspective, the clear, thixotropic and
nanoscale gel formulation allows it to be injected into the vitr-
eous body through smaller-gauge needles, in contrast to Brimo
DDS®—which requires applicators®®—or other devices and
implants.®* To the authors’ knowledge, this is the first in vivo
study of a brimonidine DDS that shows longer sustained
reduction of TOP***" and a neuroprotective effect, even in a
disease model in which degradation is assumed to occur more
rapidly.

Limitations and future studies

It should be mentioned that there was a striking and unex-
pected level of early death among the rats. This may have
resulted from both repetition of intraperitoneal anaesthesia
with dexmedetomidine (deaths decreased drastically or dis-
appeared in the later stages when anaesthetic interventions
were less frequent), and by the depressant effects of brimoni-
dine on the central nervous system. It may also have been due
to potentiation of the effects of both alpha-2 agonists simul-
taneously.” Brimonidine is able to cross the blood-brain
barrier,' and can cause sedation, bradycardia, hypotension
and subsequent death.

Based on all the above, the authors consider that blood ana-
lysis and future pharmacodynamic adjustment and scaling
studies would be advisable and necessary before exploring
potential transferability to clinical practice. It would also be
interesting to co-insert® different agents in the clay carrier to
combat various neurodegenerative pathways using microcap-
sule systems as described by Arranz-Romera et al.’® Prieto
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et al.*” demonstrated sustained release and tolerance of intra-
ocular dexamethasone with LAPONITE®; this powerful anti-
inflammatory drug could combat gliosis and even improve the
results achieved in this study, as it appears that the Bri-Lap for-
mulation has no effect on gliosis as there are no differences
between eyes or cohorts with respect to GFAP.

5. Conclusions

This paper presents, for the first time, a study in which intra-
ocular administration in a rat eye of a brimonidine-
LAPONITE® formulation was well tolerated and had an early
functional and structural hypotensive and neuroprotective
effect. It acted mainly on retinal ganglion cells and the sus-
tained-release mechanism enabled a single intravitreal injec-
tion to last for at least 6 months. The study presents a formu-
lation with potential for transfer to clinical treatment of glau-
coma’® and other optic neuropathies.
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Abstract: Intravitreal injection is the gold standard therapeutic option for posterior segment patholo-
gies, and long-lasting release is necessary to avoid reinjections. There is no effective intravitreal
treatment for glaucoma or other optic neuropathies in daily practice, nor is there a non-invasive
method to monitor drug levels in the vitreous. Here we show that a glaucoma treatment combining a
hypotensive and neuroprotective intravitreal formulation (IF) of brimonidine-Laponite (BRI/LAP)
can be monitored non-invasively using vitreoretinal interface imaging captured with optical coher-
ence tomography (OCT) over 24 weeks of follow-up. Qualitative and quantitative characterisation
was achieved by analysing the changes in vitreous (VIT) signal intensity, expressed as a ratio of retinal
pigment epithelium (RPE) intensity. Vitreous hyperreflective aggregates mixed in the vitreous and
tended to settle on the retinal surface. Relative intensity and aggregate size progressively decreased
over 24 weeks in treated rat eyes as the BRI/LAP IF degraded. VIT/RPE relative intensity and total
aggregate area correlated with brimonidine levels measured in the eye. The OCT-derived VIT/RPE
relative intensity may be a useful and objective marker for non-invasive monitoring of BRI/LAP IF.

Keywords: brimonidine; Laponite; drug delivery; glaucoma; nanomedicine; monitoring; optical
coherence tomography; vitreous; intravitreal

1. Introduction

Brimonidine is an ocular hypotension drug widely used in ophthalmological clinical
care. For adequate therapeutic control, topical administration is recommended twice a day
because of its short half-life (approximately 12 h) [1]. Recently, brimonidine also exhibited
a neuroprotective effect in retinal ganglion cells (RGCs), photoreceptors and other retinal
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cells [2] in animal and human studies [3] and with both topical and intravitreal administra-
tion [4]. The short half-life of brimonidine means that periodic intravitreal administration
is needed to achieve therapeutic efficacy. However, repeated injection could lead to com-
plications [5]. Therefore, development of sustained drug delivery systems is necessary.
Laponite® Na**7[(SigMgs 5Lig 3)020(0H)4] 7 is a biocompatible and biodegradable clay
used in biomedicine [6]. Its safety in intravitreal injection has been demonstrated in animal
studies [7-9]. Laponite® forms a transparent gel when dispersed in an aqueous medium.
It is able to interact with other molecules, acting as a carrier and releasing the drug in
a controlled manner [10]. In this regard, our research group recently demonstrated that
an intravitreal formulation (IF) containing brimonidine-Laponite (BRI/LAP) produced a
hypotensive and neuroprotective effect in a chronic glaucoma animal model over 6 months
of follow-up [9].

The vitreous humour is a 3-D structure mainly composed of water, collagen fibres
and hyaluronan that occupies 80% of eye volume. It allows light transmission and inter-
venes in eye metabolism [11]. A vitreous sample biopsy is a useful means of diagnosing
inflammatory, infectious or oncological ocular diseases as well as of carrying out toxi-
cological post-mortem analysis [12,13]. Furthermore, the vitreous humour is becoming
increasingly important in clinical practice as it acts as a therapeutic target for posterior pole
pathologies involving macular oedema, such as diabetic retinopathy, vascular occlusions or
aged-related macular degeneration. However, as an intravitreal treatment for glaucoma is
not yet available in clinical practice, many researchers are working to resolve this limitation
within a medium-term horizon. The potential interest in using intravitreal administration
is to circumvent ocular barriers while avoiding systemic adverse events and, by acting as a
reservoir, maintaining therapeutic drug levels near the site of action [14].

Optical coherence tomography (OCT) is an easy-to-handle, cost-efficient, and objective
technology that provides high-resolution cross-sectional images. It has long been widely
used in clinical practice and research to study neuroretinal structure. Improved OCT de-
vices with swept-source or enhanced vitreous imaging have made it possible to study the
vitreous in normal and inflamed states and to study changes to it after treatment [15-17].
However, it has never been used to monitor drug levels in IFs. Currently, loss in IF thera-
peutic efficacy is evaluated on the basis of changes in neuroretinal structure or decreases in
subjective visual acuity measurements, which indicate an increase in disease activity. It
would be beneficial, however, to find an objective vitreous monitoring marker with which
to quantify the degradation of the injected molecule and which could even anticipate the
loss of therapeutic effect before structural retinal changes are detected by OCT, especially
as compared with other more expensive or invasive techniques used in research, such as
positron emission tomography or magnetic resonance imaging [18,19].

In previous OCT-based studies by this group, BRI/LAP IF was visualised in the
vitreous cavity as hyperreflective aggregates [9]. Expanding on this finding, this study uses
OCT to analyse changes in the hyperreflectivity signal from the BRI/LAP IF in the vitreous
humour in rat eyes over a 24-week period. This paper describes a monitoring marker for
the IF, correlates the OCT vitreous signal to drug levels and discusses the therapeutic effect
of BRI/LAP IF [9]. It proposes serial OCT as a more affordable and simpler method for
monitoring BRI/LAP IF in vivo in animal research.

2. Materials and Methods
2.1. Data Collection

OCT images of the vitreoretinal interface and drug level data were obtained from the
experiments carried out in a previous interventional study conducted by the authors [9]
(CC BY 4.0 license). In that study, chronic glaucoma was bilaterally induced by biweekly
injections of hypertonic solution into the episcleral veins, according to the well-established
Morrison model [20], which led to episcleral vein sclerosis and therefore ocular hyperten-
sion (OHT). Thereafter, a single 3-uL. BRI/LAP IF injection (10 mg BRI/LAP/mL) into
the vitreous cavity of right eye (RE) of Long-Evans rats was performed at baseline. Left
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eyes (LEs) served as non-treated hypertensive controls. Intraocular pressure was measured
with a rebound tonometer (Tonolab® iCare, Helsinki, Finland) for rodent research. The
material and methods used for the study were deeply detailed in [9]. In this study, OCT
examinations of the 43 treated rats at baseline and at weeks 1, 2, 4, 6, 8, 12, 24 after intravit-
real injection were analysed to quantify BRI/LAP IF evolution over 6 months. Another
23 non-treated healthy rats were examined for comparison as non-hypertensive controls.
The experiment was approved beforehand by the Ethics Committee for Animal Research
of Zaragoza University (PI34/17, 27th June 2017) and was carried out in strict accordance
with the Association for Research in Vision and Ophthalmology’s Statement for the Use
of Animals.

2.2. Optical Coherence Tontography

Images were acquired using a high-resolution OCT device (HR-OCT Spectralis,
Heidelberg® Engineering, Heidelberg, Germany) with a plane power polymethylmethacry-
late (PMMA) contact lens of 270 pm thickness and 5.2 mm diameter (Cantor+Nissel®,
Northamptonshire, UK) adapted to the rats’ cornea to obtain higher quality images. The
rodent version of this system acquires cross-sectional images by means of 61 b-scans
measuring around 3 mm in length and centred on the optic nerve. It has a resolution of
3 microns per pixel generated. A total of 1536 x 496 pixels per image were analysed. The
retinal posterior pole protocol with automatic segmentation, eye-tracking software and
follow-up application were used to ensure that the same points were re-scanned throughout
the study. The “enhance depth imaging” mode was disabled in all cases.

2.3. Brimonidine—Laponite (BRI/LAP) Formulation and Analysis

BRI/LAP was prepared [9] by addition of Laponite (100 mg) to a solution of Bri-
monidine (10 mg) in ethanol (10 mL) with stirring and then solvent evaporation under
a vacuum, to obtain the BRI/LAP formulation in powder form, which was gamma-ray
sterilised. BRI/LAP was injected in the form of a yellow colloidal dispersion in balanced
saline solution (BSS) (10 mg/mL).

The brimonidine content in the rat eyes was analysed [8,9] using an ultra-high-pressure
liquid chromatography mass spectrometer (UHPLC-MS, Waters, Milford, MA, USA). The
eyes were first cut into pieces, sonicated with a solution of formic acid in acetonitrile, then
with ammonium formate in phosphoric acid and internal standard (2-bromoquinoxaline),
centrifuged and the supernatant was cleaned up by solid phase extraction.

2.4. In Vitro Release of BRI from BRI/LAP Formulation

Release was studied in a model of vitreous humour made up of 0.5% sodium hyaluronate
in saline solution (pH 7.1-7.4). The release tests were performed by dispersing BRI/LAP
(5 mg, weight ratio 1/10, brimonidine amount 454.5 pg) in the extraction medium (0.5 g of the
vitreous model) under stirring at 120 rpm at 37 °C. After 24 h the dispersion was centrifuged
at 14,000 rpm for 20 min. The liquid phase was separated and the solid was re-dispersed
in fresh extraction medium for a new cycle. The liquid phase was diluted with acetonitrile
(0.5 mL) containing the internal standard, centrifuged again and analysed by HPLC as
described above.

2.5. Analysis of the Intravitreal Formulation Using OCT

The BRI/ LAP IF aggregates present in the OCT scans of the vitreoretinal interface were
studied. This technique focuses on the analysis of opacities in the vitreoretinal interface
by OCT, which does not require a correction factor for its histological correlation [21]
and ensures a characterisation of the actual aggregate. These aggregates were defined
as being dots dispersed in the vitreous humour or vitreoretinal interface whose larger
size, irregularity or greater signal hyperreflectivity differentiated them from background
speckle noise.
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OCT image contrast was not adjusted at any time. OCT raw images were exported as
Audio Video Interleave (AVI) videos. These videos were analysed using a custom program
implemented in Matlab (version R218a, Mathworks Inc., Natick, MA, USA). This code
allows us to find the inner limiting membrane (ILM) and the inner and outer layers of
the retinal pigment epithelium (RPE) by grayscale conversion. This makes it possible to
delimit vitreous space and RPE space in each b-scan (Figure 1). The vitreous was defined
as the space between the uppermost extent of the b-scan and the ILM, whereas the RPE
was defined as the space between the inner and outer layer of the RPE [16,17]. The mean
intensity value of these two spaces was calculated as the average of the intensity of all the
pixels within each region, obtaining the VIT/RPE relative intensity in each b-scan. Thus,
the VIT/RPE relative intensity of each eye is the average of the 61 b-scans. Furthermore, as
the BRI/LAP aggregates tend to be deposited on the ILM-retinal nerve fibre layer (RNFL),
the inner and outer limits of the ILM-RNFL were determined to obtain the evolution of
ILM-RNFL thickness throughout the 24 weeks of follow-up.

Right eye injected with BrimonidineLaponite IF

Time:

RPE inner / \ RPE outer

Right eye injected with BrimonidineLaponite IF
Time:

M/ RPE outer

Figure 1. Quantitative assessment of VIT/RPE relative intensity in the same right eye of a rat at
(A) two weeks and (B) six weeks post-injection with brimonidine-Laponite intravitreal formulation.
Abbreviations: TF: intravitreal formulation; VIT: vitreous; RPE: retinal pigment epithelium; TLM:
inner limiting membrane.
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The size of the aggregates in each b-scan was also determined by calculating the
number of pixels that each aggregate contains in the image. In the analysed b-scans,
there are a total of 761,856 pixels and the image area is 2906 mm?. Therefore, the ratio is
3815 um? /pixel. To calculate that correctly, the background speckle noise of the image was
deleted using a denoising filter, which made it possible to distinguish between aggregates
and background noise. This filter was implemented in our custom code following the
definition of aggregates as larger dots whose intensity is greater than the background
intensity. In order to ensure that we only quantify the aggregates produced by the BRI/LAP
IF, a minimum limit was established, so that the possible noise [22] due to the physiological
components of the eye were not taken into account. This minimum limit was set at 500 pm?
per aggregate. Once we had calculated the size of each aggregate, we could compute the
average area and total area of the BRI/LAP IF in each eye at different stages during the
follow-up.

The imaging data were analysed for clinical and drug level information by a masked
reader. OCT segmentation was performed by two different researchers, likewise masked,
to verify reproducibility.

2.6. Statistical Analysis

All data were recorded in an Excel database, and statistical analysis was performed
using SPSS software version 20.0 (SPSS Inc., Chicago, IL, USA). To assess sample dis-
tribution, the Kolmogorov-5Smirnov test was used. However, given the non-parametric
distribution of most of the data, the Mann-Whitney U test was employed to evaluate the
differences between both cohorts, and a paired Wilcoxon test was used to compare the
changes recorded in each eye over the study period. p values < 0.05 were considered to
indicate statistical significance.

3. Results

A total of 186 OCT videos from 43 treated rats (43 hypertensive REs treated with
BRI/LAP IF and 29 non-treated hypertensive LEs) and 23 non-treated healthy rats
(23 REs/23 LEs) were analysed. The REs injected with the BRI/LAP IF showed hyperreflec-
tive dots/aggregates mixing uniformly in the vitreous gel and dispersed as floaters, with
a tendency to move toward the vitreoretinal interface during the 24-week follow-up [9].
There was also OCT-guided evidence of the hyperreflective dots crossing the vitreoretinal
interface and embedding deeply in the retinal tissue. Particular qualitative characteristics
of the behaviour of the BRI/LAP IF observed in several animals are shown in Figure 2.

OCT also detected a progressive decrease over time in the number and size of BRI/LAP
aggregates (Figure 3). Figure 4 shows the temporal change in aggregate size. Figure 4A
shows that total aggregate area decreased with time over the 24 weeks of follow-up. This
drop was very marked during the first 4-6 weeks, after which the change was more
gradual. Moreover, total aggregate area increased two weeks after injection. Although a
similar trend was observed (aggregate size increased at 2 weeks), this seems to be at the
expense of an increase in mean aggregate size. A considerable decrease was then detected
around 8 weeks, and from 12 weeks onwards mean aggregate size remained practically
constant (Figure 4B).
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Figure 2. Milestones in the evolution of the brimonidine-Laponite intravitreal formulation (BRI/LAP IF) analysed using
optical coherence tomography. (A): Cross-sectional image of the optic nerve showing hyper-reflective IF aggregates after
crossing the posterior vitreous cortex (PVC). The green arrow points to the posterior vitreous cortex. Three hyper-reflective
dots are found in the space between the PVC and the inner limiting membrane (ILM). (B): Hyper-reflective aggregates
(green triangle) at the moment of crossing the posterior vitreous cortex. (C): Hyper-reflective aggregates (green circle)
arranged one-by-one in a row. (D): Large BRI/LAP IF aggregate (green rhombus) in the vitreous humour. A light optical
shadow can be observed (indicating potential perception of floaters) similar to the shadow that retinal vessels produce.
(E,F): Hyper-reflective aggregates penetrating the retinal layers. Deposits in the inner nuclear layer or perivascular (green
square). Deposits in the outer nuclear layer (green star). Red lines indicate the TLM and retinal pigment epithelium (RPE)
boundaries. (B) Shows an example without boundaries (red lines) so as to permit measurement. (A,B) Show images
obtained at 6 weeks of follow-up. (C,D) Show images obtained at 8 weeks of follow-up. (E,F) Show images obtained at
12 weeks of follow-up. Representative images are extracted from different animals.

Week 24

Figure 3. Progressive decrease in hyper-reflective aggregates (red arrows) of the brimonidine—
Laponite intravitreal formulation (BRI/LAP IF) detected in the vitreous-retinal interface using

optical coherence tomography over 24 weeks of follow-up.
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Total aggregates’ area

A

Mean aggregates' area (jm?)

§ 10 12 14 16 18 20 22 24 C 2 4 € 8 1 1 14 16

Number of weeks Number of weeks B

Figure 4. Temporal change in aggregate area. (A) Total area of the aggregates located in the vitreous; (B) mean area of

the aggregates.

VIT/RPE

OCT analysis revealed the decreasing intensity of the hyperreflective IF aggregates in
the vitreous over 24 weeks of follow-up (Figure 5A). The figure shows that the intensity
peaked at the end of the second week and then decreased until it stabilised around week
12. It should be noted that the intensity index rose slightly from weeks 4 to 6 and that
this coincided with a decrease in total aggregate area (Figure 4A) and a slight increase
in mean aggregate area (Figure 4B). Comparison of the intensity indices for REs (treated
with BRI/LAP IF) and LEs (non-treated) (Figure 5A) shows that the intensity is very much
lower in the LEs (0.30 vs., 0.25; p < 0.001). As can be seen, VIT/RPE relative intensity
in eyes with glaucoma treated with BRI/LAP IF is higher than in eyes with non-treated
glaucoma due to the presence of BRI/LAP IF. Interestingly, the index similarly increased
over the first two weeks. This effect could be produced by the induction of glaucoma.
Furthermore, the intensity index for non-treated eyes (right and left control eyes; the grey
lines in Figure 5A) was also computed. In this case, the intensity value remained constant
(0.17). Here, the difference observed in the intensity index between eyes with glaucoma
and healthy controls is produced by glaucoma induction. Finally, we observed that the
aggregates were initially distributed throughout the vitreous but as time went by (6 to
8 weeks) they settled on top of the ILM-RNFL. It was not possible to distinguish between
the aggregates and the ILM-RNFL because the intensity values are very similar. Therefore,
this co-layer was segmented in order to measure the deposited aggregates. Figure 5B shows
how RE ILM-RNFL thickness increased until it plateaued at week 12. This increase in
thickness is directly related to the aggregates’ distribution on top of the retina. In the same
plot, LE (untreated) ILM-RNFL thickness remained unaltered or decreased slightly during
the follow-up if no aggregates were present. Furthermore, we previously not only ruled out
that the thickness increase in the treated eye was a consequence of neurodegeneration or
cystoid oedema, but also observed functional neuroprotection and a higher RGC count [9].

———REOH T (If BRILAP)

=====LE OH non.T

——RE OH T (IF BRILAP)

----- LE OH non-T

ILM-RNFL thickness (jum)

Number of weeks Number of Weeks B

Figure 5. (A) Mean VIT/RPE relative intensity in rats with induced bilateral glaucoma (RE treated with brimonidine—
Laponite) and healthy controls over 24 weeks of follow-up. (B) Segmentation of the ILM-RNFL in rats with induced bilateral

glaucoma (RE treated with brimonidine-Laponite) over 24 weeks of follow-up. Abbreviations: RE: right eye; LE: left eye;
OH: ocular hypertension; T: treated; BRI/ LAP IF: Brimonidine-Laponite intravitreal formulation; non-T: non-treated; hC:

healthy control; ILM: inner limiting membrane; RNFL: retinal nerve fibre layer.
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Finally, a 3-D reconstruction of the 61 b-scans from a specific rat was performed in
order to assess the qualitative decrease in aggregates with time. Figure 6 shows the same
eye at 2 weeks of follow-up and then 6 weeks later (8 weeks of follow-up). It clearly
shows that the aggregates are widely dispersed 2 weeks post-injection, and that 6 weeks
later the aggregates are fewer and smaller and have practically disappeared from the
vitreous humour.

Right eye injected with B idineLaponite IF Time: 2 weeks

Time: 8 weeks

Figure 6. 3-D reconstruction of the evolution of the aggregates at 2 weeks and 8 weeks of follow-up. The reconstruction
is shown from two different perspectives at each point in time. Abbreviations: N: nasal; I: inferior; S: superior; IF:

intravitreal formulation.

In order to investigate if the vitreous OCT data could serve as an objective marker for
non-invasive monitoring of the IF, the curve of the brimonidine levels extracted from our
previous study [9] (CC BY 4.0 license) was correlated with the VIT/RPE relative intensities
and with the curve of the total aggregate area (as an expression of the total amount of IF
injected) obtained using OCT at weeks 1, 4, 8, and 24 after intravitreal injection. Both the
brimonidine levels and the VIT/RPE relative intensity curves showed a negative linear
tendency with a direct correlation (y = —0.0003x + 0.1016 R? = 0.5616 vs. y = —0.0002x
+0.2543 R? = 0.4301, respectively). Moreover, the logarithmic curves of the brimonidine
levels and the total aggregate area were very similar (Figure 7).
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Figure 7. (A) Decreasing brimonidine level curves in rat eyes expressed in ng/mL (mean =+ standard deviation; n = 3 eyes
in each study time) (data from [9] (CC BY 4.0 license)) (in blue) and total aggregate area in the rat eye vitreous expressed in
pixels (mean = standard deviation; n = 9 eyes at week 1, n = 21 eyes at week 4, n = 8 eyes at week 8 and n = 5 eyes at week
24), obtained using optical coherence tomography (in red) over 24 weeks of follow-up. Logarithmic curves in dashes. (B)
Positive linear correlation between drug levels and total aggregate area. Data are expressed as means + standard deviation;
optical coherence tomography (OCT) data in red; brimonidine data in blue; l: 1 week; #: 4 weeks; o: 8 weeks; A: 24 weeks.

A short in vitro study was performed to compare with the results obtained in the
in vivo study. A model for vitreous humour (VHM) formed by sodium hialuronate in
saline solution was chosen as medium for release, and the procedure was analogous to
our precedent study with the DEX/LAP system [23], with equilibration of the BRI/LAP
formulation in the VHM for 24 h, centrifugation to separate the liquid phase with the
released BRI for analysis and re-suspension of the solid in a new batch of VHM. As can
be seen in Figure 8, the released amount was higher in the first extractions, indicating the
presence of a fraction of BRI loosely bound to LAP, whereas the released amount in the
successive extractions is much lower, corresponding to the BRI fraction more tightly bound
to LAP. In any case, the total amount released after eight extractions is lower than the 22%
of the total BRI present in BRI/LAP, confirming in this way the ability of this formulation
for a sustained release for a long time period.
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Figure 8. Cumulative release of BRI from BRI/LAP to the model of vitreous humour.
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4. Discussion

This paper describes use of OCT to perform non-invasive monitoring of an intravitreal
formulation (BRI/LAP) used to treat glaucoma.

Qualitative study made it possible to observe the behaviour of BRI/LAP IF in the
vitreous and retina over a 24-week period [9]. In the early stages of the study the BRI/LAP
IF was mixed in the vitreous, remaining in suspension in small microaggregates that later
showed a tendency to approach and attach to the retina, possibly due to brimonidine
tropism towards the alpha-adrenergic receptors present in the ganglion cell layer, inner
nuclear layer and outer nuclear layer [24], melanin, the RPE and the choroid. In animal
studies, brimonidine has been shown to have both a functional and a structural neuropro-
tective effect. Intravitreal administration of brimonidine-loaded nanoparticles has shown a
neuroprotective effect over 14 days of monitoring [4], a hypotensive and neuroprotective
effect lasting 4 weeks in an acute glaucoma model [25] and, recently, our group [9] demon-
strated a functional and structural hypotensive and neuroprotective effect lasting 6 months
with BRI/LAP IF in a chronic glaucoma model. This was proved not only by analysing
the neuroretinal thickness with OCT and the functionally with electroretinography, but
also by analysing images of the vitreoretinal interface obtained with OCT, which is a novel
measurement method that could provide a non-invasive, objective and reliable means of
monitoring the pharmacodynamics of the IE. In addition, brimonidine has been shown
to be effective in clinical trials with human patients when administered topically to treat
diabetic retinopathy [3] and intravitreally with a brimonidine drug delivery system (Brimo
DDS Allergan®, Irvine, CA, USA) in geographic atrophy from age-related macular degen-
eration [26]. The administration of Brimo DDS® requires an applicator and therefore larger
gauge needles, as well as re-implantation every 3 months. A potential sustained-release
intravitreal injection-based therapy such as BRI/LAP IF could be effective and useful in
these patients as it offers advantages such as injection with smaller micrometric needles,
nanoscale formulation and longer therapeutic effects lasting up to 6 months [9].

Repeated intravitreal injections can increase intraocular pressure (IOP) and alter the
structure of the optic nerve [27], which can hinder or skew diagnosis and follow-up based
on OCT measurements, which are very important in assessing progression in glaucoma.
Hence, the use of sustained release systems is necessary in order to reduce re-injection and
risk to patients. In this regard, Laponite produced sustained release of drugs for at least 6
months [7-9] and improved the solubility of hydrophobic substances such as brimonidine,
thereby facilitating their administration and diffusion within the vitreous.

For the formulation injected into the vitreous to reach the retinal cells (and exert
its effect), it must pass through the posterior vitreous cortex (PVC) as well as the ILM,
which has pores measuring 10-20 nm. OCT showed hyperreflective aggregates capable
of traversing the PVC and ILM and reaching the intraretinal space, possibly by diffusion
(Figure 2) due to the small size of the Laponite platelets (1 nm high, 30 nm diameter) [6] and
the lipophilicity of brimonidine. In this regard, various authors also found internalisation
of drug delivery systems in the retina. Koo et al. [28] described the passage of intravitreal
nanoparticles through the retina by both diffusion and endocytosis by the Miiller cells,
and Xu et al. [29] found that cationic amphiphilic intravitreal polymers reached RPE cells.
The space between the ILM and the PVC houses an interdigitate extracellular matrix [15].
In this space, the authors observed that the BRI/LAP IF arranged itself in a row with the
aggregates ordered one after the other at different heights, concentrically (see Figure 2A,C
and Figure 6). This arrangement is similar to that proposed in the formation of Laponite
film, [30] exhibiting a side-by-side arrangement of the Laponite platelets and subsequent
stacking of them in different layers. This arrangement is favoured by several film-forming
methods, including the Langmuir-Blodgett method, in a liquid-solid interface similar to
the vitreous-retina interface, and even more so in the case of hybrid films with organic
molecules and macromolecules [31].

OCT was fundamental to demonstrate in vivo degradation of the amount of BRI/LAP
IF injected (based on total aggregate area) and morphological and dynamic aggregation of
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the Laponite molecules (based on mean aggregate area). Acidosis [32] and inflammatory
proteins [33] have been detected in the vitreous of glaucoma patients. In both situations,
Laponite degradation increases. In our in vivo study (coinciding with the in vitro study),
the highest rate of BRI/LAP IF degradation with brimonidine release occurred in the
early stages (the largest decrease in total aggregate area occurred in the first 2-6 weeks
(Figure 4A)). However, between the middle of the study and the end (at 24 weeks) degrada-
tion happened very slowly and the size of the aggregates remained stable. In our previous
paper [9], we demonstrated that the BRI/LAP IF produced an early hypotensive effect
until 6-8 weeks (peaking at 2 weeks) (see Table 1) that coincided with higher levels of
brimonidine in the eye, with the greatest aggregates” area (Figure 4B) and relative intensi-
ties of VIT/RPE (Figure 5A), as well as a neuroprotective effect mainly occurring in the
later stages (with sustainedly low levels of brimonidine), quantified in the form of reduced
retinal RGC death. This reduced RGC death, which brimonidine achieves by blocking the
excitotoxicity of the glutamate [34], is probably why the vitreous acidosis was maintained
or did not increase and, consequently, why the BRI/LAP IF degradation rate was slower
in the later stages. In addition, Laponite aggregates in situations in which pH is very
low (acidosis) [35]. Greatest aggregation observed using OCT (measured as an increase
in the area of the aggregate) was found in the early stages, coinciding with the onset of
the damage induced by ocular hypertension and, therefore, increased acidosis. However,
at later stages the aggregates were much smaller, suggesting less acidosis. Both OCT
analyses of the aggregates (degradation based on total aggregate area, and aggregation
based on mean aggregate area) support the idea of lower cell death due to neuroprotection
in the later stages. This suggests a possible correlation/association between analysis of the
vitreous using OCT with BRI/LAP IF and the results of structural analysis using OCT and
retinal histology [9].

Table 1. Effect of BRI/LAP IF on intraocular pressure.

OHT (>20 mmHg) EYES (in %) Intraocular Pressure (X & sd)

TIME
Non-Treated Treated Non-Treated Treated 4

BASELINE 0 0 9.12+£148 8.86 £ 1.69 0.476
2w 88 4.8 23.34 + 3.53 14.96 + 4.16 <0.001
4w (1m) 9.7 28.1 2526 + 3.69 17.36 + 4.10 <0.001
6w 100 58.8 27224315  20.64 +£5.04 <0.001
8w (2m) 95 438 28.93 + 7.11 19.85 + 4.51 <0.001
12w (3m) 36.8 50 19.10 £3.07  19.70 +2.39 0.423
low (4m) 583 80 2005+435 2179+ 142 0.304
20w (5m) 28.6 60 17.38 £ 2.87  21.19 +£5.49 0.166
24w (6 m) 71.4 60 23.66 + 545  23.26 + 4.82 0.684

Abbreviations: BRI/LAP IF. Brimonidine/laponite intravitreal formulation; OHT: ocular hypertension; w. week;
m: month; p < 0.05: statistical significance; %: percentage; X + sd: media + standard deviation. Data from [9] (CC
BY 4.0 license).

The OCT study of the vitreoretinal interface was also helpful in understanding a
phenomenon that was unresponsive in our previous study [9]. We found that although
BRI/LAP IF generally exerted a hypotensive effect on the eye treated, a peak in IOP was
detected in week 3 compared to the non-treated LE. Laponite swells in aqueous media, so
we hypothesised that an increase in the size of the aggregate was responsible for the IOP
increase. In this study based on OCT monitoring of aggregates, as expected, an increase
in size of the BRI/LAP IF was measured in the early stages (2-3 weeks), confirming
our hypothesis.

Studying pharmacokinetics or tracing in relation to an IF in the visual pathway is not
simple [14] as it requires invasive biopsies or tests that are either very expensive or only
accessible to researchers [18]. OCT is a non-invasive technology capable of offering almost
histological images depending on the light transmitted or reflected as light passes through
different structures with differing densities. Those areas that light finds it harder to pass
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through have higher optical densities (e.g., lipid or calcium membranes), and different
optical density ratios have been found according to pathology [36]. The increase in signal
offered by BRI/LAP IF may be a consequence of the lipophilicity of the brimonidine and
the silicon and magnesium components of the Laponite.

As OCT is a light-scattering imaging technique, higher VIT/RPE relative intensity
would indicate greater light scattering, with risk of perception of floaters. In this regard,
the size of the aggregates was in the order of microns (from 850 to 760 microns) (Figure 4B),
much smaller than the commercially available Ozurdex® implant measuring 0.46 x 6 mm
(22G needle) or Brimo DDS® (25G needle) [26]. Larger aggregates potentially perceivable as
floaters (Figure 2D) were nevertheless observed occasionally. It was only in the largest and
least frequently occurring sizes that a posterior shadow was detected. In most aggregates
no shadow was detected, suggesting that potential floater perception would be minimal
or non-existent. This was reinforced by the fact that the animals did not exhibit any
abnormal behaviour.

Two previous studies involving intravitreal administration of Laponite and using
indirect ophthalmoscopy [7,8] describe the IF as a single floccule/lump floating in the
vitreous. However, in this study observations of large floccules were incidental/isolated.
Laponite has thixotropic characteristics that facilitate IF injection fluidity by using smaller-
gauge needles (such as the Hamilton pLSyringes® used in this study) [Y]. Likewise, the
injection force or speed and the needle gauge used have been shown to influence turbulence
and mixing after injection of aqueous and viscous solutions into the vitreous gel [37]. This
study suggests that BRI/LAP IF administration using smaller-gauge needles would, in
addition to causing less patient discomfort, prevent the formation of large floccules.

In this paper, OCT analysis of the vitreous shows that VIT/RPE relative intensity is (1)
significantly higher in eyes treated with IF than in non-treated eyes; (2) that intensity values
decrease over time; (3) that scores can be calculated with a high degree of reproducibility;
and (4) that the total aggregate area correlates with the amount of brimonidine at all
stages of the study and shows a similar degradation curve. Therefore, VIT/RPE relative
intensity would be an objective marker. The advantage of this OCT-guided analysis of IF
persistence in the vitreous would be the possibility of acquiring simple measurements in
repeatable explorations at any stage of disease development. This would help detect or
predict a loss of treatment efficacy, avoiding detection of the absence of therapeutic effect
only after retinal structural damage occurs, in other words as the disease progresses, as
is currently the case with glaucoma. Moreover, it also makes it possible to evaluate the
rate of IF degradation individually per patient, thereby making precision medicine more
personalised [38]. In addition, guided OCT evaluation can reduce sample size as well as
cost both in animal studies and in future clinical trials with patients.

VIT/RPE relative intensity has been used because in previous studies it proved, as a
marker of inflammation, to be a repeatable measure with a high degree of reproducibility
and sensitivity [16]. Furthermore, Sreekantam et al. [17] mentioned that the RPE signal
may be slightly attenuated in the case of macular oedema, resulting in lower VIT/RPE
relative intensity. However, glaucoma does not present with oedema, so presumably the
utility would be maintained in this pathology, perhaps with even greater reliability.

Limitations of the Study

The depth of the vitreous analysed using OCT is partial and limited to a maximum of
1.9 mm. The authors consider that the analysis performed on the vitreoretinal interface
using a follow-up protocol (which involves studying the exact same location in serial scans)
presents a representative sample of the complete vitreous gel. This view is shared by other
researchers who demonstrated the use of vitreoretinal interface analysis as a non-invasive
measure correlated with eye inflammation in animal and human studies [21,39]. The high
correlation shown in the results (OCT signal intensity vs. brimonidine concentration in
the eye) demonstrates applicability in rats and, presented as a logarithmic scale, suggests
that study of the whole vitreous body would not be necessary. However, these animals
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have a huge lens and therefore a very small vitreous volume compared to humans. In
further studies full analysis of the vitreous body would be recommended to corroborate
the applicability of this monitoring in animals with a similar organisational structure to
humans, such as pigs or dogs. For that purpose, swept-source OCT would help to enhance
visualisation of the vitreous cavity. Moreover, as noted above, the increased signal obtained
with IF may be a consequence of lipolicity of brimonidine inserted between the silica and
magnesium components of the Laponite. This technique seems to be suitable for hyper-
reflective IF, in contrast to previous therapies injected into the vitreous humour. In this
study, blank Laponite was not used because it was previously shown to have an intraocular
durability of up to 6 months [7-9]. We are now focusing on IF monitoring for therapeutic
application of glaucoma over a long period of time. However, it would be desirable to
conduct further studies with only Laponite evaluated with OCT. This study was conducted
without enhanced vitreous imaging technology, which could have helped reveal more
subtle diffusion characteristics that were not found with the technology used. This research
was performed using a commercially available OCT device employed in animal study and
a protocol customised specifically for OCT image analysis. Automated analysis of the type
that already exists for the study of the neuroretina and that would allow for graduation
of signal intensity loss or its rate at the time of acquisition would be beneficial and would
facilitate real-time clinical decision-making.

Another limitation could be that some of the hyperreflective dots were due to latent
inflammation [16] secondary to the induction of glaucoma and alteration or increase in
signal intensity. Eye infection and severe vitritis were discarded in rat eyes injected with
BRI/LAP IF in our previous study [9], (CC BY 4.0 license). In this regard, the vitreous
cells, hyalocytes, can be exacerbated in inflamed eyes [40] and vitreous changes are early
markers of retinal damage [41]. Several studies have demonstrated the capability of
monitoring acute and obvious ocular inflammation in vitreous by OCT and correlated it
with retinal disease progression [16,17,21,39,42]. However, this first study opens a window
to the possibility of also evaluating subclinical inflammation by vitreous imaging. To our
knowledge, this is the first OCT-based study to detect an alteration in the vitreous of eyes
with glaucoma (higher signal intensity) when compared with healthy eyes. As both eyes
were injected to induce OHT, the increased signal intensity found in the RE is considered a
consequence of BRI/LAP IF.

Considering translation to clinical settings, one issue to take into consideration would
be the vitreous opacities that are normally present in older humans, which are the primary
target population for this formulation. However, in general, floaters are usually kept in
a stable range, and the monitoring method presented in this study is conducted with
a relative signal (VIT/RPE). Therefore, the change of signal in the successive re-scans
(monitoring) would be the consequence of a change in the formulation. Furthermore,
in the case of pathology, the metabolism of the drugs is altered. Recently, an increase in
vitreous signal VIT/RPE has been described in pathologies such as diabetic retinopathy [39],
meaning future studies would be necessary to shed light on these doubts. Nevertheless,
this study presents a non-invasive, cost-efficient and customisable monitoring method that
would facilitate precision medicine [38].

5. Conclusions

This longitudinal study describes for the first time a qualitative and quantitative
method of using OCT to analyse the signal generated in the vitreous by the BRI/LAP IF for
glaucoma treatment. It enables initial monitoring of a therapeutic intravitreal formulation
based on objective measurement of changes in the vitreous using OCT and demonstrates
an adequate correlation with brimonidine drug levels. These results are a preliminary
step in the validation of this potential biomarker identified with OCT for use in therapeu-
tic monitoring, IF monitoring or tracing and could also be useful for conducting more
accurate clinical trials based on early critical points of loss of efficacy. They could also
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potentially be transferred to clinical settings employing new OCT devices that offer higher
image resolution.

6. Patents
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ARTICLE INFO ABSTRACT

Keywords: Clay minerals have been applied in biomedicine for thousands of years. Laponite is a nanostructured synthetic

Laponite clay with the capacity to retain and progressively release drugs. In recent years there has been a resurgence of

C!ay 2 s interest in Laponite application in various biomedical areas. This is the first paper to review the potential

Biomedical application . " o e Lo . . . . .

=i biomedical applications of Laponite in ophthalmology. The introduction briefly covers the physical, chemical,
eview

Ophtlmology rheological, and biocompatibility features of different routes of administration. After that, emphasis is placed on
1) drug delivery for antibiotics, anti-inflammatories, growth factors, other proteins, and cancer treatment; 2)
bleeding prevention or treatment; and 3) tissue engineering through regenerative medicine using scaffolds in
intraocular and extraocular tissue. Although most scientific research is not performed on the eye, both the
findings and the new treatments resulting from that research are potentially applicable in ophthalmology since

many of the drugs used are the same, the tissue evaluated in vitro or in vivo is also present in the eye, and the

pathologies treated also oceur in the eye, Finally, future prospeets for this emerging field are discussed.

1. Introduction

Clay minerals’ biocompatibility and nanoscale make them an
emerging class of biomaterials suitable for a wide range of biomedical
applications. To date (2023), the terms “clays” and “biomedical appli-
cations™ have been referenced in more than a thousand publications.
Clay minerals, however, are not new [1]. Their powerful colloidal
properties have been known since 2500 BCE and they have long been
used to prevent and treat bleeding [2], skin wounds [3], and gastroin-
testinal diseases, as well as in cosmetics and personal care products.
Several types of mineral clay are currently used in biomedical applica-
tions. Natural clays, such as montmorillonite, kaolinite, and halloysite,
among others, are abundant in nature and easily obtained, although in
general they contain different types of impurities, such as
non-clay-mineral particles like quartz and calcite [4]. Synthetic clays
like Laponite, meanwhile, are free of impurities and therefore have a
more uniform structure and composition. A search for “Laponite™ in the
PubMed database revealed an increase between 2007 and 2023 in the
number of published papers containing this term, demonstrating that

Laponite’s unique characteristics have made it an attractive biomaterial
in recent years. Other emerging materials also have potential biomedical
applications. Layered double hydroxides are quite similar to synthetic
clays as regards the preparation method. They differ, however, in their
greater compositional variability, layered structure, and possible
non-covalent interaction with drugs [5]. Their particle size is also usu-
ally larger than Laponite’s, which has rheological consequences when
forming gels. Likewise, their layer charge is positive, in contrast to
Laponite’s negative charge, leading to different types of electrostatic
interaction with drugs and the ionic medium. While hexagonal boron
nitride is another promising nanomaterial, preparing it in a form suit-
able to produce stable colloidal suspensions is challenging [6]. Molyb-
denum sulfide (MoS,) nanoparticles are also emerging as materials with
potential for different biomedical applications, including drug delivery
[7]. However, this delivery is usually linked to near-infrared laser irra-
diation which, combined with the black color of MoS; and the doubts
about its biocompatibility, makes it difficult to envisage an ophthalmic
application for this material.

Laponite®R (trademark of the company BYK Additives Ltd) is a
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synthetic clay developed in the early 1960s [3] as a rheological additive
for pigment dispersions [9]. It was prepared by the co-precipitation
method using Mg and Li sources (MgSO,4 and LiF in the first reports
[10]), together with a silicon source (sodium silicate) in a basic medium.
Improvements to this method allowed preparation to take place in the
absence of fluorine, producing different hydrophilicity /hydrophobicity
and rheological behavior [11]. Since then, Laponite has not only been
used in a variety of industrial applications but has also been subject to
extensive research in relation to biomedical applications [12-14]. The
translational research performed with Laponite has mainly centered on
wound healing; drug delivery systems (small molecules and, more
recently, protein delivery) to treat infections, bleeding, or cancer; and
tissue engineering for bone scaffolds [15,16]. Very few references to
ophthalmological applications for Laponite are found in the scientific
literature.

From a physical-chemical point of view, the empirical formula of
this synthetic nanosilicate is (Nag 7 [(SisMgs.5Lio.3)020(0H)4]0.7 [17]. As
a clay mineral, its basic building blocks consist of alternating tetrahedral
Si0, and octahedral AlOg sheets in a 2:1 ratio [4,18]. This means it
comprises two tetrahedral silica sheets positioned on either side of an
octahedral sheet bound through shared oxygens [19], thus forming a
layered structure. Laponite has a dual-charged surface. The faces (upper
and lower surfaces) are negatively charged due to the charge imbalance
caused by magnesium substitution by lithium in the octahedral layer,
while particle edges can be positively charged by protonation of the
terminal hydroxyl (OH) groups of the tetrahedral silicate layers. Several
layers may be stacked one on top of the other, mainly by electrostatic
force, but also hydrogen bonding and Van der Waals force, and joined in
clay crystallites with interlayer cations [20]. Layered silicate clays offer
a high surface area (more than 700 m?%/g) and allow drug, polymer,
protein, or extracellular vesicle interaction and retention to occur, thus
forming multifunctional drug delivery systems for better pharmaceutical
performance.

In dry form, Laponite has a two-dimensional (2D) dise-shaped ge-
ometry (diameter 20-50 nm and thickness approximately 1-2 nm).
However, in water this becomes three-dimensional (3D) colloidal par-
ticles of colorless gel (the ‘house of cards’ structure or *T configuration’)
[9]. Microenvironmental conditions such as pH or salt concentration
have a significant impact on gelation time. The charge on the edges of
the Laponite is pH-dependent because of protonation of exposed hy-
droxyl groups. Gelation time is found to increase significantly with
decreasing salt and Laponite concentration. Conversely, an increase in
ionic strength leads to the formation of aggregates. Gelation happens
abruptly and precipitates when salt concentration exceeds 11 mM;
however, with Laponite concentrations above 10 g/L salt concentration
does not impact gelation time. The house-of-cards structure is obtained
at lower salt concentrations or at pH values below 11 and is generated by
preferential interaction between the negative charge on the basal plane
and the positive charge on the edge of the particles. At higher salt
concentrations band-type aggregates or stacked configurations can be
generated by face-to-face interactions with cations, which can later
transition into the house-of-cards structure. Other environmental
changes, such as local humidity, can cause the clay to absorb or lose
‘water, resulting in variable swelling [20]. The permeability to water and
the diffusion of small molecules depend on the orientation of the clay
particles within the gel. Well-oriented particles can be used as a barrier
to gases and liquids, while randomly or haphazardly oriented particles
can increase permeability [21]. Swelling can be prevented by the for-
mation of interactions between polymers and Laponite, controlling in
this way the slow release [22-24].

Nanosilicates are optically transparent in aqueous media. Laponite
can be functionalized with fluorophores, luminescence, and para-
magnetic particles [25,26]. These characteristics can be beneficial,
especially in ophthalmic applications, since they enable imaging of
subsurface cellular behavior, design of complex printed tissues [27], and
facilitate optical coherence tomography (OCT) and magnetic resonance
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imaging (MRI) for monitoring, diagnosis, and treatment of pathologies
[28,29].

Laponite is a rheology modifier commonly used to adjust the overall
viscosity of the drug formulation and to control non-Newtonian be-
haviors such as shear thinning or shear thickening [30,21]. This thixo-
tropic property of Laponite [32] facilitates injectability using
small-gauge needles and improves shear-thinning behavior, which is
highly desirable for injectable hydrogel devices in which encapsulated
drugs such as proteins or antibodies and/or cell activity must be pre-
served under the high shear stress exerted by injection [33].

Biocompatibility is key for medical translation. Based on experi-
mental and modeled data, the U.S. Environmental Protection Agency
has verified that Laponite is a safe chemical of low concern. A range of
studies have demonstrated the high biocompatibility of Laponite,
establishing its widespread biomedical application. Laponite does not
present systemic toxicity after oral, intramuscular, or ocular adminis-
tration [34-40] at low concentrations (0.1-7% w/v) or with an inhibi-
tory concentration (IC50) of 4 mg/mL [41]. In addition, after
intravenous administration a nanocomposite based on Laponite
exhibited no hemolytic activity in vitro and no histopathological alter-
ations in the brain, heart, liver, or kidney tissues of mice in vivo [42].
However, prolonged oral medication is not recommended due to the risk
of kidney stone formation and the elimination of enzymes and other
nutritive elements. Furthermore, high concentrations of nanosilicates
can reduce cell proliferation in vitro [43]. Several studies claim IC50
values of Laponite vary considerably, ranging from 0.05 to 50 mg/mL
[44]. Laponite particles have been shown to naturally degrade in ~30
days on average; a hydrogel with a residence time of =>30 days prevents
complete Laponite particles escaping the hydrogel, thereby preventing
adverse cytotoxicity [45]. Laponite, especially Laponite® XLG, is
considered suitable for biomedical application due to its low heavy
metal content, This hydrous nanosilicate contains elements such as
magnesium, zinc, lithium, and iron that are also found in the body and in
brain metabolism, and its nontoxic degradation products [Nat, Mg?", 8i
(OH)4, Li"] are easily absorbed by the body [42,46]. Fig. 1.

This review examines the scientific evidence currently available on
Laponite in ophthalmology. It also focuses on potential applications in
the eye that can benefit from the promising opportunities offered by
innovative Laponite-based biomaterials. It looks at the biomedical ap-
plications of Laponite in 1) drug delivery of antibiotics, anti-
inflammatories, growth factors, other proteins, and cancer treatments;
2) bleeding prevention or treatment; and 3) tissue engineering through
regenerative medicine using scaffolds.

2. Methodology

A systematic search was conducted using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
for structured reviews. The literature search was carried out on plat-
forms such as Web of Science®, the Wiley database, hiips://www.sc
iencedirect.com/topics/biochemistry-genetics-and-molecular-biolo
gy/scopus®, Google Scholar®, Pubmed, PubChem, Mendeley® and
the science.gov databases as at August 2023. For the literature search,
different combinations of keywords, such as “clay minerals”, “Laponite”,
“biomedical applications™, “review”, and “ophthalmology” were used.
The identification, screening, eligibility, and inclusion of scientific evi-
dence are shown in Table 1.

The studies identified, from general to specific, were those contain-
ing the following: the general term [“clay minerals™], which found 48
521 matches in Web of Science, 14 400 in Google Scholar, and nearly
3000 in both Pubmed and PubChem (since 1915); the specific term
[“Laponite™], which found more than 2700 matches in Web of Science,
more than 2200 in Google Scholar, and around 700 results in Pubmed
(since 1969); and [“Laponite NM"], which returned a total of 187 results
in Pubmed and 179 consolidated references in PubChem (since 2007).
As can be seen in Table 1, using Boolean operators to combine the
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Fig. 1. Laponite properties for ophthalmological applications. Created in BioRender.com.

Table 1
Search sequence for the selection of studies considered for review. * The complete list of studies is provided in the supplementary material.
Database “Laponite” and “Laponite” and “hiomedical “Laponite” and “biomedical applications” and  “Laponite” and Screening
“review” applications™ “review” (since 2017) “ophthalmology”
(since 1992) (since 2009) (siuce 2018)
Google Scholar =3000 =1000 =1000 1 Identification
‘Web of Science 185 81 16 1
PubMed 22 45 12 5
Google Scholar 173 126 126 7. Eligibility
Web of Science 26 52 10 1
PubMed 17 39 12 1
After eliminating 188 179 131 11 ‘TOTAL
repetitions 242 *

selected terms [“Laponite” and “review”], [“Laponite” and “biomedical
applications”], [“Lapenite” and “biomedical applications” and “re-
view”], and [“Laponite” and “ophthalmology”] to focus more specif-
ically on the ophthalmic application of Laponite produced fewer
matches, which were found in more recent scientific papers.

For the screening step, all the titles obtained from all the database
searches using the Boolean operators and keywords [“Laponite™ and
“review”], [“Laponite” and “biomedical applications™], [“Laponite™ and
“biomedical applications” and “review”] and [“Laponite” and
“ophthalmology™] were read. For those references that met the exclusion
and inclusion criteria, respectively, the abstract was read in the eligi-
bility step. The exclusion criteria were 1) communications, abstracts, or
studies with little scientific evidence (i.e. not included in the Journal
Citation Reports (JCR®) database) on mineral clays and not mentioning
Laponite, 2) references focused solely on chemical properties, or 3) in-
dustrial applications, and 4) references in non-English languages. The
inclusion criteria were studies or reviews focused on 1) Laponite clay in
general terms, 2) clay minerals, including Laponite, for biomedical ap-
plications, and 3) the use of Laponite in the eye. If the paper was
considered of special interest as regards ophthalmic translation or
application, or as regards the perspective offered, the complete paper
was read in detail and incorporated in this review.

For the inclusion step, the studies selected were classified based on
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whether they were 1) conducted in the eye or 2) not conducted in the
eye but the drugs are also used in the eye, the tissue evaluated in vitro or
in vivo is also present in the eye, the pathologies treated also occur in the
eye, and/or the new treatments are potentially applicable in the eye.
Accordingly, topics relating to drug delivery, bleeding and tissue engi-
neering using regenerative medicine and scaffolds were discussed.

3. Results

In total, 173 publications were included in this review, around 80 %
of which were published in the last 10 years (between 2013 and 2023)
(Table 2 and Supplementary Table 1). Regarding studies conducted in or
for the eye, we found 11 publications focusing on “Laponite” and
“ophthalmology”. However, only 4 of the 11 were conducted on in vivo
animal eyes (on healthy rabbit eyes and on rats with induced glaucoma,
and by two different routes of administration: suprachoroidal, per-
formed surgically; and intravitreal, by minimally invasive injection).
After suprachoroidal and intravitreal administration in rabbit eyes,
Laponite exhibited biocompatibility since there were no significant
differences in intraocular pressure, no relevant ocular complications
were found after either route of administration, and no pathological
changes were observed in histology. In addition, slow degradation of
Laponite was observed over 14 weeks. Laponite presence in the vitreous
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Table 2
Summary of studies involving Laponite conducted in or for the eye in the last 10 years (2013-2023).
PUBLICATION STUDY MOLECULE ROUTE OUTCOMES
Article In vitro & Brimonidine Intravitreal administration Brimonidine-Laponite treatment for glaucoma can be monitored non-invasively using
In vivo vitreoretinal interface imaging eaptured with optical coherence tomography over 24 weeks of
follow-up and correlated with brimonidine levels measured in rat eyes [25].
Article In vivo - Intravitreal & Safely and biocompatibility of Laponite clay in rabbit eyes [40].
suprachoroidal
administration
Arlicle In vitro Dexamethasone  Vitreous Iumor models Lapouile clay can relain dexamethasone by simple physisorption and deliver il in a controlled
manner in solutions used as models for the vitreous humor. Itis transparent in the gel state, and
the preparation method is simple [47].
Article In vitro & Dexamethasone  Intravitreal & Sustained-rel delivery of d h using Laponite as a carrier after intravitreal and
In vivo suprachoroidal suprachoroidal administration in rabbit eyes over 14 weeks [45]
administration
Article In vitro & Brimonidine Intravitreal indstration A bri —Laponile intravitreal formulation has an ocular hypotensive and
In vivo neuroprotective effect throughout 6 months of follow-up in glancomatous rats [49].
Review In vivo = Suprachoroidal Delivery of existing and novel therapeutic agents, such as Laponite, into the potential space
administration hetween the scleraand choroid and a promising drug delivery route to the posterior segment of
the eye [501.
Editorial In vitro & Brimenidine Intravitreal administration ‘The most recent cutting-edge research in ophthalmie drug delivery, highlighting a glaucoma
In vivo treatment combining a hypotensive and neuroprotective intravitreal formulation of
Drimonidine-Laponite that could be monitored non-invasively using optical coherence
tomography [51].
Review In vitro & = = Summarizes recent findings and patents on various nanotechnology products, such as Laponite,
In vivo in ocular drug delivery [52].
Review In vitro & - - Natural and synthetic clays for drmg delivery and tissue engineering applications from in vitro/
In vivo in vivo studies [531.
Review In vitro & - - New three-dimensional delivery strategies, including Laponite, for growth factors show promise
In vivo compared to conventional methods [51].
Review In vitro & - - Applications on biological cationic mineral clay systems [55].
In vivo
Review In vitro & - - Hydrogels including Laponite for drg delivery and biomedical devices among several
In vivo applications [56].

was indirectly confirmed by complexometric titration taking advantage
of Laponite’s high magnesium ion content [40]. Thereafter, controlled
in vitro delivery of dexamethasone was evaluated in solutions used as
models for the vitreous humor. This study highlighted the simplicity of
the preparation method, in which physisorption was modulated by
changing the solvent in the adsorption process [47]. The same study
group also exhibited good tolerance and sustained-release delivery of
two drugs (dexamethasone and brimonidine) commonly used in
ophthalmology. A dexamethasone-Laponite formulation was obtained
from the interaction between the non-ionic drug and Laponite, mostly by
hydrogen bonding involving hydroxyl and carbonyl groups and, after
suprachoroidal and intravitreal administration in healthy rabbit eyes,
was well tolerated; dexamethasone levels in the choroid-retina unit and
vitreous were detected up to 24 weeks. It concluded that Laponite
increased the intraocular retention time of dexamethasone when
compared with conventional solutions [48]. Intravitreal injection is an
administration route commonly used in ophthalmology to maintain
therapeutic drug levels near the neuroretina when treating pathological
conditions. In glaucomatous rat eyes, a brimonidine-Laponite formu-
lation injected into the vitreous induced an ocular hypotensive and
neuroprotective effect, corroborated over 24 weeks by electroretinog-
raphy, OCT, and higher retinal ganglion cell counts using immunohis-
tochemistry; the authors even observed delayed bilateral
neuroprotection [49]. Furthermore, the brimonidine-Laponite formu-
lation was monitored noninvasively using vitreoretinal interface imag-
ing captured with OCT [28]. The formulation was identified as vitreous
hyperreflective aggregates which correlated with brimonidine levels
measured in the eye. The other publications found were studies or re-
views citing the aforementioned [15,50-56]. (Fig. 2).

The following scientific studies were not conducted in the eye, but
they could be potentially applicable in ophthalmology since the same
drugs are used, the tissue evaluated in vitro or in vivo is also present in
the eye, the pathologies treated also occur in the eye, and/or the new
treatments are potentially applicable in the eye. To examine the broad
spectrum of biomedical applications of Laponite in the eye, and as
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ophthalmology is a medical and surgical specialty, the following studies
related to drug delivery (for medical issues), bleeding (for surgical is-
sues), and tissue engineering with regenerative medicine and scaffolds
(for minimally invasive repair of the eye in prospective applications) are
referenced (Fig. 3 and Supplementary Table 1).

1) Drug retention and delivery [57,58]. Modern drug delivery
technology is only 60 years old. The first generation (1950-1980)
established the basis for controlled release and successfully managed
delivery systems’ physical-chemical properties. The second generation
developed smart delivery systems but struggled with biological barriers.
Today’s third generation (2010-2040) comprises modulated delivery
systems designed to overcome both the physical-chemical and biolog-
ical barriers [59] in the eye with the objective of administering thera-
peutic drug levels with minimum intervention.

Drug molecules are classified as either small or large (molecular
weights 12-35 kDa) or biologics [60]. The main mechanism of Laponite
drug uptake is intercalation. However, some fractions can be adsorbed
on the surface of the particle. The combination of high surface area and
charge also results in sustained release of the loaded therapeutics [61].
Moreover, as Laponite is highly hydrophilic it can easily interact with a
range of polymeric hydrogels and cryogels, inhibiting burst lease [60,
62]. Recently, Laponite-loaded polymeric hydrogels received approval
from the U.S. Food and Drug Administration, thereby establishing their
clinical potential [63]. Laponite nanodiscs exhibit pH- and
salinity-dependent drug loading and release behavior, in which higher
swelling and an acidic environment lead to faster release [64]. Laponite
particles naturally dissociate into their constituent ions (Li~, Mgzt and
Si(OH)4) in environments where the local pH is less than that of the
isoelectric point of Laponite (pH ~10), degrading the nanosilicate par-
ticles in about 20-50 days [65]. It is therefore useful at the low pH
values that are typically observed in inflamed, ischemic, and neoplastic
tissue. However, it may be not favorable where physiological pH is
required for the release of the molecule. In acidic conditions, the surface
of Laponite is more positive, forming very strong bonds with negative
substances. In neutral or basic pH conditions, Laponite maintains a
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Fig. 2. Studies of Laponite condueted in the eye. Abbreviations: IOP: intraocular pressure; OCT: optical coherence tomography; ERG: electroretinography; w: weeks.
Created in BioRender.com, A: Complexometrie determination of Mg2+ in rabbit vitreous humor. Left: Eye not injected with Laponite dispersion: the blue color after
addition of EBT indicates the absence of magnesium. Middle: Lye injected with Laponite dispersion: the pink color after addition of EBT indicates the presence of
magnesium. Right: Color change in vitreous sample after titration with the required volume of EDTA. B: Laponite levels over time in the vitreous humor of
intravitreous administered eyes. C: Representative photomicrographs showing histological sections of the retina from treated (left panel) and control eyes (right
panel) at 14 weeks after injection (HE; magnification A~ 650). Top: Suprachoroidal administration. Bottom: Intravitreal injection. All retinal layers are preserved and
no differences between treated and control eyes were observed in the 20-step sections assessed. The ganglion eell layer is facing the upper side of the photograph. In
suprachoroidally administered eyes, virtual spaces can be seen at the junction line between the choroid and sclera (arrows). R: retina; Ch: choroid; and S: sclera. A, B
and C: Data from Ref. [10] (CC BY 4.0 license). D: Dexamethasone concentrations in the vitreous humor after intravitreal and suprachoroidal administration of
Laponite-Dexamethasone (1:10 w w—1) suspension (10 mg mL—1). E: Dexamethasone concentrations in the vitreous humor after intravitreal administration of
Laponite-Dexamethasone suspension. F: Dexamethasone concentrations in the vitreous humor after intravitreal administration of Dexamethasone solution. D, E and
F: Data from Ref. [48] (CC BY 4.0 license). G: Intraocular pressure curves. Eye comparison between the [non-BRI| cohort (rats with ocular hypertension) and the
[Bri-Lap] cohort (rats with ocular hypertension and treated with an intravitreal injection of Laponite-Brimonidine formulation). H: PhANR amplitude (a and PANR
waves) was statistically significantly higher in eyes treated with the Bri-Lap formulation in comparison with hypertensive and untreated eyes in the [non-Bri] cohort.
Abbreviations: RE: right eye; a waves signal from photoreceptors; b wave: signal from intermediate cells; PANR wave: signal from retinal ganglion cells. w: week; pv:
microvolts; *p < (.05: statistical diffcrences. It Retinal ganglion cell analysis in glaucomatous cycs. Top: Retinal ganglion cells were counted in radial sections of the
eye along 2 mm of a linear region of the retina, corresponding to four areas, two on each side of the optic nerve head. Middle: Two representative images of the
ganglion cell layer marked with anti-Brn3a corresponding to a treated (RE) and non-treated eye (LE) of the same animal. Arrows mark the positive nuclei. Bottom:

The mean number of retinal ganglion cells per linear mm of retina was significantly higher in hypertensive eye
in the untreated eyes (RE 23.00 = 0.39 vs. LE 20.66 + (.98, p = 0.040}. Abbreviations: RE: right eye; LE: left eye; ILM: internal limiting membrane. Scale bars: top:
22.72 jim; middle: 5.8 pm. G, 11 and I: Data from Ref. [19] (CC BY 4.0 license). J: 3D reconstruction of the changes in the aggregates at 2 weeks and 8 weeks of
follow-up. The reconstruction is shown from two different perspectives al each point in time. Abbreviations: N: nasal; I inferior; S: superior; IF: intravitreal
formulation. K: Positive lincar correlation between drug levels and total aggregate arca. OCT data in red; brimonidine data in blue; ll: 1 week;: 4 weeks; @: 8 weeks;
:: 24 weeks. J and K: Data from Ref. [28] (CC BY 4.0 license).
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negative surface by adsorptive binding. Neutral molecules may still agents such as tetracycline [67], amoxicillin [68], ofloxacin, ciproflox-
interact with Laponite particles if their charge is anisotropically acin [69], vancomycin, and mafenide [70], which all exhibited extended
distributed [66]. This wide variety of possible bonds means Laponite has release. Other alternatives to infection and inflammation prevention or
been used in a variety of studies on the delivery of both small and large treatment were chlorhexidine [71], gas [72], and ion exchange [73,74].
molecules. Interestingly, Laponite seems to have a specific action against

In this regard, the small molecules intercalated with Laponite for Gram-negative bacteria. Anionic Laponite nanoparticles were able to
infection and inflammation prevention or treatment were antibacterial effectively aggregate Gram-negative bacteria through

6
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lipopolysaccharide binding, which decreased bacterial cells. This sug-
gested Laponite to be beneficial in confining bacterial infection and
inflammation [75]. In addition, anti-inflammatory agents such as
theophylline and vitamin B12 were co-delivered [76], and dexametha-
sone exhibited sustained release in vitreous gel in rabbit eyes [48].

Eye and brain disorder therapy nevertheless remains challenging,
partly because of the existence of the blood-retina barrier and the
blood-brain barrier (BRB and BBB) [77]. In this regard, drug lip-
ophilicity is an important parameter that determines a drug’s capacity to
penetrate those barriers. Laponite enhances the solubility of
non-water-soluble drugs such as the antifungal itraconazole [78], the
neuroprotector brimonidine (intravitreal) [28], ITH12657 (oral) [79],
and donepezil (intravenous), administration of which improves delivery
of either the therapeutic agent [42] or magnetic nanoparticles [80].

Regarding large molecules, the existence of hydrophilic and hydro-
phobic regions on the clay’s surface facilitates protein molecules’
interaction with the clay [81,82]. Proteins and other macromolecules
can form relatively large complexes and interact with Laponite particles
via face-only or edge-only interactions. Laponite-protein complex size
increased with Laponite concentration due to the increase in surface
area available for adsorption. Positively charged proteins (such as
ribonuclease A or lysozyme) form larger complexes with Laponite and
are released much more slowly than negatively charged proteins (such
as bovine serum albumin). Laponite mitigated the burst release for
proteins and extracellular vesicles [83,84] and allowed tunable release
times. A Laponite-insulin-like growth factor-1 (ILGF-1) mimetic protein
hydrogel [35] exhibited release up to 4 weeks in a rat model. As protein
secondary and tertiary structure is very important for bioactivity, pro-
tein structure must be preserved following interaction and release from
Laponite [60]. The maintenance of protein bicactivity was demon-
strated in proteins such as albumin and lysozyme, and in growth factors
such as transforming growth factor-p3 (TGF-p3), human mesenchymal
stem cell-derived growth factors, fibroblast growth factor 2 (FGF2), and
vascular endothelial growth factor (VEGF) [86], as well as in
heparin-fibroblast growth factor 4 (FGF4) [87], human bone morpho-
genetic protein 2 (thBMP2) [38], and IGF1 [35] in vitro and in vivo [31,
87,89-92] —the latter focused on wounds or on spine, bone, or tendon
injuries— and achieved desired physiological outcomes. However,
further characterization and understanding of the Laponite-protein
complex structure when used with inflammatory cytokines such as
granulocyte macrophage colony-stimulating factor (GM-GSF), FMS-like
tyrosine kinase-3 ligand (FIT3L), Interleukin (IL)-15, IL-2, or chemo-
kine ligand 20 (CCL20) is necessary. At the same time, delivery of
macromolecules other than proteins such as immunoglobulins, which
are highly important in ophthalmology (as anti-VEGFs), presents further
challenges and should be explored.

A separate point to be considered, given its significance and the
evidence available, is anti-cancer therapy [93]. Nanoclays are emerging
as systems offering extraordinary potential in cancer theranostics, not
only as vectors for the delivery of different anti-cancer agents with
intrinsic anti-tumor activity, but also in diagnosis [94,95]. Laponite can
be physically triggered by temperature and magnetic/electric or light
fields, which is useful in optical therapies, including photothermal
therapy (PTT) and photodynamic therapy (PDT). Meanwhile, loading
chemotherapeutics such as doxorubicin into the interlayer space of
Lapoenite particle gels demonstrated the utility of this nanoclay for de-
livery applications [96-98], while doxorubicin exhibited higher release
in the acidic environment of tumors [99]. Furthermore, Laponite served
as a nanocarrier across the cellular membrane in a doxorubicin-loaded
nanocomposite hydrogel versus a bolus drug dose [100]. In vivo,
Laponite particles are thought to be internalized by clathrin-mediated
endocytosis and subsequently degraded within the low pH environ-
ment of endosomes [101]. This internalization was also suggested after
OCT visualization [28]. In addition, an antimelanoma Laponite gel
formulation containing simvastatin [102], a physical crosslinking of
magnetic Laponite nanoparticles with 5-fluorouracil [103]— and
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methotrexate, which is also used for inflammatory pathologies affecting
the eye [104], exhibited antitumoral activity. Finally, benzoyl peroxide
generated and sustainedly released oxygen, which chemically modified
the tumor microenvironment and reversed the effects of hypoxia.
Consequently, the proliferation of malignant cells decreased while the
viability of healthy fibroblasts increased [105]. There are also new
strategies to enhance the efficacy of chemotherapy. Co-loading or
simultaneously multiencapsulating different drugs (chemotherapies) in
Laponite improved their efficacy versus their effectiveness individually
[97], and co-delivery with sequential release overcame tumor drug
resistance [106]. In this regard, a promising cancer treatment target is
CD44, a transmembrane glycoprotein overexpressed in several solid
tumors such as melanoma, non-Hodgkin's lymphomas, gliomas, or
meningiomas, all of them also present in the eye. Adding CD44-targeting
receptors to other chemotherapies significantly enhanced antitumor
activity [107]. Another example, as mentioned before, is a photothermal
and photodynamic Laponite-based therapeutic agent for the treatment
of cancer cells overexpressing integrin avp3, which involved applying a
coating of polydopamine (PDA) to indocyanine green (ICG)-loaded
Laponite and then conjugating polyethylene glycol-RGD (PEG-RGD) on
the surface. Indocyanine green is a photothermal dye widely used in
ophthalmology for choroidal pathologies [108]. ICG encapsulation ef-
ficiency was 94.1 % and the photostability of the ICG protected with
Laponite and PDA was dramatically improved. This combined drug
enhanced cellular uptake by cancer cells overexpressing integrin avj3
and caused cell death under in vitro near-infrared laser irradiation by
generating reactive oxygen species [109]. Furthermore, Laponite
exhibited luminescent properties, producing bright red and bright green
emissions [26], or was functionalized by flucrophores [25,110], thereby
suggesting its utility for imaging diagnosis.

In addition to serving as a delivery system for the molecules
mentioned above, Laponite has long been known for its hemostatic
ability. Studies potentially applicable to the prevention or treatment of
bleeding in surgical settings are briefly referenced below.

2) Bleeding: Hematotoxicity is one of the factors limiting in vivo use
of biomaterials. Hemolysis and coagulation induced by clay particles
offer a possible use of these nanocomposite systems in vivo [111,112]. A
shear-thinning nanocomposite hydrogel composed of synthetic silicate
nanoplatelets and gelatin promoted coagulation. The combination of
injectability, rapid mechanical recovery, and physiological stability
resulted in a promising hemostat with which to treat incompressible
wounds. It would therefore be beneficial in the case of retrobulbar
bleeding, in which compression would be forbidden in an open eye so as
to avoid iatrogenic optic neuropathy. The tendency of these clays to
elicit a procoagulant response depends on the structural and surface
properties of the clay. Magnesium aluminum hydroxide layers might
limit hemorrhage via adhesion to tissues and red blood cells. As calcium
and magnesium ions are required for certain enzymatic reactions in the
coagulation cascade, their delivery by materials might therefore influ-
ence coagulation kinetics. Factor XII activation correlates with negative
surface charge density. Laponite’s ability to readily absorb water and
swell upon hydration may thicken the blood and restrict blood flow.
Furthermore, addition of Laponite to hydrogels used as an injectable
hemostat provided enhanced physiological stability and accelerated
clotting time by increasing platelet binding and therefore reducing he-
mostatic clot formation time from 7 min (normal physiclogical process)
to less than 3 min. Sustained release of entrapped therapeutics (VEGF)
also promoted enhanced wound healing [111,113]. The incorporation of
Laponite into a gelatin hydrogel improved antithrombogenicity and
hemocompatibility, and incorporation into a dextran-based hydrogel
did not significantly alter hemolysis. Wang et al. found that Laponite
particles presented <5 % hemolysis, which could be improved by sin-
tering Laponite particles at high heat. Meanwhile, a mixed suspension
containing Laponite and gelatin and incorporated into the polymeriza-
tion of the acrylamide network resisted nonspecific protein adsorption,
improved the degree of hemolysis, and eventually prolonged clotting
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time [39,69,114]. Thus, hemolysis and coagulation should not be a
major concern with Laponite-hydrogel composites, as demonstrated by
their good blood compatibility [39,69,114].

Finally, two novel therapies with potential application in several
areas of ophthalmology are presented.

3) Tissue engineering: regenerative medicine and scaffolds.
Laponite has been used for numerous tissue engineering applications.
Tissue engineering is a relatively new field where science and engi-
neering work together to reach new frontiers in regenerative medicine.
It employs scaffolds, biodegradable structures seeded with human cells
and growth factors to develop new tissue while the scaffolds themselves
degrade [115]. Meeting the growing demand for personalized implants
and tissue scaffolds requires the advanced biomaterials and processing
strategies that the fabrication of 3D structures entails. Bioprinting is a
revolutionary innovation that can generate 3D scaffolds —even with
time-dependent transformation of the printed construct (4D)— and
achieve expanding patterns [116], mimicking the complexity of the
extracellular matrix and providing excellent functional and biological
cues for faster tissue regeneration. Laponite offers a promising platform
for bioprinting the cells, resulting in cell-laden constructs designed to
assist tissue repair and recover functionality [117-122]. In this regard,
the shape of the filler has a relevant impact on the mechanical properties
and printability of the scaffolds [123,124]. Laponite gels with different
morphologies (droplets, rings, strings, and clay microcapsules) were
able to flow through syringe needles and re-establish the gel network
due to the Laponite’s self-assembling property. Printed scaffolds
demonstrated excellent shape fidelity up to 2 cm in height and with
changed orientations of between 20” and 90° up to 3 weeks, after which
their mechanical properties drastically decreased. Mechanical testing
revealed that nonporous solid scaffolds had a higher compressive strain
than porous ones. However, current research still lacks answers
regarding the mechanisms by which nanofiller shape and morphology
affect mechanical and rheological properties. Most studies suggest the
formation of a house-of-cards structure; however, this effect does not
generally arise at the low concentrations usually considered. Our group
demonstrated that, when injected, Laponite intravitreous formed a
unique clog when using dexamethasone in healthy rabbits [48] but
formed multiples and microaggregates when using brimonidine in
glaucomatous rats [28], confirming what in vitro studies of Laponite
concentrations have previously shown [15,125]. This fact makes it
evident that more research into soft-tissue engineering applications is
needed [126,127].

Furthermore, appropriate bioink viscosity is critical to cell printing.
Cell-laden Laponite-based nanocomposite bioinks demonstrated supe-
rior printing properties that enabled the creation of complex forms and
the spreading of various encapsulated cells [128-130]. Cell-laden con-
structs preserved their morphological properties and exhibited good cell
viability (70-75 %) for up to 3 weeks [129], although this also decreased
when Laponite concentration rose to 1 % [131].

Recent literature in the field of 3D scaffold bioprinting confirms the
enormous potential that use of Laponite has for skin, cartilage, and bone
repair/regeneration [132]. An advantage of Laponite is that it creates
regenerative microenvironments [133]. In this regard, experimental
studies using next-generation sequencing technology demonstrated that
nanoclays influence genetics [134]. Laponite exhibited cell viability in
relation to https://www.sciencedirect.com/topics/engineering/kerat
inocyte [37] and fibroblast cells [135], stabilized the intrinsic
triple-helical conformation of collagen [136], bridged the tissue gaps,
and led differentiation towards the chondrogenic lineage when cultured
in a chondrogenic-inducing medium [91,137]. However, Laponite
dissolution in an aqueous environment also degraded in nontoxic
products, such as Si(OH)4, Li*, and Mg®™, which enhanced osteogenic
cell function and promoted osteogenesis by influencing nucleation and
deposition of inorganic calcium and phosphate ions in an extracellular
matrix. Orthosilicic acid stimulates osteoblast differentiation and type 1
collagen synthesis [138]. Lithium ions are known to promote type I
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collagen and to initiate canonical Wnt-reactive osteogenic genes via
glycogen synthase kinase-3 beta (GSK3p) inhibition [129]. It has been
shown to impart osteogenic and angiogenic potential [130]. Further-
more, Laponite could enhance bovine serum albumin and VEGF release
kineties. Magnesium  ions are  engaged in initiating
osteogenesis-governing pathways [140-142] and have been shown to
promote cell adhesion to biomaterial surfaces [143] by interacting with
the adhesion protein of the integrin family, the primary perpetrators of
cell adhesion [144-147].

Nanosized Laponite particles can also themselves directly adhere to
the cell surface [148,149] and internalize into the cells [41,150],
inducing osteogenic differentiation of mesenchymal stem cells without
the use of differentiating media [144-146,151-154]. Nevertheless, the
mechanisms involved in clay-induced osteogenic differentiation are still
poorly understood [155]. Schmidt et al. demonstrated increased cell
adhesion and flat and well-spread cell morphology after increasing the
Laponite content in a nanocomposite film. Laponite inclusion in PEG
hydrogels at 40-70 % (wt%) improved cell adhesion and proliferation
and the spreading of mouse preosteoblasts [156,157], mouse fibroblasts
[158], and human bone marrow stromal cells (hBMSCs) [38] in a
clay-concentration-reliant manner.

Furthermore, 3D-printable zwitterionic Laponite hydrogel demon-
strated neural cell viability by growing cells with extended neurites
[159].

4. Discussion

A biomaterial is a material intended to interface with biological
systems to evaluate, treat, augment, or replace any tissue, organ, or
function of the body and, in the case of the eye, to compensate for vision
loss which may or may not be related to age. Ophthalmic biomaterials
try to emulate natural materials, and important requirements must be
met [160-162]. Compatibility remains a fundamental issue, as does the
ability to deliver oxygen to tissue. A refractive index near that of water is
also required, which means most materials to be placed in the eye must
be transparent, a prerequisite unique to ophthalmic biomaterials. In
addition, a combination of surface and mechanical properties that
remain stable throughout the application period must also be produced.
Lubrication and friction, tissue protection during surgery, tissue inte-
gration, and healing modulation are also widely considered to be
important. Numerous studies have shown various biomaterials to be
highly beneficial in treating ophthalmic conditions. Biomaterials, tissue
engineering, and regenerative medicine are therefore becoming
increasingly important to advancing ophthalmology and optometry.
This review shows the benefits and the potential biomedical applica-
bility of Laponite as an ophthalmic biomaterial. Apart from being
biocompatible, easily injectable, and optically transparent, Laponite
increases therapeutic delivery and uptake of several drugs used in
ophthalmology, with the added advantage of encouraging intrinsic
antimicrobial activity by modifying the ionic or oxygen microenviron-
ment. In this regard, since the use of fewer antibiotics is currently sup-
ported and encouraged to avoid resistance, Laponite could also have a
role in ophthalmology where eye drops based on iodine, ozone, or
chlorhexidine have demonstrated their bactericidal efficacy [163].
Laponite achieves sustained release of molecules and even of extracel-
lular vesicles [164] and when combined with other hydrogel polymers
can diminish the initial burst. Sustained release has been demonstrated
in small antibiotic and anti-inflammatory molecules widely used in
ophthalmology, such as tetracyclines, quinolones, or corticosteroids.
These drugs are widely used to treat inflammatory processes affecting
the palpebral, such as blepharitis or prophylactics for cataract surgery,
among others. Two drugs commonly used in medical and surgical
glaucoma therapy (brimonidine and 5-fluorouracil) exhibited sustained
release and efficacy. Moreover, the sustained release of macromolecules
such as growth factors (e.g., mimetic protein ILGF-1) and other proteins
(e.g., VEGF) while maintaining functionality has been demonstrated.
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ILGF-1 could be useful likely as insulin eye drops, which have shown
great effectiveness in closure of corneal ulcers [165], with the added
advantages of retaining water to prevent desiccation, reducing the
number of applications, and maintaining optical transparency. Howev-
er, we have not been able to find any reference to the combination of
Laponite with anti-VEGF antibodies, widely and repeatedly used as a
therapeutic target in ocular pathologies of the posterior pole causing
blindness, such as age-related macular degeneration or diabetic reti-
nopathy. In this regard, the intravitreal and suprachoroidal tolerance
and efficacy of Laponite has already been demonstrated. The added
capacity of photothermal and photodynamic therapy could be another
avenue to explore in relation to potential application of Laponite in
choroidal pathology.

The eye is an organ in which the three embryological structures
—endoderm, mesoderm, and ectoderm— are present. It is therefore
composed of skin, connective tissue, bone tissue, blood vessels, muscle,
and neural tissue [166]. Laponite has a regenerative role in mesen-
chymal (keratinocytes, fibroblasts, chondrocytes, osteoblasts) and
vascular tissues, which is useful for the repair of damaged or lost tissue.
As Laponite improves stimulus responsiveness, increases cell adhesion
and differentiation, and improves scaffolds’ mechanical properties, it
could be applicable in lid and orbital surgery with tissue defects. Au-
tografts or donor transplants are still the gold standards for replacing
lost functional tissue. However, the biomaterial Laponite could facilitate
the performance of minimally invasive procedures by simplifying in-
jection and/or placement of scaffolds cultured with the patient’s cells
versus the complex reconstructive surgery that is currently performed
[167]. Moreover, facial and lid surgery can produce bleeding that is
sometimes difficult to stem. In this sense, Laponite could also facilitate
the procedure by reducing bleeding time. However, no reviewed articles
have evaluated Laponite in periocular and/or orbital tissue; most have
focused on articular orthosis.

Regarding neural tissue, only four publications referring to Laponite
were found. One tested Laponite on cultured medulloblastoma cells,
another on mouse brain tissue, and the other two on rabbit and rat
retinas. The studies carried out with Laponite in the eye demonstrated
the absence of toxicity and even animal neuroretinal protection after
suprachoroidal and intravitreal administration. Thus, Laponite would be
a possible biomaterial to consider for retinal tissue bioprinting in future
studies.

Laponite is also useful for imaging, cell tracking, or directing. These
characteristics are potentially also used in ophthalmology. The Lapo-
nite-brimonidine intravitreal formulation was visualized and monitored
using vitreous OCT imaging and even correlated with intraocular drug
levels. In addition, Laponite can be functionalized with different
markers or molecules to target and internalize the target cell and exert
its beneficial and/or harmful effect (in the case of cancer). This thera-
nostic advantage that Laponite offers could change the clinical practice
and prognosis of ocular tumors or pathologies that are difficult or
impossible to access in the orbit or optic nerve such as gliomas [163],
which represent a high risk of iatrogenic blindness.

Finally, not only does Laponite meet the requirements stated by
Ferrari et al. for nanotechnology for therapy [169,170], but also does so
for ophthalmic purposes, as this review has shown: (1) it enables
administration of lipophilic drugs, such as brimonidine, a common
hypopressure and neuroprotective antiglaucoma drug; (2) it provides
sustained targeted delivery of therapeutic agents to target cells or tis-
sues; (3) it overcomes the epithelial and endothelial barriers due to drug
transcytosis and its easy injectability; (4) it delivers large therapeutic
agents (macromolecular structures such as growth factors, i.e., ILGF) to
the intracellular sites of action; (5) it enables co-delivery of two or more
therapeutic agents to produce synergistic action, obtained with
anti-inflammatory or chemotherapy drugs but potentially used in other
multifactorial pathologies such as neurodegenerative diseases; (6) it has
a high circulation time compared to free drugs, thanks to drug retention
with sustained delivery, which decreases cytotoxicity; (7) it improves
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the pharmacokinetic profile; (8) it enables visualization of therapeutic
agent delivery sites by combining therapeutic agents with imaging
techniques such as OCT or MRI; and (9) it allows in vivo real-time OCT
monitoring of therapeutic efficacy.

Limitations on use of Laponite and future studies: The review con-
ducted shows numerous advantages and potential applications of
Laponite in ophthalmology. However, it also found a few, partially
reversible limitations on use of Laponite in biomedicine which are dis-
cussed below. Regarding drug delivery, the electrostatic interactions
between the nanosheets limit dispersion in aqueous media, although the
addition of other compounds reduced such electrostatic interactions and
accelerated the dispersion of the films [171]. There could also be po-
tential toxicity at high concentrations. Laponite’s bactericidal action is
due to bacteria aggregation (limited to Gram-negative bacteria as
Laponite did not cause flocculation of Gram-positive Bacillus subtilis
bacteria nor did it bind to lipoteichoic acid from bacterial envelopes)
[75]. Finally, regarding tissue engineering and scaffolding, although
Laponite helps, the limited printability of the soft materials remains a
challenge [172]. As regards intraocular administration, although no
explicit references to limitations were found, intravitreal injection was
reported to produce a transient IOP increase at around 3 days, similar to
other hydrogels [49]. Although its luminescent property could produce
light scattering and alter visual quality, no in vivo studies have evalu-
ated this [173]. Finally, removal of the material in the case of allergy or
intolerance would possibly require a challenging surgical intervention.
Future studies should therefore analyze these issues. Furthermore, this
review focuses solely on Laponite clay for ophthalmic application;
comparing other types of clays with potential application in ophthal-
mology would also be beneficial.

5. Conclusion

In conclusion, this review presents the few studies carried out on
application of the biomaterial Laponite in the eye and/or ocular tissue to
date. However, there is extensive scientific evidence suggesting that
Laponite can be used in all ocular structures and tissues, from the skin
and ocular appendages to the retina and orbit. Its advantages include
—in the case of ophthalmology— biocompatibility, optical trans-
parency, nanosize thickness, and thixotropy facilitating easy injection,
in addition to its capacity to retain all types of molecules, even in co-
loading, and its ability to release them progressively to treat the target
cell after administration in the form of topical gel or skin, intravitreal, or
suprachoroidal injection, or as scaffolds. It also possesses intrinsic
bactericidal and regenerative characteristics. Laponite’s clinical trans-
formation in terms of drug delivery seems more feasible, straightfor-
ward, and closer. Scaffolding, in contrast, and especially for neural
tissue, seems distant, as the complex connections between retinal cell
types remain a challenge. Laponite is therefore a biomaterial that merits
further study in medical, surgical, and regenerative applications in
future ophthalmological research.
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This is the first review to present the biomedical applications of
Laponite for ophthalmology from a medical, surgical and regenerative
perspective. Very few studies have been conducted in the eye, but both
the findings and new treatments resulting from previous research seem
potentially applicable to ophthalmology in the future.
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DISCUSION

El uso de biomateriales en general y de biomateriales oftalmicos en particular esta
en continuo crecimiento, integrando conocimientos, ideas y avances de multiples disciplinas,
como la medicina, la biologia, la quimica, la fisica, y la ingenieria, lo cual permite un nimero
ilimitado de posibilidades para explorar. Con la llegada de las nuevas generaciones, los
biomateriales han conseguido reducir las complicaciones y toxicidades, asi como mejorar la
biocompatibilidad. Ademas, con la introducciéon de los hidrogeles sintéticos, es decir,
polimeros capaces de dirigir y retener agua sin disolverse en un medio acuoso, la gama de
biomateriales oftalmicos ha aumentado considerablemente. El envejecimiento progresivo de
la poblacién ha propiciado que los problemas oculares sean cada vez mas frecuentes, y, en
este sentido, los biomateriales han contribuido en los ultimos afios a mejorar o restaurar la
vision, repercutiendo de manera positiva en la calidad de vida de muchos pacientes. De
hecho, el ojo es el primer érgano en el que se implanté un material extrafio para cumplir la
funcién de lo que hoy se denomina biomaterial. Las enfermedades del segmento posterior
del ojo son dificiles de tratar por la poca permeabilidad de los tejidos, las barreras
anatdmicas y fisioldgicas propias del ojo y la baja biodisponibilidad del farmaco en el tejido
diana. Las medidas disponibles actualmente, en muchos casos, son insuficientes para
mantener niveles terapéuticos adecuados del farmaco en la regién posterior del ojo. Se trata,
por tanto, de un campo donde urge seguir explorando e investigando nuevas estrategias
terapéuticas. En los ultimos afos se han llevado a cabo investigaciones enfocadas en los
sistemas de nanoparticulas como biomateriales capaces de liberar farmacos de forma
sostenida, lo que permite de forma simultanea reducir la dosis y mantener la administracion
de forma prolongada a nivel del tejido diana. Entre los diversos nanomateriales que se estan
explorando, la Laponita, un silicato estratificado coloidal sintético, destaca como un
biomaterial especialmente prometedor y emergente.

La Laponita como biomaterial oftalmolégico reune una serie de caracteristicas
fisicoquimicas y biologicas que la hacen especialmente atractiva para su aplicacién ocular,
siendo destacable el hecho de ser un nanomaterial biocompatible, faciimente inyectable y
Opticamente transparente, con cualidades como la tixotropia, que facilita su inyeccién, y la
capacidad para retener todo tipo de moléculas, asi como para liberarlas de manera
progresiva. Nuestro grupo realizé estudios previos con la Laponita, tanto a nivel in vitro como
in vivo. En el primero de ellos se cred y caracterizo, in vitro, una nueva formulacién de
dexametasona utilizando una matriz de Laponita como base (formulacion DEX/LAP), la cual
mostrd una liberacion inicial de dexametasona de menos del 40% seguida de una liberacién
sostenida durante 24 semanas (Fraile et al., 2016). Se test6 sobre soluciones que emulaban
el humor vitreo. Este estudio puso de relieve la sencillez del método de preparacion, en el
que la fisisorcion se modulaba cambiando el disolvente en el proceso de adsorcién. Un
estudio en paralelo demostré que la administracién de Laponita en ojos sanos de conejo es
segura y biocompatible, con persistencia intraocular tras inyeccidon intravitrea y
supracoroidea (Prieto et al., 2018). No hubo diferencias significativas en la presion
intraocular, no se observaron complicaciones oculares relevantes, ni cambios patolégicos
en el estudio histolégico. Ademas, se observé una lenta degradacion de Laponita durante
14 semanas. La presencia de Laponita en el vitreo se confirmé indirectamente mediante
valoracién complexométrica aprovechando el alto contenido de iones de magnesio de ésta.

Continuando esta misma linea de investigacién, la presente Tesis Doctoral se ha
focalizado en evaluar in vivo la biocompatibilidad y eficacia de Laponita como portador de
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varios agentes farmacolégicos de diferentes caracteristicas, concretamente un
antiinflamatorio esteroideo de amplisima aplicacion en patologia oftalmolégica como la
dexametasona y un agente de baja solubilidad como la brimonidina. Se han comparado dos
vias distintas de administracion (supracoroidea, realizada quirurgicamente; e intravitrea,
mediante inyeccidon minimamente invasiva) y se ha trabajado con modelos animales tanto
sanos como enfermos (Figura 11). Ademas, se ha monitorizado de manera minimamente
invasiva la formulacion intravitrea mediante escaneos del gel vitreo mediante tomografia de
coherencia optica.
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Figura 11. Estudios in vivo llevados a cabo con Laponita. Abreviaturas: DEX/LAP:
dexametasona/Laponita; BRI/LAP: brimonidina/Laponita; PIO: presién intraocular; OCT: tomografia
de coherencia éptica; ERG; electrorretinografia.

El primero de los trabajos que constituyen la presente Tesis Doctoral se centr6 en
evaluar el perfil farmacocinético y la seguridad ocular de la nueva formulacién
DEX/LAP. Para llevarlo a cabo, se administré sobre ojos sanos de conejo, tras haber
quedado demostrada la idoneidad de este modelo animal para los estudios farmacocinéticos
por la buena correlacion entre el humor vitreo de los conejos y el de los humanos (del Amo
& Urtti, 2015). La eleccion de la dexametasona como farmaco obedece al hecho
concomitante de su gran uso en el tratamiento de la patologia del segmento posterior y de
su alta hidrosolubilidad, lo que supone que para administrarla por via intravitrea o
supracoroidea se requiere utilizar sistemas que permitan una liberacion sostenida del
farmaco.
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Actualmente en la practica clinica se dispone de glucocorticoides que pueden
administrarse por via intravitrea en suspensidon o en implantes biodegradables y no
biodegradables. Tras la administracion 1V, su cinética ocular muestra un pico inicial a nivel
del vitreo, para luego disminuir progresivamente y variable hasta estabilizar los niveles, tras
lo cual descienden hasta volverse no detectables, dependiendo del periodo de actividad del
tipo de mecanismo de liberacion. En nuestro caso, la administracién IV de 0,1 mg de
dexametasona en forma de suspension (10 mg ml™') de DEX/LAP, ademas de presentar la
ventaja de administrarse como un nanogel suave inyectado con una aguja de 25 G (Soni et
al., 2016), produjo un pico de liberacion de dexametasona breve y precoz el primer dia,
seguido de un descenso en la primera semana y unos niveles posteriores en meseta hasta
los 6 meses. Ademas, la dosis de dexametasona administrada fue inferior a la que incluye
el implante IV biodegradable de PLGA, Ozurdex® (0,1 frente a 0,7 mg).

En cuanto a la administracion supracoroidea, presenta varias ventajas sobre la
administracion intravitrea, entre ellas un menor riesgo de hemorragia en la pars plana, el
hecho de no producir opacidad en el eje visual (cataratas o cuerpos flotantes), mayor
biodisponibilidad en el tejido diana y menor respuesta inmunitaria. Este gran potencial se
manifiesta en el creciente numero de patentes y de publicaciones al respecto en los ultimos
afios (Gilger et al., 2014). En nuestro estudio, la dosis de 0,05 mg de dexametasona en
forma de suspension (10 mg ml') de DEX/LAP a nivel del espacio supracoroideo, mostré
un pico durante la semana 1, seguido por un descenso progresivo hasta la semana 12 y
manteniéndose hasta la semana 24. En este caso, se pudo demostrar que la administracién
supracoroidea de DEX/LAP aumenté la disponibilidad de dexametasona en la unidad retina-
coroides en comparacion con la inyeccion intravitrea de Ozurdex® y también se mantuvo de
forma mas constante y prolongada hasta el final del del estudio. Esto podria evitar la
sobredosificacion, fluctuaciones y efectos secundarios, ya que ningun animal del estudio
mostré aumentos de la PIO, cataratas o infecciones tras la administracién supracoroidea de
DEX/LAP. Hasta donde sabemos, sélo se ha realizado un estudio de administracién de
dexametasona en el espacio supracoroideo (Barbosa Saliba et al., 2016). Este estudio
demostré la seguridad y eficacia del control de la inflamacion en ratas con uveitis tras la
colocacioén quirurgica de un implante de poliuretano/- dexametasona de degradacion lenta,
pero utilizé dosis mucho mas altas de dexametasona que en nuestro estudio.

Comparando los resultados en ambas vias de administracion, las dos fueron
seguras. Nuestros resultados sugieren un mayor beneficio de la via supracoroidea de
DEX/LAP en comparacién con la via intravitrea, aunque la via supracoroidea provoco una
mayor hiperemia y defectos epiteliales sobre la superficie ocular, que se atribuyeron a la
intervencion quirurgica del proceso de canulacion y tuvieron caracter reversible y temporal,
y podrian minimizarse con el uso de inyecciones como Clearside® Sin embargo, la iatrogenia
por inyeccion intravitrea tuvo caracter permanente (catarata) y generd la vision de un cuerpo
flotante hasta el final del estudio. Ademas, la via supracoroidea mantuvo niveles sostenidos
de dexametasona en los tejidos oculares con una menor cantidad de farmaco inyectado en
el ojo (0,1 mg intravitrea frente a 0,05 mg supracoroidea). La via intravitrea mostré6 mayor
dilucion y pico inicial, por lo que se necesit6 mas dosis de dexametasona, con el
consiguiente mayor riesgo de efectos secundarios, como la hipertensién ocular. No
obstante, la amplia experiencia obtenida con las inyecciones intravitreas en la practica
clinica hace que esta via pueda ser mas adecuada en contextos clinicos donde se requiere
mayor dosis inicial de ataque. Las principales limitaciones atribuibles a este estudio vienen
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determinadas por: (1) La imposibilidad de detectar niveles de dexametasona en el tejido
diana para comparar ambas vias de administracién y, a su vez, con otras formulaciones ya
existentes. (2) La no realizacion de pruebas sanguineas para determinar los niveles de
dexametasona en sangre. (3) La ausencia de estudios histoldégicos que confirmaran la
correcta ubicacion de la formulacién DEX/LAP. (4) Trabajar solo sobre modelos animales
sanos, desconociendo el comportamiento farmacocinético del agente terapéutico en
modelos de enfermedad. En conclusion, con este trabajo quedd demostrado que la
liberacion de dexametasona a partir de Laponita se mantiene hasta 6 meses en el cuerpo
vitreo de ojos de conejo sanos de forma segura.

A partir de ahi, continuando con el proceso de investigacion basado en la Laponita y
su aplicacion oftalmologica, al no existir ningun tratamiento intravitreo enfocado al control
de la neuropatia glaucomatosa, se decidié introducir tres cambios importantes. (1) Uso de
brimonidina, un farmaco hipotensor ocular de baja solubilidad, para demostrar el caracter
generalizable del método de liberacién. (2) Aplicar en un modelo de enfermedad (glaucoma
crénico) para confirmar la ausencia de efectos secundarios y el efecto terapéutico mantenido
durante un periodo prolongado. (3) Pruebas en otro animal (ratas), como requerimiento
previo a los ensayos traslacionales. Este segundo estudio de la presente Tesis Doctoral es
el primer estudio in vivo que muestra que un sistema de liberacion sostenida de brimonidina
(unica inyeccién intravitrea de formulacién BRI/LAP), produjo la mayor reduccién
mantenida de la PIO (Chiang, Kim, et al., 2016) (Pek et al., 2016) y un efecto neuroprotector
durante al menos 6 meses, incluso en un modelo de enfermedad en el que se supone que
la neurodegeneracién se produce mas rapidamente. La formulacién BRI-LAP produjo un
efecto hipotensor neto (disminucion de aproximadamente 9 mmHg) en ojos con hipertension
ocular durante 8 semanas, que es el doble del tiempo descrito al utilizar nanoesponjas
intravitreas (Lambert et al., 2015). EI mayor efecto hipotensor se observd en las fases
tempranas coincidiendo con la mayor liberacion de brimonidina (aproximadamente 120-80
ng ml™") y desaparecio en fases tardias, cuando la liberacion de brimonidina se estabilizd
(aproximadamente 60 ng ml"). Curiosamente, el inicio del tratamiento con la formulacion
BRI/LAP en un ojo también pudo controlar la PIO en el ojo contralateral, aunque los niveles
de brimonidina estuvieran por debajo del limite de deteccidn. Es probable que a los 6 meses
la mayor parte de la brimonidina analizada esté asociada a Laponita. La cantidad minima
(desconocida) de brimonidina no asociada no podria controlar eficazmente la PIO en las
fases finales del estudio. Esta observacion coincide con otros autores, que muestran un
efecto de hipopresion ocular inicialmente superior (Lambert et al., 2015) que disminuye
posteriormente (hasta 4 semanas) (Chiang, Kim, et al., 2016). La brimonidina tiene una vida
media corta (12 horas) y una eliminacién rapida en el ojo (Walters, 1996). Al administrarse
por via intravitrea, esta formulacién garantizaria el cumplimiento del tratamiento y un control
satisfactorio de la enfermedad durante largos periodos de tiempo, siendo necesaria su
administracion quiza dos veces al afno.

Los examenes neurorretinianos mediante tecnologia OCT mostraron que la
formulacion BRI-LAP mejord la proteccion estructural axonal (hasta la semana 6) y se
mantuvo en las células ganglionares hasta las fases intermedias (semanas 6 y 8) y tardias
(semanas 12y 24). Estos resultados corroboran los anteriores, en los que el mayor efecto
hipotensor observado en las primeras fases del estudio protegié a los axones del dafio
dependiente de la PIO, mientras que las concentraciones de brimonidina inferiores (del
orden de nanogramos) detectadas en la fase de meseta proporcionaron posteriormente
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proteccién neurorretiniana al interactuar con los receptores adrenérgicos de la retina
(Woldemussie et al., 2007) (Kalapesi et al., 2005). Ademas, mostré un efecto neurorpotector
en el ojo contralateral (también hipertenso, pero no tratado), que pueden haber sido
consecuencia de la diseminacion contralateral retrograda y anterégrada de la sustancia a
través de la via visual (Davis et al., 2016) (Lawlor et al., 2018) (Evangelho et al., 2019) y de
la mejora del transporte axonal por la brimonidina (Lambert et al., 2011). Por otro lado,
también mostré un efecto funcional protector, a través del protocolo de respuesta negativa
fotdpica de la ERG, aplicable principalmente a las CGRs (mayor amplitud en la semana 12)
y los axones (latencia mantenida), que se corrobor6 en los estudios histolégicos con un
mayor recuento de CGRs utilizando un anticuerpo especifico Brn3a. Kim et al (Kim et al.,
2015) también informaron de un efecto neuroprotector tras la inyeccion intravitrea de
nanoparticulas cargadas de brimonidina que mejoraron la supervivencia de las CGR en un
modelo de aplastamiento del nervio 6ptico, aunque no durdé mas de 14 dias. La formulacién
intravitrea de BRI/LAP tuvo un efecto protector estructural y funcional en la retina que se
mantuvo en los fotorreceptores bajo estimulacion fotopica (pero no bajo estimulaciéon
escotopica) en las etapas posteriores (semana 24), y puede deberse al tiempo necesario
para que la formulacién atraviese las diferentes capas de la retina. De hecho, desde las
primeras semanas se observo la formulacion en el vitreo mediante OCT, pero no fue hasta
la semana 12 cuando se observo intrarretina.

Este estudio demuestra que el uso de Laponita como portador de farmacos para la
administracion intraocular presenta varias ventajas. (1) Desde una perspectiva quimica, la
formulacion de BRI/LAP es facil y sencilla de preparar y la liberacion del farmaco no esta
asociada a la degradacion del portador, a diferencia de otros sistemas de administracion de
farmacos (Sun et al., 2017). (2) Desde una perspectiva clinica, la formulacién de gel
transparente, tixotropico y a nanoescala permite inyectarlo en el cuerpo vitreo a través de
agujas de menor calibre, a diferencia de BrimoDDS® -que requiere aplicadores - u otros
dispositivos e implantes (Deokule et al., 2012). Como limitaciones, se produjo un nivel
sorprendente e inesperado de muerte precoz de ratas. Esto pudo deberse tanto a la
repeticion de la anestesia intraperitoneal con dexmedetomidina como a los efectos
depresores de la brimonidina sobre el sistema nervioso central. Es por ello por lo que seria
aconsejable realizar analisis de sangre y futuros estudios de ajuste y escalado
farmacodinamico o de insercion de manera simultanea con diferentes agentes en el soporte
de arcilla (Arranz-Romera et al., 2019), antes de explorar la posible transferibilidad a la
practica clinica.

Los estudios realizados mediante OCT aportaron informacion no solo de la estructura
y grosor neurorretinianos, sino también de la interfase vitreorretiniana, donde se observo la
formulacién en forma de agregados hiperreflectantes. A partir de estos hallazgos se realizé
el siguiente trabajo de esta Tesis Doctoral con el fin de monitorizar la formulacion
BRI/LAP mediante una caracterizacion cualitativa y cuantitativa de dichos agregados en
funcién de los cambios en la intensidad de la senal vitrea observada, respecto a la intensidad
del epitelio pigmentario de la retina, expresado como ratio VIT/EPR. Los agregados vitreos
hiperreflectantes tendieron a asentarse en la superficie retiniana y alcanzaron el espacio
intrarretiniano, posiblemente por difusién debido al pequeno tamafo de las plaquetas de
LAP (1 nm de alto, 30 nm de diametro) capaces de atravesar los poros de la membrana
limitante interna y a la lipofilia de la brimonidina. La OCT fue fundamental para demostrar la
degradacion in vivo de la cantidad de BRI/LAP inyectada (basada en el area total de
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agregados) y la agregacion morfoldgica y dinamica de las moléculas de LAP (basada en el
area media de agregados). La intensidad relativa y el tamano de los agregados
disminuyeron progresivamente durante 24 semanas en los ojos de las ratas tratadas segun
se degradaba la Fl BRI/LAP. E interesantemente, la intensidad relativa VIT/EPR y el area
total de agregados se correlacionaron con los niveles de brimonidina medidos en el ojo.

Los resultados in vivo coincidieron con los in vitro. (1) La mayor tasa de degradacién
de BRI/LAP coincidié con liberacion de brimonidina y se produjo en las primeras etapas, y
entre la mitad y final del estudio la degradacion se produjo muy lentamente. (2) La mayor
agregacion de las primeras fases coincidié con el inicio del dafio inducido por la hipertension
ocular y por tanto con un aumento de la acidosis, y en fases posteriores los agregados se
empequefiecieron, lo que sugiere una menor acidosis y muerte celular debida al efecto
neuroprotector. (3) Ademas, en la semana 3 los ojos tratados presentaron un pico
hipertensivo. La LAP se hincha en medio acuoso, por lo que nuestra hipotesis era que un
aumento del tamafio del agregado era responsable del aumento de la PIO. Mediante OCT
se constaté un aumento del tamano de la FI BRI/LAP en las primeras fases (2-3 semanas),
lo que confirmd nuestra hipétesis.

Por otro lado, la OCT es una tecnologia no invasiva que ha demostrado poder ofrecer
imagenes casi histoldgicas segun la luz transmitida o reflejada al atravesar la luz distintas
estructuras con densidades diferentes. El aumento de sefal que ofrece la FI BRI/LAP puede
ser consecuencia de la lipofilia de la brimonidina y de los componentes de silicio y magnesio
de la LAP. Dado que la OCT es una técnica de obtencion de imagenes por dispersion de la
luz, una mayor intensidad relativa VIT/EPR indicaria una mayor dispersion de la luz, con
riesgo de percepcion de moscas volantes. A este respecto, el tamafo de los agregados era
del orden de micras (de 850 a 760 micras), mucho menor que el implante Ozurdex® o Brimo
DDS®. En la mayoria de los agregados no se detect6é ninguna sombra, lo que sugiere que
la percepcién potencial de cuerpos flotantes seria minima o inexistente. Esto se traduciria
en menor disconfort para los pacientes, incluyendo el menor grosor de la aguja.

En resumen, el analisis mediante OCT del vitreo muestra que la intensidad relativa
VIT/EPR es (1) significativamente mayor en los ojos tratados con la FI BRI/LAP que en los
no tratados; (2) que los valores de intensidad disminuyen con el tiempo; (3) que los
agregados pueden calcularse con un alto grado de reproducibilidad y (4) que el area total
agregada se correlaciona con la cantidad de brimonidina en todas las fases del estudio y
muestra una curva de degradacion similar. Por lo tanto, la intensidad relativa de VIT/EPR
parece ser un marcador util y objetivo para la monitorizaciéon no invasiva de la formulacion
BRI/LAP, postulandose como un novedoso método de medicidén no invasivo.

En cuanto a las limitaciones, hay que tener en cuenta varios aspectos. (1) La
profundidad del vitreo analizada mediante OCT es parcial y se limita a un maximo de 1,9
mm. No obstante, el analisis realizado en la interfase vitreorretiniana mediante un protocolo
de seguimiento (que consiste en estudiar exactamente el mismo lugar en exploraciones
seriadas) presenta una muestra representativa del gel vitreo completo, como han mostrado
otros investigadores (Chu et al., 2013) (Korot et al., 2016). La alta correlacién mostrada en
los resultados (intensidad de la sefial OCT frente a concentracion de brimonidina en el 0jo)
demuestra la aplicabilidad en ratas y, presentada como escala logaritmica, sugiere que no
seria necesario el estudio de todo el cuerpo vitreo. Sin embargo, estos animales tienen un
cristalino enorme y, por tanto, un volumen vitreo muy pequefio en comparacion con los
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humanos. En estudios posteriores se recomendaria el analisis completo del cuerpo vitreo
para corroborar la aplicabilidad de este seguimiento en animales con una estructura
organizativa similar a la humana, como los cerdos o los perros. También seria deseable
llevar a cabo estudios solo con Laponita, dado que esta técnica es adecuada para
formulaciones hiperreflectantes, rasgo que en nuestro estudio puede haber sido atribuible a
la brimonidina. (2) Algunos de los puntos hiperreflectantes se pudieran deber a la
inflamacién latente (Keane et al., 2014) secundaria a la induccion del glaucoma, con la
consiguiente alteracién o aumento de la intensidad de la sefial. (3) Por ultimo, considerando
la traslacion a entornos clinicos, las opacidades vitreas presentes en los individuos de edad
avanzada y que son la poblacién objetivo principal de esta formulacion, serian una cuestion
para considerar. Sin embargo, en general, las opacidades flotantes suelen mantenerse en
un rango estable y el método de monitorizacién presentado en este estudio se realiza con
una sefal relativa (VIT/EPR).

Finalmente, en el ultimo trabajo de esta Tesis Doctoral se realizé una revisiéon de
los estudios realizados con Laponita en el ojo en los ultimos 10 afos, y de los estudios que
no se realizaron en el 0jo, pero que podrian ser potencialmente aplicables en oftalmologia
ya que se utilizan los mismos farmacos, el tejido evaluado in vitro o in vivo también esta
presente en el ojo, las patologias tratadas también se dan en el ojo y/o los nuevos
tratamientos son potencialmente aplicables en el ojo. Para examinar el amplio espectro de
aplicaciones biomédicas de Laponita en el ojo, y dado que la oftalmologia es una
especialidad médica y quirurgica, se hizo referencia a estudios relacionados con la
administracion de farmacos (para cuestiones médicas), hemorragias (para cuestiones
quirdrgicas) e ingenieria de tejidos con medicina regenerativa y andamiajes (para la
reparacion minimamente invasiva del ojo en aplicaciones prospectivas).

La revisién mostro las numerosas evidencias cientificas que sugieren que la Laponita
puede utilizarse en todas las estructuras y tejidos oculares, desde la piel y los apéndices
oculares hasta la retina y la 6rbita, a pesar de los pocos estudios realizados hasta la fecha
sobre la aplicacion del biomaterial Laponita en el ojo y/o tejido ocular. Entre sus ventajas
destacan -en el caso de la oftalmologia- la biocompatibilidad, la transparencia 6ptica, el
grosor nanométrico y la tixotropia que facilita la inyeccién, ademas de su capacidad para
retener todo tipo de moléculas, incluso en co-carga, y su habilidad para liberarlas
progresivamente para tratar la célula diana tras su administracion en forma de gel tépico o
inyeccion cutanea, intravitrea o supracoroidea, o como andamiaje. También posee
caracteristicas bactericidas y regenerativas intrinsecas. La transformacién clinica de la
Laponita en términos de administracion de farmacos parece mas factible, sencilla y cercana.
El andamiaje, en cambio, y especialmente para el tejido neural, parece lejano, ya que las
complejas conexiones entre los tipos celulares de la retina siguen siendo un reto. Se
concluyo con la idea de que la Laponita parece ser un biomaterial que merece un estudio
mas profundo en aplicaciones médicas, quirargicas y regenerativas en futuras
investigaciones oftalmoldgicas.

Resultado de todo lo anteriormente expuesto y con vistas a una futura traslacion, el
grupo de investigacion protegié el uso de Laponita para aplicacion oftalmolégica mediante
una solicitud de patente europea registrada (#No. 20 382 021.2) por la Universidad de
Zaragoza.
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CONCLUSIONES

1. La formulacién de dexametasona - Laponita (DEX/LAP) administrada mediante
inyeccion intravitrea minimamente invasiva y mediante administracion supracoroidea
resultd segura y biocompatible en ojos sanos de conejo.

2. Una unica administracion intravitrea o supracoroidea de la formulaciéon DEX/LAP
produjo la liberacion progresiva de dexametasona y prolongé el tiempo de permanencia
en el humor vitreo y la unidad coroides-retina hasta 6 meses en comparacion con las
formulaciones convencionales.

3. La administracion mediante inyeccién intravitrea de la formulacién de brimonidina -
Laponita (BRI/LAP) tuvo un efecto hipotensor y neuroprotector funcional y
estructural en ratas con glaucoma inducido.

4. Una unica inyeccion intravitrea de la formulacién BRI/LAP produjo una liberacion
sostenida de brimonidina y fue capaz de mantener dicho efecto hipotensor y
neuroprotector durante al menos 6 meses.

5. La formulacion intravitrea BRI/LAP pudo ser visualizada y monitorizada mediante los
cambios en la intensidad de la sefial vitrea respecto a la intensidad del epitelio
pigmentario de la retina, utilizando la tecnologia de imagen no invasiva de tomografia
de coherencia 6ptica (OCT).

6. Este novedoso sistema de medicion objetiva por OCT permitioé la monitorizacién de la
formulacién intravitrea BRI/LAP, y mostré una correlacién adecuada con los niveles del
farmaco brimonidina en el ojo constituyéndose como un potencial biomarcador para su
uso en la monitorizacion terapéutica en ensayos clinicos.

7. La revision sistematica de la bibliografia revelé una escasez de estudios llevados a
cabo hasta la fecha sobre el biomaterial Laponita en el 0jo, pero con evidencia cientifica
de biocompatibilidad y potencial aplicacion en el ojo.

8. La translacion a la practica clinica del biomaterial Laponita como sistema de
administraciéon de farmacos parece un hecho factible, sencillo y proximo. Sin embargo,
su aplicacién en el campo de la medicina regenerativa parece todavia lejano.
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