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Abstract

ABSTRACT

The use of mucosal delivery routes such as oral, pulmonary, and ocular is becoming
increasingly popular due to its convenience, non-invasive nature, and safety. To improve the
efficacy of mucosal delivery, nanocarriers have been extensively investigated as delivery tools
allowing the maximization of pharmacological efficacy by reducing side effects and improving
the stability and bioavailability of drugs. However, despite the capacity of nanocarriers to
deliver high drug payloads and interact efficiently with mucosal tissues, the attempts to
demonstrate consistently high and reproducible efficacy in vivo have failed so far due to their
premature removal from the mucosa, resulting in limited bioavailability.

Considering this information, the main objective of this thesis has been the design of a multi-
stage delivery platform able to integrate and protect the nanocarriers in their inner core and
transport them to the target region where they deliver their therapeutic cargo with higher
efficiency. Within this context, plant pollen grains are natural, needle-like biological
microstructures with attractive properties, such as high resistance and excellent bioadhesion. A
protocol to produce hollow pollen microcapsules from Helianthus annuus and Matricaria
chamomilla was developed, and the obtained vehicles were associated with model polystyrene
nanoparticles of different sizes and surface functionalizations, to unravel their loading and
release mechanisms. Based on these results, biodegradable polymeric nanocapsules were
designed and loaded into pollen platforms to evaluate their mucointeraction and biodistribution
after oral administration.

Likewise, the developed protamine nanocapsules were evaluated for the pulmonary release of
rifabutin, aiming to overcome the limitations and resistance associated with current systemic
treatment of tuberculosis. These nanocapsules were characterized and optimized for their
subsequent atomization to obtain a dry powder formulation and their aerodynamic properties
were evaluated.

-Parrafo afectado por la proteccién de derechos-

Finally, pollen microcapsules were evaluated to enhance the mucointeraction and residence
time of protamine nanocapsules loaded with bilastine, an antihistamine drug, for the topical
treatment of allergic rhinoconjunctivitis. The developed platforms gave rise to a highly tolerable
bifunctional strategy that increased residence time and epithelial penetration with reduced drug
loss, preserving the integrity of the corneal epithelial barrier.

Globally, these results highlight the versatility and potential of the produced pollen-based
platforms, which combine the benefits of nanotechnology and the capacity of pollen grains to
be anchored to the mucosa for obtaining a multi-step delivery system that can be tailor-made
for diverse biomedical applications, by different administration routes and for the delivery of
different nanoencapsulated therapeutics.
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Resumen

RESUMEN

La administracion de farmacos por vias como la oral, pulmonar y ocular, estd ganando
popularidad debido a su conveniencia, su naturaleza no invasiva y su seguridad. Con el fin de
mejorar la eficacia de la administracion mucosa de farmacos, se ha investigado el uso de
nanosistemas como sistemas de liberacion, ya que permiten maximizar la eficacia
farmacoldgica, reducir los efectos secundarios y mejorar la estabilidad y biodisponibilidad de
los medicamentos. Sin embargo, a pesar de la capacidad de los nanosistemas para transportar
farmacos e interactuar eficientemente con las mucosas, hasta ahora los intentos de demostrar
su eficacia y reproducibilidad in vivo han fracasado debido a su eliminacién prematura, lo que
limita su biodisponibilidad.

El objetivo principal de esta tesis ha sido el disefio de una plataforma de entrega en varias etapas
con capacidad de integrar y proteger los nanosistemas en su nucleo interno y transportarlos al
lugar de accion de manera eficiente. En este contexto, los granos de polen son microestructuras
bioldgicas naturales en forma de aguja con una elevada resistencia y excelentes propiedades de
bioadhesion. En esta tesis, se desarrolld un protocolo para producir microcapsulas de polen
huecas a partir del polen de Helianthus annuus y Matricaria chamomilla, y estas plataformas
se asociaron con nanoparticulas modelo de poliestireno de diferentes tamafios y carga
superficial, para evaluar sus mecanismos de carga y liberacion. Basandose en estos resultados,
se disefiaron nanocapsulas poliméricas biodegradables y se cargaron en plataformas de polen
para estudiar su mucointeraccion y biodistribucidn tras su administracion por via oral.
Asimismo, las nanocéapsulas de protamina se analizaron para la liberacion pulmonar de
rifabutina, con el fin de superar las limitaciones y resistencia asociadas con el tratamiento
sistémico actual de la tuberculosis. Estas nanocapsulas se caracterizaron y optimizaron para su
posterior atomizacion y se obtuvo una formulacién de polvo seco, que se evalud
aerodindmicamente.

-Péarrafo afectado por la proteccion de derechos-

Finalmente, las microcapsulas de polen fueron evaluadas en términos de mucointeraccion y
aumento del tiempo de residencia de nanocapsulas de protamina cargadas con bilastina, un
medicamento antihistaminico, para el tratamiento topico de la rinoconjuntivitis alérgica. Esta
estrategia bifuncional aumento la penetracion epitelial, disminuyendo la pérdida de farmaco y
preservando la integridad corneal.

En general, estos resultados resaltan la versatilidad y el potencial de las microcapsulas basadas
en polen, en una plataforma que combina los beneficios de la nanotecnologia y la capacidad de
los granos de polen de anclarse a la mucosa, dando lugar a un sistema de liberacion con diversas
aplicaciones biomédicas y con posibilidad de uso en diferentes vias de administracion.
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RESUMEN IN EXTENSO

La administracion de farmacos a traves de las mucosas ofrece una alternativa atractiva para
superar los problemas relacionados con formas de dosificacion inyectables, ya que permite un
mejor acceso al tejido diana, imitando la via de liberacion natural de biomacromoléculas
enddgenas de forma no invasiva [1]. Su facilidad de uso permite una mejor adherencia y
cumplimiento por parte del paciente, y supone un menor coste de produccidn, al no requerir de
condiciones de esterilidad. En este contexto, la nanotecnologia permite un incremento de la
eficacia farmacoldgica al reducir los efectos secundarios, mejorando la estabilidad y la
biodisponibilidad de los farmacos [2]. El desarrollo de nanosistemas poliméricos ha suscitado
gran interés en la liberacion de farmacos debido a su seguridad, biocompatibilidad y estabilidad
fisica y bioldgica mejoradas [3]. Sin embargo, hasta la fecha, los intentos de demostrar una
eficacia alta y reproducible in vivo han fallado [4] debido a su eliminacion prematura de la
mucosa, lo que resulta en una biodisponibilidad limitada en comparacion con otras vias [5].
Con el fin de abordar este problema, se ha investigado la integracion de nanosistemas en
plataformas funcionales como una estrategia de liberacién multietapa, demostrando resultados
prometedores en la administracion mucosa de farmacos, protegiendo los nanosistemas y
transportandolos a su diana de una manera mas eficiente [6, 7].

Los granos de polen son microcapsulas naturales derivadas de los gametofitos masculinos del
ciclo reproductivo de las plantas con semillas [8]. Estan constituidos principalmente por
esporopolenina, un biopolimero con una arquitectura tridimensional especial que les otorga
propiedades atractivas como una alta resistencia y una adherencia bioldgica [9]. El polen se
compone de tres capas principales (Figura 1): un revestimiento externo llamado pollenkitt;
seguido por una pared de multiples capas (exina e intina), y un esporoplasma interno, donde se
encuentra el gameto celular [10, 11].

Sporoplasm

Intine
Exine

Pollenkit
coating

Figura 1. (A) Micrografias de microscopia electronica de barrido (SEM) de exina de Helianthus annuus y (B)
seccion de micrétomo que muestra las diferentes capas desde el pollenkitt externo hasta la cavidad interna
(barra = 2 pm).

Debido a su disefio natural, se han desarrollado diversos procesos quimicos con el fin de
eliminar los compuestos presentes tanto en el exterior como interior del polen, asi como
proteinas y alérgenos que constituyen un riesgo potencial para la salud humana, dando lugar a
una estructura hueca de esporopolenina [12, 13]. Son muchas las especies de esporas y polen
gue se han empleado para la produccion de microcapsulas de esporopolenina y que se han
utilizado para diversas aplicaciones, ya sea como catalizadores, para el enmascaramiento de
sabores o la microencapsulacion y liberacion de farmacos y proteinas, entre otros [14, 15]. En
la naturaleza, las plantas producen miles de tipos diferentes de polen, y cada polen puede exhibir
variaciones en cuanto a su tamafio, morfologia y estructura fisicoquimica. Ademas, la superficie
del polen puede presentar ornamentaciones insulares, elementos en forma de clava o
puntiagudos, granulaciones, crestas, agujeros o una superficie lisa segin la especie, asi como
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una o varias aperturas elongadas (colpus) o circulares (poros), con diferentes denominaciones
segun su numero y ubicacion [16].

El reino Plantae incluye tanto las plantas no vasculares (briofitas) como las plantas vasculares,
las cuales se dividen en plantas sin semilla (pteridofitas) o con semilla, que pueden presentar
dvulos no protegidos (gimnospermas, division Magnoliophyta) o protegidos (angiospermas,
division Pinophyta). Dentro de las gimnospermas, las dicotiledoneas constituyen el grupo de
mayor evolucion y complejidad, con gran diversidad de polenes que presentan un mayor
numero y diversidad de aperturas, generalmente ecuatoriales, con prevalencia de polen
triaperturado, con una intina simple y una exina bien desarrollada [17, 18]. En este grupo, la
familia Asteraceae, engloba especies como el girasol (Helianthus annuus) con un polen de
tamafio entre 26-50 um y la manzanilla (Matricaria chamomilla), con granos de polen entre 13-
25 um. Ambos presentan una distintiva morfologia superficial con espinas, que permite su
fijacion a los insectos durante la polinizacion y que potencialmente podria favorecer su
adherencia a las mucosas, lo que aumentaria el contacto con las superficies bioldgicas,
mejorando la absorcion y biodisponibilidad de farmacos [19].

Nuestro grupo ha desarrollado un protocolo simplificado para obtener microcapsulas huecas de
polen utilizando el polen de girasol como modelo y evaluando su eficacia también para la
purificacion del polen de manzanilla [20].

Helianthus annuus
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Figura 2. Micrografias electronicas de barrido de muestras de polen de girasol procesados (A-D). (A). Polen sin
tratar. (B). Polen tratado con agua. (C). Polen tratado con agua después del tratamiento con acetona. (D). Polen
de girasol desgrasado. (E). Espectros ATR-FTIR de muestras de polen de girasol y extractos obtenidos durante la
purificacion.

En este proceso, el polen de H. annuus fue sometido a un lavado secuencial con agua, acetona
y cicloheaxano, para eliminar los compuestos que recubren la esporopolenina (Figura 2), dando
lugar a un polen desgrasado. El tratamiento con agua permitid la extraccién de carbohidratos y
proteinas [21, 22], mientras que la acetona elimind acidos grasos como o-linolénico, laurico,
estearico y otros lipidos [23] y el ciclohexano permitié la extraccion de componentes
superficiales, como la pectina. La obtencion de plataformas huecas de polen tuvo lugar tras la
incubacion del polen desgrasado con acido ortofosforico (85%, HzsPO4) a 70°C durante 5 horas,
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Resumen in extenso

eliminando proteinas y carbohidratos presentes en el esporoplasma interno. A partir de los
resultados obtenidos, se empled este método para la obtencion de polen hueco de M.
chamomilla a partir de flores secas, prescindiéndo del uso de ciclohexano al obtenerse una
eliminacidn eficiente de los polisacaridos tras el tratamiento del polen solo con el empleo de
acetona y agua.

Aungue no son abundantes en H. annuus, las proteinas y glicoproteinas son los principales
compuestos alergénicos del polen [24], por lo que su eliminacidn es un punto critico para su
uso con fines farmacéuticos. El contenido de proteina (Figura 3) del polen de girasol se redujo
de un 33% en peso a un 4,4% tras el proceso de purificacién y obtencion de las plataformas
huecas, mientras que en el caso del polen de camomila, la reduccion fue de un 16% a un 4%.
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Figura 3. Masa restante (barras) y contenido de proteina (% de la masa restante, puntos) de las muestras de
polen durante el proceso de purificacion de (A) Girasol y (B) Manzanilla. Los datos representan la media =
desviacion estandar, n=3 medidas independientes.

Con el fin de desarrollar un sistema multietapa a partir de estas microcapsulas huecas de polen,
se llevo a cabo la asociacion de nanoparticulas (NPs) de poliestireno no degradables de
diferentes tamafios (100, 200 y 500 nm) y funcionalizacion superficial (aminadas, no
modificadas y carboxiladas) empleando liofilizacion y vacio, y determinando los parametros
criticos de la asociacion y liberacion.

NPs
5]
o
-
3
N
(=}
o
-]
3

500 nm

Aminated

Unmodified

Carboxylated

Figura 4. Imagenes de microscopia electronica de barrido (SEM) de microcapsulas huecas de polen cargadas al
vacio con nanoparticulas comerciales (NPs; 100, 200 y 500 nm) con diferente funcionalizacion. Las barras
representan 1 pm. Las NPs se colorearon artificialmente para aumentar el contraste con la esporopolenina.
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Se observo (Figura 4) que las NPs de 100 y 200 nm recubrieron completamente las
microcapsulas incluyendo las espinas y las areas internas de la exina y que las NPs de mayor
tamario se unieron principalmente a la superficie del polen. Asimismo, las NPs no modificadas
y carboxiladas se acumularon internamente en funcion del método de carga, mientras que, en
las NPs aminadas, la acumulacion tenia lugar en las superficies externa e interna del polen,
independientemente del método de carga.

El perfil de liberacion de las NPs de las microcapsulas huecas de polen mostré una liberacion
rapida durante las primeras 8 h (Figura 5). La carga por liofilizacién produjo una mayor
liberacion en los primeros 15 min, logrando una estabilizacion después de 24 h. En cambio, las
NPs cargadas en el polen mediante vacio dieron lugar a una liberacién continua tras 8 h hasta
120 h, similar a lo descrito en estudios previos de la liberacion de eritromicina [25] y
paracetamol [26] de microcapsulas de polen. Esto podria deberse a una mayor asociacion de las
NPs a la superficie externa de las plataformas de polen empleando la liofilizacion como método
de carga, lo que produciria su liberacion mas rapida que mediante la carga mediante vacio,
donde las NPs se localizaron predominantemente en la cavidad interior. Si bien el método de
carga influyo en la liberacion inicial, el tamafio y la funcionalizacion superficial de las NPs
fueron determinantes en su liberacion a lo largo del tiempo, siendo menor para las particulas
mas pequefas. Considerando la funcionalizacion superficial, la carga mediante liofilizacion
result6 en una liberacion de NPs entre 40-60%, lo que se aproxima a una difusion Fickiana,
mientras que la carga mediante vacio produjo una liberacién con valores por debajo del 40%
para todos los tamafios, siguiendo un modelo de difusion cuasi-Fickiana.
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Figura 5. Estudio de liberacién de nanoparticulas (NPs) con diferentes tamafnos, cargadas en microcapsulas
huecas de polen mediante (A) liofilizacion y (B) carga asistida por vacio. ¢ 100 nm. A 200 nm. m 500 nm. Los
datos representan la media + desviacion estandar, n=9 medidas independientes.

Las NPs con un tamafio de 200 nm presentaron una mayor eficiencia de carga y una mayor
liberacion, independientemente de la funcionalizacion superficial o el método de carga
utilizado. Teniendo en cuenta estos resultados, se desarrollé6 un prototipo biodegradable de
nanocapsulas poliméricas (NCs) con un tamafio cercano a los 200 nm que se encapsulé en
plataformas de polen, tanto de H. annuus como de M. chamomilla y se investigo su potencial
interés como sistemas de liberacion para via oral (Capitulo 11) y ocular (Capitulo V). Para la
cubierta polimérica de las NCs se selecciono la protamina, un polipeptido natural rico en
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arginina, ampliamente utilizado en el disefio de sistemas poliméricos [27], y para el nlcleo
oleoso se empled Miglyol, en combinacidn con surfactantes no idnicos como el polietilenglicol
(PEGst-40), y glicocolato de sodio que, en conjunto, mejoran la estabilidad y penetracion de
las formulaciones [28]. Las NCs de protamina se prepararon mediante la técnica de
desplazamiento de solvente siguiendo el procedimiento descrito por nuestro grupo [29] y se
Ilevé a cabo su caracterizacion fisicoquimica, su estabilidad en medio bioldgico y su evaluacion
para su aplicacion en diferentes vias de administracion.

En primer lugar, para su evaluacion en los sistemas de via oral, las NCs de protamina fueron
cargadas en microcapsulas huecas de polen de H. annuus mediante vacio, empleando una ratio
de carga 1:1 (p/p). Se obtuvieron valores de asociacion inferiores a las NPs de poliestireno (66%
vs 73%) con una liberacion acumulativa de alrededor del 40% tras 48 h en fluido intestinal
simulado. Las microcapsulas de polen cargadas con NCs de protamina presentaron elevada
adhesion a la superficie de la mucosa en un modelo ex vivo de saco intestinal no evertido de
rata (Figura 6), con una intensidad de fluorescencia significativamente mayor que las NCs
administradas en forma libre tras 3 h de incubacion. Asimismo, la evaluacién de su distribucion
intestinal in vivo tras su administracion oral confirm6 una menor acumulacion de las NCs de
protamina cuando fueron administradas en forma libre en comparacion con las NCs cargadas
en microcapsulas de polen, lo que sugiere su liberacion progresiva desde la cavidad interior del
polen.
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Figura 6. Microscopia confocal de la mucosa de sacos intestinales de rata no evertidos, tras 3 horas de incubacion
con: (A) Nanocapsulas de protamina (NCs) y (B) Microcapsulas huecas de esporopolenina cargadas con NCs de
protamina. Canal rojo: NCs. DIC: Contraste de interferencia diferencial. Las barras blancas representan 500 pm.
(C) Cuantificacion de la fluorescencia en el tejido expresada como densidad integrada por area de tejido. Los
datos representan la media + error estandar, n=3 medidas independientes.

En segundo lugar, en el capitulo I11 de esta tesis, con el fin de evitar las limitaciones y resistencia
al tratamiento sistémico actual de la tuberculosis, donde el elevado metabolismo de primer paso
y degradacion de farmacos dan lugar a unos niveles subterapéuticos [30, 31], se desarrollaron
NCs de protamina para la liberacion de rifabutina por via pulmonar. Estas NCs se caracterizaron
y atomizaron para su administracion mediante inhaladores de polvo seco (DPIs) en un estudio
publicado recientemente en el European Journal of Pharmaceutical Sciences (Abril de 2023
doi: 10.1016/j.ejps.2023.106442) [32]. Por otra parte, estas NCs se encapsularon en
microcapsulas de polen para su uso como DPIs, tras un proceso de optimizacion de las
propiedades aerodinamicas del polen.
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Las NCs de protamina encapsularon la rifabutina en el ntcleo oleoso empleando cargas teoricas
de 1,2,5y5% (p/p) y presentaron un tamafio nanometrico, de alrededor de 200 nm y una carga
superficial positiva, apropiada para lograr una mayor interaccion e internalizacion con los
macrofagos alveolares, de carga superficial negativa [33]. La encapsulacion del farmaco fue
satisfactoria, entre el 42-54%, y presentaron estabilidad tras 30 dias a 4°C, tras su liofilizacion
en presencia de manitol, asi como en medio de cultivo celular y medio pulmonar simulado hasta
24 h. La liberacion de rifabutina de las NCs sigui6é un patrén lineal (Figura 7) en medio
pulmonar simulado, con una liberacién dependiente de la concentracion de farmaco (cinética
de primer orden), con una difusion del farmaco desde la matriz polimérica (Korsmeyer-Peppas
> Higuchi), similar a otras formulaciones que emplearon polimeros como quitosano de bajo
peso molecular o fucoidan [34]. La permeabilidad de rifabutina se evalué en un modelo de
difusion horizontal modificado (tipo “side-by-side™) [35]. Los resultados indicaron mayor
permeabilidad del farmaco tras su incorporacion en las NCs en comparacién con el farmaco
libre tras 1 h.
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Figura 7. (A) Disolucion y (B) permeabilidad del farmaco de las NCs de protamina cargadas con rifabutina al 1%,
2.5% y 5%. Los datos representan la media + desviacion estandar, n=3 medidas independientes.

Las NCs de rifabutina mostraron una viabilidad concentracién-dependiente, superior al 75%
para concentraciones de 0,1 mg/mL, en células epiteliales alveolares humanas A549 y
macrofagos Raw 264.7 tras 24 h, con una elevada internalizacion (> 90 %) y una intensidad
media de fluorescencia superior al control para ambos tipos de células.

Estas NCs cargadas con rifabutina fueron atomizadas en presencia de manitol, carbohidrato
degradable aprobado por la FDA para su uso como excipiente en inhaladores de polvo seco
[36], y se llevd a cabo su evaluacidn aerodinamica empleando un inhalador de baja resistencia
Breezhaler® con un flujo de 60 L/min mediante el Impactador de Cascada de Andersen (ACI).
Tras su administracion mediante DPI (Tabla 1), la dosis emitida (ED) obtenida fue
notablemente alta para todas las formulaciones (69-80%), obteniéndose una fraccion de
particulas finas (FPF, particulas <5 um) de 19 a 32%, similares al producto referencia comercial
Onbreez Breezhaler®, (FPF< 36% para 90 L/min) [37]. El diametro aerodinamico medio
(MMAD), entre 4,2-5,8 um, fue 6ptimo para su distribucién en la region bronquial y alveolar.
Las NCs de rifabutina atomizadas se distribuyeron a través de la region extratoracica (63-79%),
especialmente en la traquea (25-30%), seguidas de la region bronquial (15-18%) y alveolar (1-
9%), constituyendo un sistema prometedor para la terapia inhalable de la tuberculosis pulmonar.
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Tabla 1. Propiedades aerodinamicas in vitro de los polvos de manitol atomizados (SPD) en una proporcion de
80/20. FPD: Dosis de particulas finas; FPF: Fraccion de particulas finas (<5 pm); ED: Dosis emitida; MMAD:
Diametro aerodindamico medio. Los datos representan la media + desviacion estandar, n=3 medidas
independientes.

Producto Andersen Cascade Impactor Dynamic Light Scattering
i o o MMAD Tamafio
atomizado FPF (%) FPD (mg) ED (%) (um) (nm) PDI Carga (mV)
NCs blancas 32+10 1.8 £1 77 £ 8 4.2+0.8 290 + 34 <0.4 19+6
NCs 1% Rifabutina 26+ 6 1.1+£0.4 75+11 5.8+1.4 259 + 32 <0.3 18+7
NCs 2.5% Rifabutina 19+ 8 0.8+0.6 69 + 25 5 8 +1.3 564+104 <0.6 19+2
NCs 5% Rifabutina 26+ 8 1.2+0.6 80+9 5+1.8 487 £ 96 <0.7 143

-Péarrafos afectados por la proteccién de derechos-

Por Gltimo, en el capitulo V de esta tesis se evalud por primera vez el uso de las microcapsulas
de polen para la administracion topica ocular de farmacos, utilizando como modelo la bilastina,
un farmaco utilizado en el tratamiento topico de la rinitis alérgica y llevando a cabo su
encapsulacion en NCs de protamina y microcdpsulas de polen de H. annuus con el fin de
mejorar su mucointeraccion y tiempo de residencia en el ojo.

En primer lugar, se extrajo bilastina pura a partir de comprimidos orales comercializados,
utilizando cloroformo como solvente de aislamiento. La bilastina se encapsul6 en el nucleo
oleoso de las NCs de protamina anteriormente descritas, que presentaron un tamafio medio de
200 nm y una asociacion del farmaco de hasta el 12%, una carga superficial neutra'y un pH (6.9
+ 0.4) considerado 6ptimo para su administracion ocular. Estas NCs presentaron una estabilidad
adecuada tras 30 dias a 4°C en suspension, tras su liofilizacion en presencia de trehalosa al 5%
(p/v), asi como en fluido lacrimal simulado hasta 8 h. Las NCs se cargaron en microcapsulas
huecas de polen de H. annuus mediante vacio, empleando una ratio de carga 1:1 (p/p), con una
eficiencia de encapsulacion del 71% y un patrén de liberacion biféasico de bilastina en medio
simulado lacrimal, con una liberacion del 64% tras 24 h.

Tanto las NCs de bilastina como las NCs de bilastina cargadas en las microcapsulas de polen
mostraron biocompatibilidad en la linea celular promonocitica THP-1 a concentraciones de 0,1
mg/mL, con valores entre 80-90% y 60-80%, respectivamente. Asimismo, presentaron buena
adherencia e internalizacion en estas células, siendo mas uniforme (96% de internalizacion)
para las NCs de bilastina, y mas localizada (6,6% de internalizacion) para las NCs cargadas en
las microcdpsulas de polen. Ademas, estas microcapsulas de polen presentaron una baja
expresion de marcadores de activacion de procesos inflamatorios (CD80 y CD83) en la
superficie ocular, responsables de la activacion de células inmunitarias innatas en la periferia
de la cornea y la conjuntiva, en comparacion con la estimulacién por el lipopolisacérido.
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Figura 10. Imagenes de microscopia del modelo corneal 3D tras la administracion topica de NCs de protamina
marcadas con DiD (A y B) y de NCs cargadas en microcapsulas de polen H. annuus (C y D). Las barras de escala
representan 30 pm. Verde: B-catenina. Rosa: NCs de protamina.

La evaluacion de la compatibilidad celular y la internalizacion de NCs se realiz6 in vitro en un
modelo tridimensional de tejido de cdrnea humana (QobuR) [38], desarrollado a partir de
cultivos primarios humanos de células epiteliales corneales (Figura 10). La intensa expresion
de B-catenina confirmé la ausencia de dafio celular, asi como la distribucion de las NCs en la
capa externa del tejido. Finalmente, ni las NCs ni las NCs encapsuladas en plataformas de polen
mostraron expresion de proteinas y citoquinas mediadoras de procesos alérgicos e inflamatorios
a nivel corneal (TNFa, CamKIlI, S100A o CD4+) tras su administracion in vivo. Esta plataforma
desarrollada da lugar, por una parte, a un aumento de la penetracion del farmaco debido a su
incorporacion en nanocapsulas de protamina, mientras que, por otra, promueve su adhesion y
permanencia prolongada y segura en la cornea al asociarse a microcapsulas de polen,
constituyendo una estrategia prometedora en el tratamiento de alergias a nivel ocular.

Como conclusion general, en esta tesis se investigo la versatilidad y el potencial de las
plataformas de polen y su combinacidon con nanosistemas, obteniéndose una plataforma de
liberacion multietapa de gran interés para la administracion transmucosa de farmacos. Estas
plataformas se enfocan en mejorar la biodisponibilidad de los farmacos al prolongar su tiempo
de permanencia en la mucosa, aumentando su absorcién y, como resultado, disminuyendo tanto
su dosis como su frecuencia de administracion y la aparicién de efectos secundarios. La
liberacion transmucosa de medicamentos a través de su encapsulacién en microcapsulas de
polen es un area que esta experimentando una evolucion y progreso continuo y se espera que
continde brindando nuevos avances y posibilidades en el campo de la medicina.
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RESUMO IN EXTENSO

A administracion de farmacos a través das mucosas ofrece unha alternativa atractiva para
superar os problemas relacionados coas formas de dosificacion inxectables, xa que permite un
mellor acceso ao tecido diana, imitando a via de liberacion natural de biomacromoléculas
enddxenas de xeito non invasivo [1]. A sUa facilidade de uso permite unha mellor adhesion e
cumprimento por parte do paciente, e supon un menor custo de producién, ao non precisar de
condicions de esterilidade. Neste contexto, a nanotecnoloxia permite un incremento da eficacia
farmacoloxica ao reducir os efectos secundarios, mellorando a estabilidade e a dispofiibilidade
dos farmacos [2]. O desenvolvemento de nanosistemas poliméricos espertou gran interese na
liberacion de farmacos debido & sua seguridade, biocompatibilidade e estabilidade fisica e
bioloxica melloradas [3]. Con todo, ata a data, os intentos de demostrar unha eficacia alta e
reproducible in vivo fracasaron [4] debido & sia eliminacidn prematura da mucosa, o que resulta
nunha biodispofibilidade limitada en comparacién con outras vias [5]. Co fin de abordar este
problema, investigouse a integracion de nanosistemas en plataformas funcionais como unha
estratexia de liberacion multi-etapa, demostrando resultados prometedores na administracion
mucosa de farmacos, protexendo os nanosistemas e transportandoos & sta diana dun xeito mas
eficiente [6, 7].

Os grans de pole son microcapsulas naturais derivadas dos gametofitos masculinos do ciclo
reprodutivo das plantas con sementes [8]. Estan constituidos principalmente por
esporopolenina, un biopolimero cunha arquitectura tridimensional especial que lles da
propiedades atractivas como unha alta resistencia e unha adhesion bioloxica [9]. O pole
componse de tres capas principais (Figura 1): un revestimento externo chamado “pollenkitt”;
seguido por unha parede de multiples capas (exina e intina), e un esporoplasma interno, onde
se atopa o gameto celular [10, 11].

Debido ao seu desefio natural, desenvolvéronse diversos procesos quimicos co fin de eliminar
0S compostos presentes tanto no exterior como interior o pole, asi como proteinas e alérxenos
que constitden un risco potencial para a saide humana, dando lugar a unha estrutura oca de
esporopolenina [12, 13]. Son moitas as especies de esporas y pole que se empregaron para la
producion de microcapsulas de esporopolenina e que se utilizaron para diversas aplicacions, xa
sexa como catalizadores, para enmascaramento de sabores ou a microencapsulacion e liberacion
de farmacos e proteinas, entre outros [14, 15]. Na natureza, as plantas producen miles de tipos
diferentes de pole, e cada pole pode mostrar variaciéns en canto ao seu tamafio, morfoloxia e
estrutura fisicoquimica. Ademais, a superficie do pole pode presentar ornamentacions insulares,
elementos en forma de clava ou puntiagudos, granulaciéns, crestes, buratos ou unha superficie
lisa segundo a especie, asi como unha ou varias aperturas alongadas (colpus) ou circulares
(poros), con diferentes denominaciéns segundo o seu namero e localizacién [16].

O reino Plantae inclue tanto as plantas non vasculares (briofitas) como as plantas vasculares, as
cales se dividen en plantas sen semente (pteridofitas) ou con semente, que poden presentar
ovulos non protexidos (gimnospermas, division Magnoliophyta) ou protexidos (angiospermas,
division Pinophyta). Dentro das gimnospermas, as dicotiledoneas constitlien o grupo de maior
evolucion y complexidade, con gran diversidade de grans de pole que presentan un maior
namero e diversidade de aperturas, xeralmente ecuatoriais, con prevalencia do pole
triaperturado, con unha intina sinxela e unha exina ben desenvolvida [17, 18]. Neste grupo, a
familia Asteraceae, engloba especies coma o xirasol (Helianthus annuus) cun pole de tamafio
entre 26-50 um e a camomila (Matricaria chamomilla), con grans de pole entre 13-25 pm.
Ambos os dous presentan unha distintiva morfoloxia superficial con espifias, que permite a sta
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adhesion aos insectos durante a polinizacion e que potencialmente poderia favorecer a sua
adherencia &s mucosas, 0 que aumentaria o contacto coas superficies bioloxicas, mellorando a
absorcion e biodispofiibilidade de farmacos [19].

O noso grupo desenvolveu un protocolo simplificado para obter microcapsulas ocas de pole
utilizando o pole de xirasol como modelo e avaliando a sua eficacia tamén para a purificacion
do pole de camomila [20].

Neste proceso, 0 pole de H. annuus foi sometido a un lavado secuencial con auga, acetona e
cicloheaxano, para eliminar os compostos que recubren a esporopolenina, dando lugar a un pole
desgraxado. O tratamento con auga permitiu a extraccion de carbohidratos e proteinas [21],
[22], mentres que a acetona eliminou acidos grasos como a-linolénico, laurico, estearico e
outros lipidos [23] e o ciclohexano permitiu a extraccion de compofientes superficiais, como a
pectina. A obtencion de plataformas ocas de pole tivo lugar tras a incubacién do pole
desgraxado con &cido ortofosforico (85%, H3PO4) a 70°C durante 5 h, eliminando proteinas e
carbohidratos presentes no esporoplasma interno. A partir dos resultados obtidos, empregouse
este método para a obtencién de pole de M. chamomilla a partir de flores secas, prescindindo
do uso de ciclohexano ao obterse unha eliminacion eficiente dos polisacaridos tras o tratamento
do pole sé co emprego de acetona e auga.

Ainda que non son abundantes en H. annuus, as proteinas e glicoproteinas son os principais
compostos alerxenicos do pole [24], polo que a sUa eliminacion € un punto critico para o seu
uso con fins farmacéuticos. O contido de proteina do pole de xirasol diminuiu de un 33% en
peso a un 4,4% tralo proceso de purificacion e obtencién das plataformas ocas, mentres que no
caso do pole de camomila, a reducidn foi dun 16% a un 4%.

Co fin de desenvolver un sistema multietapa a partir destas microcapsulas ocas de pole, levouse
a cabo a asociacion de nanoparticulas (NPs) de poliestireno non degradables de diferentes
tamafios (100, 200 y 500 nm) e funcionalizacion superficial (aminadas, non modificadas e
carboxiladas) empregando liofilizacion e baleiro, e determinando os pardmetros criticos da
asociacion e liberacidn. Observouse que as NPs de 100 y 200 nm recubriron completamente as
microcépsulas incluindo as espifias e as areas internas da exina e que as NPs de maior tamafio
se uniron principalmente & superficie do pole. Ademais, as NPs non modificadas e carboxiladas
acumuléronse internamente en funcién do método de carga, mentres que, nas NPs aminadas, a
acumulacién tifia lugar nas superficies externa e interna do pole, independentemente do método
de carga.

O perfil de liberacion das NPs das microcapsulas de pole mostrou unha liberacion rapida
durante as primeiras 8 h. A carga por liofilizacion produciu unha maior liberacion nos primeiros
15 min, conseguindo a estabilizacion despois de 24 h. Pola contra, as NPs cargados ao baleiro
no pole deron lugar a unha liberacion continua despois de 8 h ata 120 h, semellante ao descrito
en estudos anteriores sobre a liberacion de eritromicina [25] e paracetamol [26] das
microcapsulas de pole. Isto poderia deberse a unha maior asociacién das NPs & superficie
externa das plataformas de pole usando a liofilizacion como método de carga, o que produciria
a sua liberacion mais rapida que mediante a carga ao baleiro, onde as NPs estaban
predominantemente situados na cavidade interior. Ainda que o método de carga influiu na
liberacion inicial, o tamafio e a funcionalizacion superficial das NPs foron determinantes na sua
liberacion co paso do tempo, sendo menor para as particulas mais pequenas. Tendo en conta a
funcionalizacion superficial, a carga por liofilizacién deu lugar a unha liberacién de NPs entre
040-60%, o que se aproxima a unha difusion Fickiana, mentres que a carga por baleiro produciu
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unha liberacién con valores inferiores ao 40% para todos os tamafios, seguindo un modelo de
difusion cuasi-Fickiano.

As NPs cun tamafio de 200 nm presentaron unha maior eficiencia de carga e maior liberacion,
independentemente da funcionalizacion da superficie ou do método de carga utilizado. Tendo
en conta estes resultados, desenvolveuse un prototipo biodegradable de nanocépsulas
poliméricas (NCs) cun tamafio préximo aos 200 nm que foi encapsulado en plataformas de pole,
tanto de H. annuus como de M. chamomilla, e investigouse o seu potencial interese como
sistemas de liberacion para a via oral (capitulo I1), pulmonar (capitulo 111 e IV) e ocular (capitulo
V). Para a capa polimérica das NCs, seleccionouse a protamina, un polipéptido natural rico en
arginina, moi utilizado no desefio de sistemas poliméricos [27], e 0 Miglyol utilizouse para o
ndcleo oleoso, en combinacion con surfactantes non iénicos como o polietilenglicol (PEGst-
40) e glicocolato de sodio que, xuntos, melloran a estabilidade e penetracion das formulacions
[28]. As NCs de protamina prepararonse mediante a técnica de desprazamento de disolventes
seguindo o procedemento descrito polo noso grupo [29] e realizouse a sua caracterizacion
fisicoquimica, a sta estabilidade en medio bioldxico e a sia avaliacion para a sta aplicacion en
diferentes vias de administracion.

En primeiro lugar, para a avaliacion en sistemas orais, cargaronse NCs de protamina en
microcépsulas ocas de pole de H. annuus ao baleiro, utilizando unha relacion de carga de 1:1
(p/p). Obtivéronse valores de asociacion mais baixos que as NP de poliestireno (66% vs 73%)
cunha liberacion acumulada de arredor do 40% despois de 48 h en liquido intestinal simulado.
As microcapsulas de pole cargadas con NCs de protamina mostraron unha alta adhesion a
superficie da mucosa nun modelo de saco intestinal non evertido de rata ex vivo, cunha
intensidade de fluorescencia significativamente maior que as NCs administradas libremente
despois de 3 h de incubacion. Asi mesmo, a avaliacion da sda distribucién intestinal in vivo tras
a stia administracién oral confirmou unha menor acumulacién de NCs de protamina cando se
administraron en forma libre en comparacion coas NCs cargados en microcapsulas de pole, o
que suxire a sua liberacion progresiva dende a cavidade interior de pole.

En segundo lugar, no capitulo 111 desta tese, co fin de evitar as limitacions e resistencias ao
tratamento sistémico actual da tuberculose, onde un alto metabolismo de primeiro paso e a
degradacién do farmaco conducen a niveis subterapéuticos [30, 31], desenvolvéronse NCs de
protamina. para a liberacion pulmonar de rifabutina. Estas NCs caracterizaronse e atomizaronse
para a sGa administracion mediante inhaladores de po seco (DPIs) nun estudo publicado
recentemente no European Journal of Pharmaceutical Sciences (abril de 2023 doi:
10.1016/j.ejps.2023.106442) [32]. Por outra banda, estas NCs foron encapsulados en
microcapsulas de pole para o seu uso como DPIs, tras un proceso de optimizacion das
propiedades aerodindmicas do pole.

As NCs de protamina encapsularon a rifabutina no ndcleo oleoso utilizando cargas tedricas do
1, 2,5 e 5% (p/p) e amosaron un tamafio nanométrico de arredor de 200 nm e unha carga
superficial positiva, axeitada para lograr unha maior interaccion e interiorizacion cos
macrofagos alveolares, cunha carga superficial negativa [33]. A encapsulacion do farmaco foi
satisfactoria, entre un 42-54%, e mostraron estabilidade aos 30 dias a 4°C, tras a liofilizacion
en presenza de manitol, asi como no medio de cultivo celular e medio pulmonar simulado
durante ata 24 h. A liberacion de rifabutina das NCs seguiu un patron lineal nun ambiente
pulmonar simulado, con liberacion dependente da concentracion do farmaco (cinética de
primeira orde), con difusion do farmaco desde a matriz polimérica (Korsmeyer-Peppas >
Higuchi), similar a outras formulaciéns que usaban polimeros como o quitosano de baixo peso
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molecular ou o fucoidan [34]. A permeabilidade da rifabutina foi avaliada nun modelo de
difusion lado a lado modificado [35] Os resultados indicaron unha maior permeabilidade do
farmaco despois da incorporacion das NCs en comparacion co farmaco libre despois de 1 h.

As NCs de rifabutina mostraron unha viabilidade dependente da concentracion, superior ao
75% para concentracions de 0,1 mg/mL, en células epiteliais alveolares humanas A549 e
macrofagos Raw 264.7 despois de 24 h, cunha alta internalizacion (>90%) e unha intensidade
media de fluorescencia superior ao control para ambos tipos celulares.

Estas NCs cargados con rifabutina atomizaronse en presenza de manitol, un carbohidrato
aprobado pola FDA para 0 seu uso como excipiente en inhaladores de po seco [36], e a
avaliacion aerodinamica realizouse mediante un inhalador de baixa resistencia Breezhaler® cun
caudal de 60 L/min empregando o Impactador de Cascada de Andersen (ACI). Despois da
administracién por DPI, a dose emitida (DE) obtida foi notablemente alta para todas as
formulacions (69-80%), obtendo unha fraccién de particulas finas (FPF, particulas <5 um) de
19 a 32%, similar ao produto comercial de referencia Onbreez Breezhaler®, (FPF <36%, 90
L/min) [37]. O diametro aerodindmico medio (MMAD), entre 4,2-5,8 um, foi 6ptimo para a
sta distribucion na rexion bronquial e alveolar. As NCs de rifabutina atomizados distribuironse
por toda a rexion extratoracica (63-79%), especialmente na traquea (25-30%), seguida da rexion
bronquial (15-18%) e alveolar (1-9%). constituindo sistema prometedor para la terapia de
inhalacion de tuberculosis pulmonar.

-Parrafos afectados por la proteccion de derechos-

Finalmente, no capitulo V desta tese, avaliouse por primeira vez o uso de microcapsulas de pole
para a administracion topica ocular de farmacos, tomando como modelo bilastina, farmaco
empregado no tratamento topico da rinitis alérxica e levando a cabo a sta encapsulacion en
NCs de protamina e microcapsulas de pole de H. annuus co fin de mellorar a sta
mucointeraccion e tempo de residencia na superficie ocular.

En primeiro lugar, a bilastina pura foi extraida de comprimidos orais dispofibles
comercialmente usando cloroformo como disolvente illante. A bilastina encapsulouse no ndcleo
oleoso das NCs de protamina anteriormente descritos, que tefian un tamafio medio de 200 nm,
e cunha eficazia de asociacion do farmaco de ata un 12%, con unha carga superficial neutra e
un pH (6,9 £ 0,4) considerado Optimo para a sta administracion ocular. Estas NCs mostraron
unha estabilidade adecuada despois de 30 dias a 4°C en suspension, despois da liofilizacién en
presenza de trehalosa ao 5% (p/v), asi como en liquido lacrimdxeno simulado durante ata 8 h.
As NC cargaronse en microcapsulas ocas de pole de H. annuus empregando baleiro, cunha
relacion de carga de 1:1 (p/p) e cunha eficiencia de encapsulacion do 71% e un patron de
liberacion bifasica de bilastina . do 64% en medio lacrimal simulado despois de 24 h.

Tanto as NCs de bilastina como as NCs de bilastina cargados nas microcapsulas de pole
mostraron boa biocompatibilidade na lifia celular promonocitica THP-1 a concentracions de 0,1
mg/ml, con valores entre 80-90% e 60-80%, respectivamente. Asi mesmo, presentaron boa
adherencia e interiorizacion nestas células, sendo os resultados mais uniformes (96% de
internalizacion) para as NCs de bilastina, e mais localizadas (6,6% de internalizacion) para as
NCs cargadas nas microcapsulas de pole. Ademais, estas microcapsulas de pole mostraron unha
baixa expresién de marcadores de activacion de procesos inflamatorios (CD80 e CD83) na
superficie ocular, responsables da activacion das células inmunes innatas na periferia da cornea
e da conxuntiva, en comparacién coa estimulacion dos lipopolisacaridos.
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A avaliacion da compatibilidade celular e a internalizacion das NCs realizouse in vitro nun
modelo tridimensional de tecido corneal humano (QobuR) [40], desenvolvido a partir de
cultivos humanos primarios de células epiteliais da cornea. A intensa expresion da [-catenina
confirmou a ausencia de dano celular, asi como a distribucion das NCs na capa externa do
tecido. Finalmente, nin as NCs nin as NCs encapsulados nos vehiculos de pole mostraron
expresion de proteinas e citocinas que median procesos alérxicos e inflamatorios a nivel corneal
(TNFa, CamKII, SI00A ou CD4+) despois da stia administracion in vivo. Esta plataforma
desenvolvida conduce, por unha banda, a un aumento da penetracién do farmaco pola sta
incorporacion a nanocépsulas de protamina, mentres que, por outra banda, favorece a sla
adhesion e permanencia prolongada e segura na cornea cando se asocia con microcapsulas de
pole, constituindo unha estratexia prometedora no tratamento das alerxias a nivel ocular.

Como conclusion xeral, nesta tese investigouse a versatilidade e potencialidade das
microcépsulas derivadas de grans de pole e a sia combinacién con nanosistemas, obtendo unha
plataforma de liberacion multietapa de gran interese para a administracion transmucosa de
farmacos. Estas plataformas céntranse en mellorar a biodispofibilidade dos farmacos ao
prolongar o0 seu tempo de residencia na mucosa, aumentar a sGa absorcién e, como
consecuencia, diminuir tanto a sia dose e frecuencia de administracion como a aparicion de
efectos secundarios. A liberacion transmucosa de farmacos a través da sua encapsulacion en
microcépsulas de pole € un &mbito que esta en continua evolucidn e progreso e que se espera
que siga aportando novos avances e posibilidades no campo da medicina.
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Abstract

Natural microstructures, such as diatoms, pollen, or spores are generating considerable interest
for encapsulation, protection, and delivery of actives in the food and pharmaceutical industry
due to their abundance, low cost, and their uniform shape, size, and structure. Part of the secret
of pollen and spores lies in the composition of their external layer, the sporopollenin, a complex
biopolymer resistant to chemicals, enzymes, and radiation. Due to their smart natural design,
pollen grains and spores have been employed to produce hollow sporopollenin structures, via
chemical processes designed to solubilize the different additional compounds present in their
structures. Hollow sporopollenin microcapsules have been used for the microencapsulation of
drugs, proteins or oils, employed as microreactors, molecular sieves, templates for metallic
replicas, and even as smart self-propelled devices. In this review, we summarize the different
strategies to produce such sporopollenin capsules from pollen and spores, the methods for their
characterization, and the purification processes, highlighting their most promising applications
for the delivery of active pharmaceutical ingredients.

1. INTRODUCTION

Pollen grains are the microscopic capsules of male gametophytes in the reproductive cycle of
seed plants [1, 2]. Their structure is adapted to perform its biological activity of fertilizing
female gametophytes of higher plants. Due to their lack of mobility, they must be dispersed by
several means, such as wind, water, rain, animals, or insects [3], which drastically affects the
adaptation of pollen size, shape, density, and composition in different plant species. The pollen
wall of seed plants consists of a multilayered heterogeneous wall of three main domains: pollen
coat, exine, and intine, with a different structure and chemical composition which act as
physical barriers, protecting male sperm from harsh environmental conditions [4, 5].

Pollen grains are surrounded by various types of adhesive materials that facilitate
transportation. These agents differ in their composition, origin, development, and partly in their
function. Regarding their solubility, these can be divided as aqueous soluble materials
(carbohydrates, glycoproteins, and proteins) [4], and the pollenkitt, a common adhesive
material composed of saturated and unsaturated lipids, carotenoids, flavonoids, and proteins [6,
7]. Pollenkitt contributes to the adhesion of the pollen grains through the formation of capillary
bridges establishing non-polar van der Waals interactions [7]. Under this surface coating, the
protective sculpted shell of the pollen wall is mainly composed of a stable non-soluble polymer
named sporopollenin, a highly cross-linked polymer with extraordinary resistance to acidic and
enzymatic treatments [8]. This structure, known as exine presents multiple nanometric pores
and elongated apertures or colpus, where the pollen tube emerges during germination [1]. In
the case of echinate pollen (Figure 1), the exine presents prominent spines which vary in size
and distribution between pollen species. The cavities inside the exine are known as cavi (cavus),
and they can be filled with a granular content mainly composed of pectins [5]. In some pollen
species, the exine is stratified into ectexine (the external ornamented part of the exine and
comprised of the tectum, columella, and foot layer [9]) and endexine (the internal part that can
be formed as a granular or laminar layer). The endexine is related to the transport of nutrients
and solvents as well as in harmomegathy [10], the process by which pollen grains fold and
unfold depending on the humidity and desiccation [11]. The endexine is composed of
sporopollenin, polysaccharides, lipids, and proteins, and it can be present in different forms
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such as a continuous, spongy, or laminar layer, also depending on the plant species [10]. The
layer bordering the surface of the pollen cytoplasm is known as internal intine, and it is mainly
composed of hemicellulose, pectins, and microfibrillar cellulose. This inner layer is usually
considered labile to acid treatments, and it is absent in some treated pollen samples [2]. Lastly,
the inner cavity of the pollen grain (sporoplasm) comprises a large vegetative and a smaller
generative cell, enclosed in the cytoplasm of the vegetative cell and responsible for the
production of sperm cells [1, 12].

Sporoplasm

Intine
Exine

Pollenkit
coating

Figure 1. (A) Scanning electron microscopy (SEM) micrographs of Helianthus annuus exine and (B) microtome
section showing the different layers from the external pollenkitt up to the internal cavity (bar=2 pm). Figure
provided by the authors.

In contrast to pollen grains, spores are less complex haploid cells derived from sporangium (in
avascular, seedless vascular plants, fungi, and algae) [1] and are the main dispersal agent,
essential for reproduction. Spores are produced by the diploid phase or sporophyte by meiosis
and germinate into a haploid plant with sex organs that produce microgametophytes (male) and
megagametophytes  (female) [1]. When mobile microgametophytes reach the
megagametophytes, fertilization occurs, and the sporophyte grows to continue the cell cycle
[13]. The wall of the spore or sporoderm is constituted by a main layer, the exospore. In the
literature related to spore microcapsules, this layer is also usually termed as exine, and is mainly
composed of sporopollenin [14].

1.1. Sporopollenin

Sporopollenin is the main component of spores and pollen exines, initially described in the early
19" century, and detailed one hundred years later, in Lycopodium spores [15, 16]. Sporopollenin
is an extremely resistant biopolymer with a cross-linked structure composed of carbon, oxygen,
and hydrogen [8, 17]. Despite 200 years of research in the elucidation of its composition and
structure, this aspect is still controversial. The main problems in the study of sporopollenin are
due to its extraordinary resistance which requires the use of aggressive chemical treatments for
solubilization that can alter its native chemical composition. Two recent studies have shed light
on pollen and spore sporopollenin with more precision than previous studies. Li and
collaborators have elucidated the structure of pine sporopollenin by solid-state NMR, showing
that it is mainly composed of aliphatic-polyketide-derived polyvinyl alcohol units and 7-O-p-
coumaroylated Cie aliphatic units [18]. On the other hand, Michael and collaborators,
employing mass spectrometry and high-resolution X-ray photoelectron spectroscopy
techniques, found that L. clavatum sporopollenin was composed of two different building units
of polyhydroxylated tetraketide-like monomeric units cross-linked with poly(hydroxy acid)
networks [17]. The main difference between these studies is the presence/absence of aromatic
residues in the sporopollenin structure, such as p-coumaric acid [18]. The presence of aromatic
phenylpropanoid compounds as ferulic and coumaric acids have been reported in the main part
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of the studies carried out in the elucidation of sporopollenin structure based on UV, infrared, or
gas chromatography-mass spectrometry [19-25].

2. PROCESSING OF PLANT SPORES AND POLLEN TO PRODUCE
SPOROPOLLENIN MICROCAPSULES
2.1. Elimination of pollenkitt

Many of the studies performed in the production of sporopollenin microcapsules use
commercially defatted pollen as starting material, but in other cases, raw natural pollen and
spores were the preferred option. The lipidic layer of spores or the pollenkitt [6] is extracted
using organic solvents, by heating or at room temperature. Acetone is one of the most
universally used solvents, however, other reagents are often preferable for extraction since
acetone tends to precipitate proteins [26]. For instance, mixtures of chloroform/methanol [7,
27], cyclohexane [26, 28] ethyl ether [29, 30], diethyl ether [26, 31], or combined treatments
with acetone followed with diethyl ether [32, 33] or petroleum ether [34] are commonly used
alternatives. The washing and defatting process is more intensive in the studies which use bee
pollen granules [33], since these granules/pellets contain multifloral pollen blended with bee
secretions, enzymes, wax, and nectar or honey [35].

2.2. Purification of sporopollenin

Using defatted spores or pollen as the starting material, hollow sporopollenin microcapsules are
obtained by the elimination of the internal components (sporoplasm), and in most cases, the
intine layer. Several techniques have been developed for plant spores and pollen grains
involving procedures such as alkaline lysis, acidolysis, or enzymatic treatments, with specific
reflux conditions and fixed temperature to minimize damage to the exine surface, thus
preserving its structure.

Zetzsche and Huggler [15] were pioneers in proposing a method to extract sporopollenin, which
is still in use with several modifications. After an initial treatment with organic solvents for the
removal of lipids from the outer layer, the defatted pollen undergoes an alkali treatment to
remove the genetic materials (sporoplasm), and a final aqueous acid treatment to extract the
polysaccharide intine [36]. Follow-up investigations modified the initial technique, which
entailed the introduction of distinct acids or bases. The most common alkali employed is
potassium hydroxide (KOH), and for acidolysis, orthophosphoric acid (HsPOas) is used. Recent
methods have also changed the order of the treatment, performing first the acidolysis in H3PO4
followed by an alkali treatment in KOH, allowing a reduction of the process temperature [37].
Another method widely employed in palynology is Erdman’s acidolysis in a (9:1) acetic
anhydride: sulfuric acid mixture [38, 39]. This harsh method removes the cellular content and
the intine while preserving pollen size, although it can cause swelling and change the
morphology of pollen. For these reasons, other acids, such as hydrochloric acid (HCI) or H3POa,
are often preferred to perform acidolysis [40]. Enzymatic digestion by using trypsin has been
also performed to isolate sporopollenin after an acidolysis procedure [41].

Depending on the nature and composition of each pollen, the methods need to be optimized to
achieve intact sporopollenin microcapsules. Their outstanding physicochemical properties have
led to their use as a microparticulate system for the encapsulation of biomacromolecules [8].
The detailed process of each pollen type and pharmacological applications are schematized in
Figure 2 and are described in detail in the section 4.
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3. ANALYTICAL TECHNIQUES FOR THE CHARACTERIZATION OF
SPOROPOLLENIN MICROCAPSULES CHARACTERIZATION
3.1. Fourier transform Infrared Spectroscopy (FTIR)

FTIR is a widely used technique for the characterization of pollen and sporopollenin
microcapsules production. It requires a small amount of sample and allows the detection of
characteristic chemical bonds. Nevertheless, although FTIR is a non-destructive technique,
some authors grind the pollen for the uniform measurement of internal and external compounds,
especially when large pollen grains are studied [23]. This technigque can be performed by several
methods, such as total attenuated reflectance (ATR), which works with native samples [42], or
using potassium bromide (KBr) [43]. ATR technique is more appropriate for the study of the
compounds of the pollen wall since the penetration of infrared light is limited to 0.5-5 um [43],
and it depends on the wavenumber employed. In addition, the high signal-to-noise ratio,
simplicity, and fast measurement of ATR-FTIR make it the most viable option for the study of
the biodegradation mechanisms of sporopollenin microcapsules in simulated gastrointestinal
fluid or human plasma [44, 45]. Table 1 summarizes some of the characteristic FTIR bands of
pollen and sporopollenin microcapsules, depicting the corresponding vibration and associated
chemical bonds. The bands corresponding to sporopollenin are considered a fingerprint region
for the quality of sporopollenin microcapsules production.

Table 1. Values of wavenumbers with the corresponding vibration and compound assignation in pollen samples.

Wavenumbers (cm') Assignation Compounds References
721 v(C=C), v(CHy) Lipids, Sporopollenin [46-48]
831 v(Aromatic ring) (Ar.) Sporopollenin, aromatic [47, 49, 50]
970 VAr. Sporopollenin [51]
1032 v(C-0), (C-C) Polysaccharides [52, 53]
1074 v(CO), v(CC), B(COH) Arabinogalactan, ribose, glucose [49, 54, 55]
1100 v(C-0-C), v(s)C-OH Pectin, polysaccharides, [46, 47, 54]

polygalacturonic acid (PGA)
1171 Ar., v(as)CO-0-C Sporopollenin, glycomaterials [46, 47]
1243 v(C-0) from acetyl Sporopollenin [56]
1280 v(s)C-0 Amide Il (protein) [37]
1377 v(b)[CH2], v(b)(O-H), Ar. Lignin, cellulose, hemicellulose [48, 57]
Sporopollenin
1415 v(s) (C-0) [COO] Hemicellulose, PGA [58]
1435 CH3 6, v(CO), 60H Sporopollenin [59]
1455 v(as)[CH3, CH;] Proteins, lignin [46]
1514 Ar. Sporopollenin [46, 47]
1550 v(s)C-N, v(b)N-H Amide Il (protein) [46]
1576 v(0)C-H [CH3, CHy], Ar. Lignin [60]
1608 Ar. Sporopollenin, aromatic amino acids [46, 50]
1631 v(s)C=0 Amide | (Proteins) B-sheet [46]
1680 v(s)C=0 [-COzH], Ar. Sporopollenin, lignin [21]
1706 v(s)C=0 Lipids [46]
Eig v(s)C=0 Saturated esters (lipids) [54, 61]
2854 . [37, 62]
2925 v(s)[CH2] Lipids [33, 63]
3300 v(s)O-H H,0 [33, 51]

v: vibration; v(s): stretching; v(as): asymmetric stretching; v(b): blending; &: deformation.
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3.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is employed for the characterization of polymers and
biomaterials by measuring the weight loss of samples as a function of temperature or time in a
controlled atmosphere. The degradation and decomposition patterns and the amount and rate of
mass change are often characteristic of the different materials [64]. TGA curves are especially
useful in the analysis of polymer blends and composite materials since several decomposition
steps can be observed, allowing the identification of the main components, as well as their
weight percentage in the sample. The first derivate of TGA curves (derivative thermogram,
DTG) enables more precise identification of inflection points for the interpretation of the
thermogram [64] in complex samples such as pollen or spores. The comparison of TGA/DTG
curves of raw, defatted, and hollow sporopollenin microcapsules allows the characterization of
the composition or the purification degree of sporopollenin, due to the different thermal stability
of the pollen constituents (polysaccharides, proteins, and lipids) with different degradation
behavior and contribution to the mass change. In general, an initial thermal decomposition of
pollen at 30 and 150°C leads to mass change produced by the evaporation of absorbed water
and the breakdown of hydrogen bonds, leading to the elimination of water and other volatile
components with a low molecular weight [65]. Then, the degradation stage from 130 to 270°C
can be attributed to the decomposition of carbohydrates, proteins, and fibers [66]. For instance,
the temperature of the maximum rate of pectin decomposition is 234°C [65], and hemicelluloses
degrade at temperatures from 200 to 260°C. A degradation stage between 270-370°C is
attributed to the decomposition of cellulosic compounds (300 and 355°C) or proteins (320-
330°C) [65-67], while the thermal degradation of lipids, in the case of bee pollen samples
occurs at 440-450°C, and for triglycerides, it depends on their saturation degree, being lower
for poly- (200-380°C) and mono-unsaturated fatty acids (300-480°C) than saturated ones [66].
Sporopollenin shows a remarkable thermal resistance, and its thermal decomposition varies
among the different species, and has been reported at 431°C in P. deltoides [68], 437°C for L.
clavatum [69], ~480°C for P. orientalis [67] or between 580-630°C for coconut, coriander,
rapeseed or multifloral pollens [66].

3.3. Elemental analysis (CHN)

Elemental analysis is often employed for the study of the exine purification in pollen and spore
microcapsules. Sporopollenin is free of nitrogen [70] and therefore, the protein content of
purified pollen and spores is often inferred from the nitrogen content of the samples, using a
multiplication factor of 5.6 [41, 71] or 6.25, following the recommendation of the Association
of Analytical Communities (AOAC) [11]. Nevertheless, some authors suggested that the exine
indeed contains nitrogen in its structure [72, 73], while others reported that 30% of the detected
nitrogen was not of proteic origin but from free amino acids [35]. Thus, it appears that the
detection of nitrogen by elemental analysis can be either explained by the presence of residual
proteins, or amino acids in the exine or contamination of the solvents [70].

3.4. Confocal laser scanning microscopy (CLSM)

Pollen and spores have natural autofluorescence and the pattern and intensity of fluorescence,
as well as the characteristic fluorescence excitation (Aex) and emission (Aem) Wavelengths, can
change depending on the species and state of maturation [74, 75]. Some of the fluorescent
compounds found in pollen and spores are polyphenolic compounds (flavonoids as
anthocyanins, flavons or isoflavons) lipofuscin and ceroid, sporopollenin or terpene compounds
(carotenoids as carotenes, xanthophylls or retinoids) [76, 77]. Table 2 summarizes some of
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these characteristic fluorescent compounds in pollen and spores as well as the different
wavelengths according to the variation in the fluorescence levels among various types of
species. Before processing, defatted pollen grains display autofluorescence attributed to the
existence of terpenoid, phenolic, and carotenoid molecules in the sporoplasm [40]. Its
elimination can be studied by fluorescence microscopy, and confocal laser scanning
microscopy (CLSM). CLSM is the preferred technique as plane separation can reduce the
background fluorescence of exine, allowing the tridimensional reconstruction of the structure.
In purified hollow sporopollenin microcapsules, the inner part of pollen has lost the
fluorescence and the clean exine is visible, while in loaded microcapsules, it is possible to
identify the loading of the active compounds or dye-labelled active compounds (as FITC-
conjugated BSA, eosin Y-eritromycin) and their internal distribution.

Table 2. Values of the wavelength of the different pollen and spores’ fluorescent compounds.

Fluorescent compounds in pollen and spores Aex (nmM)  Agm (nM)
Flavonoids 365 440-610
Lipofuscin and ceroid 260-280 430-670

340-390
Carotenoids 400-500 520-560
Sporopollenin 300-550 400-650
Zea mays [11] 405 410-516
488 493-556
561 566-686
Pinus massoniana [31], Camelia sinensis [33], Helianthus annuus 405 416-477
[40, 78-80], Taraxacum Officinale [41], Typha angustifolia [81], 488 498-550
Lycopodium clavatum [82], Pinus taeda [83] 561 572-620
Lycopodium clavatum [84, 85] 405 410-481
488 491-541
543 595-735

3.5. Scanning and transmission electron microscopy (SEM/TEM)

Observation by electron microscopy is a well-established and reliable technique for studying
the purification process of spore and pollen exine microcapsules. Scanning electron microscopy
(SEM) is often employed for the study of pollen shape, polarity, surface, or apertures, while
sections or fractured grains are employed for the study of the inner parts of the exine, such as
the structure of pores and endexine as well as for the verification of presence/absence of the
sporoplasmatic compounds. Pollen surface can present insular ornamentations (areolate), club-
shaped elements (clavate), pointed elements (echinate), <lum ornaments (granulate), exine
ridges (lophate), holes (perforate), smooth surface (psilate) or network-like pattern (reticulate)
according to the species, as well as elongated (colpus) or circular (porus) aperture/s, with
different designations according to their number and location (sulcate, ulcerate..) [39]. SEM
methodology is also employed for loaded exine microcapsules to investigate the location of the
cargo. In addition, sporopollenin microcapsules can be damaged during excessive purification
and SEM allows ensuring that the morphology of microcapsules is preserved, or, on the
contrary, the hollow microcapsules collapse and become “deflated” [22, 81]. On the other hand,
transmission electron microscopy (TEM) is employed to study the ultrastructure of the spores
and pollen grains, being more employed in palynology [1, 4, 10, 86] than in the study of the
herein reviewed sporopollenin microcapsules [87].
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4. REPRESENTATIVE EXAMPLES OF SPORE AND POLLEN SPECIES TO
PRODUCE SPOROPOLLENIN MICROCAPSULES

Pollen morphological data have been widely used in taxonomic, systematic, and phylogenetic
studies. As is known, in nature, plants produce thousands of different pollens, and each single
pollen type can exhibit subtle variations in its morphology and physicochemical structure. This
section describes the main families of pollen and spores used to obtain hollow sporopollenin
microcapsules, the procedures carried out, as well as their application for drug delivery. They
have been divided according to their taxonomy, following the scheme shown below (Figure 3).
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Figure 3. Scheme of the different kingdom Plantae and its four main groups: Bryophyta, Pteridophyta,
gymnosperms (Pinophyta), and angiosperms (Magnoliophyta), and the selected spores and pollens that have been
the subject of this review.

The plant kingdom is divided into four main divisions: Bryophyta or non-vascular plants, and
vascular plants, which are further divided into seedless (division Pteridophyta) or seed-bearing
plants, with unprotected ovules (gymnosperm, division Magnoliophyta) or protected ovules
(angiosperm, division pinophyte).

4.1. Division Pteridophyta
4.1.1. Class Licopsida

Fam. Lycopodiaceae

In general, spore wall from the Lycopodiaceae family shows an inner endospore and an outer
exospore with a diffuse sporopollenin texture, a foveolate or rugate/reticulate ornamentation, a
subtriangular-spheroidal shape with trilete apertures [14]. Lycopodium clavatum spore
(common clubmoss, medium-sized spore: 25-33 um) is among the most studied sources for
obtaining sporopollenin microcapsules. Multiple methods have been developed for the removal
of the sporoplasm and external components from these pteridophyte spores, the first one
reported in 1928 by Zetzsche and Huggler [15]. One classical method has been described by
Atkin et al [22], consisting of initial reflux with acetone to remove the lipidic coating (4 h),
followed by treatment with KOH for 6 h. Then, the base-treated spores were subjected to an
acid treatment with H3sPO4 for 7 days to obtain hollow sporopollenin microcapsules. Other
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procedures employed a modified method indicating that base treatment was carried out at 80°C
[88] or 120°C [37, 89] for a prolonged time (12 h) and were followed by acid treatment with
H3PO4 at 60°C for 5 days or 160 and 180°C for 7 days, respectively.

The research group of Cho developed a method, eliminating the initial base treatment, for the
obtention of sporopollenin microcapsules that drastically reduced the duration of the treatment
[82]. L. clavatum spores were defatted by acetone reflux at 50°C (6 h), followed by reflux with
85% H3PO4 at 70°C (30 h), and a fifteen-step washing with water, acetone, HCI, NaOH, water,
and ethanol. The obtained microcapsules kept the initial morphology of raw L. clavatum spores,
but without sporoplasmic content and presented a residual nitrogen content of 0.15%.

The developed hollow sporopollenin microcapsules were suitable for the encapsulation of
compounds, such as oils, melted cocoa butter, enzymes, resins, dyes, and ascorbic acid and have
been used to shield and mask their flavors. For example, the encapsulation of cod liver and
sunflower oil confirmed the efficacy of sporopollenin microcapsules for taste masking [90]. L.
clavatum hollow sporopollenin microcapsules were able to encapsulate cod -3 oil up to a 1:2
mass ratio, protecting the oil from oxidation in a similar way to food additives such as butylated
hydroxytoluene or ferulic acid [88], while the encapsulation of polyunsaturated oils and
enzymes as streptavidin-horseradish peroxidase and alkaline phosphatase helped to preserve
their bioactivity [91]. Photoprotective properties were also reported for encapsulated folic acid
(vitamin Bo), which showed a sustained delivery with a pH-dependent release profile [92]. The
same group reported eicosapentaenoic acid-loaded microcapsules with efficient taste masking
and improved serum bioavailability as compared with free eicosapentaenoic acid esters [93].

On the other hand, these hollow sporopollenin microcapsules have also been used for the release
of proteins, vitamins, and active pharmaceutical ingredients. For example, sporopollenin
microcapsules were filled with several molecules such as sulforhodamine, dextran, bovine
serum albumin, or ovalbumin [89]. Hollow sporopollenin microcapsules loaded with
ovalbumin were able to produce an immune response in BALB/c mice after translocation into
the mouse intestinal wall upon oral administration.

L. clavatum sporopollenin microcapsules were also used in the encapsulation of ibuprofen
(loading efficiency of 97%) showing fast drug release and retention in simulated gastric fluid
and taste masking after oral dosing [94]. In another study, natural L. clavatum spores were
evaluated for loading of BSA [95] and 5-FU (5-Fluoruracil) [96] with several filling methods
(passive, compression, and vacuum). BSA loading efficiency ranged from 42 to 59%, and
vacuum-assisted loading was the most efficient method. However, the BSA release had a burst
of ~90% in the first 5 min regardless of the loading method. To achieve a controlled release,
the authors incorporated BSA-vacuum-loaded L. clavatum spores in alginate microbeads,
however, the release was similar to BSA-loaded plain alginate microcapsules [97]. In the case
of 5-FU, the vacuum was the most efficient loading method, achieving an association efficiency
of 49%. As in the case of BSA [95], 5-FU had a burst release of ~90% in the first 5 min. Authors
coated 5-FU-vacuum-loaded L. clavatum spores in Eudragit RS 100 to achieve a controlled
release, slower (of 70% for 2.5% Eudragit RS 100 and 50% to 10% Eudragit RS 100 after 2 h)
than previously reported uncoated 5-FU loaded microcapsules (complete release in 1 h) [96].
The potential of different types of Eudragit was evaluated to target 5-FU release in the colon,
taking advantage of its insolubility in water and its pH-independent release profile. The
presence of higher quaternary ammonium groups in Eudragit RL resulted in a faster release
(between 5-11 h) while the use of RS and RSPO showed a complete release of the drug between
8-12 h, depending on their concentration [98].
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L. clavatum microcapsules have been employed for the encapsulation of erythromycin by
vacuum, with an entrapping efficiency of 32.4%, and improved antibacterial activity as
compared with free antibiotics. Erythromycin-loaded sporopollenin microcapsules showed an
in vitro accumulative release profile with an initial burst of ~30% in the first 5 min, followed
by a more sustained phase attributed to a diffusion mechanism of porous materials. These
erythromycin-loaded sporopollenin microcapsules were able to increase the apparent half-life
of the drug as compared with unencapsulated erythromycin [84].

In another work carried out by the group of EI-Mageed, the encapsulation of aspirin (ASA) in
L. clavatum sporopollenin microcapsules by passive diffusion followed by vacuum loading
showed a loading capacity of 26.7% (w/w) and an encapsulation efficiency of 53.4%. The ASA
release in simulated gastric and intestinal fluid fitted a pH dependent Fickian diffusion
mechanism, with an initial release of 43-62% of the ASA in the first hour, followed by a
sustained release up to 9 h. In the case of gastric fluid, release was more limited due to the lower
solubility of ASA at this pH [99]. More recently, enhanced oral bioavailability was reported for
the lipophilic vitamin D> encapsulated into L. clavatum sporopollenin microcapsules (loading
efficiency of 90%), Authors indicated enhancement of the mucoadhesion as a possible
explanation [100]. Similar findings were reported for alginate-coated sporopollenin
microcapsules for the oral delivery of metformin [101].

Even though slightly out of the scope of this review, it is worth briefly mentioning the interest
of these platforms for other applications, such as loading of contrast agents [102] or
encapsulation of living baker’s yeast (Saccharomyces cerevisiae) cells [103]. By using
microwave chemistry, L. clavatum sporopollenin microcapsules could be used as reusable
catalysts for the dehydration of p-xylose and xylan into furfural [104], synthesis of cinnoline
derivatives [85] or for Hg?* [32], Rhodamine B [105] or heavy metal removal [106]. L. clavatum
spores can also be converted into magnetic biocomposites with robust bioelectronic and
conductive interfaces by its functionalization with graphene oxide [107]. Finally, L. clavatum
microcapsules have been explored for the in-situ synthesis of magnetite nanoparticles (FezO4)
for directed drug delivery by using a magnetic field [108].

4.2. Division of Phynophita/Coniferophyta
4.2.1. Class Coniferopsida

Coniferophyta are wind-pollinated species and therefore, have received significant attention in
terms of their aerodynamic properties. Here, the gametophytic cells are enclosed within a
spherical pollen wall consisting of an inner intine layer of cellulose, surrounded by an exine of
sporopollenin, which extends outward from the central structure, forming one to three sac-like
structures filled with air, in general, with a verrucate/scabrate surface ornamentation [109].

Fam. Pinaceae

Pinus nigra as well as Cedrus libani (pollen class: saccate, aperture: 1, large-sized pollen: 51-
100 pm) sporopollenin microcapsules were developed by an acid-base (HCI-NaOH) and
chloroform: methanol treatment for the delivery of the anticancer drug oxaliplatin. The
encapsulation efficiency after passive drug-loading was around 10% for C. libani and 38% for
P. nigra, and both drug-loaded sporopollenin microcapsules showed a slower release rate than
the unloaded/free drug, of 15.72% and 28.97%, respectively. These differences could be
attributed to structural modifications, such as the formation of sporopollenin plaques, providing
a larger surface area for drug interaction, during the acid treatment of P. nigra [110].
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Pinus taeda (loblolly pine, pollen class: saccate, aperture: 1, large-sized pollen: 45-75 pum,
tripartite) sporopollenin microcapsules were obtained after incubating defatted pollen with
H3PO4 or other acids (HCI, H2SO4). Due to the thinness of P. taeda exine, sporopollenin
microcapsules tended to collapse or fragment after aggressive treatments and storage.
Therefore, the authors adapted a treatment at 25 °C and wet storage conditions that were more
suitable for this type of pollen. A two-step process, with 18% HCI (5 h at 70 °C) and a
subsequent trypsin treatment also allowed a high percentage of intact sporopollenin
microcapsules and low residual protein content. Both treatments allowed the loading of BSA
by vacuum with a loading efficiency in the range of 23-26% for hollow pollen grains, while
defatted pollen only reached 8% loading efficiency [83].

Defatted Pinus massoniana (Chinese red pine, pollen class: saccate, aperture: 1, large-sized
pollen: 45-75 pum, tripartite) has also been employed for the encapsulation of BSA, taking
advantage of their natural air sacs [111]. Double-defatted pollen was obtained after treatment
with diethyl ether (3.5 h) and was loaded with BSA (ratio 1:1) by vacuum, achieving a moderate
encapsulation efficiency of 10% and a burst release after 5 min in intestinal and gastric fluids.
BSA release was slower after forming tablets with the pollen, producing a linear release of up
to 80% during 3 h in gastric fluid, however, tablets still produced a fast release in intestinal
fluids. The authors further coated the tablets with xanthan gum or alginate at different
concentrations. These coated tablets were able to control the amount of BSA released and
reduce the initial release in gastric fluid. Defatted pine pollen has also recently been converted
into micromotors by encapsulation of magnetic particles (FesOs) in their hollow air sacs. These
micromotors could load drugs such as doxorubicin (vacuum loading, 1:1:2 magnetic NCs:drug:
pollen ratio), and operate like a magnetic rotor by generating a flow field that could transport
doxorubicin through the outer wall of the pollen air sac, producing its release [112].

4.3. Division of Magnoliophyta
4.3.1. Class Liliopsida or monocotyledons

Monocotyledons exhibit monoporate pollen where exine is absent or reduced to a thin layer and
a thick and intricate intine [113, 114].

Fam. Poaceae

Pollen grains of the Poaceae family exhibit a remarkable range of diversity in their morphology.
They are typically monoporate, of the monad type, and spheroidal in shape. Some species have
small opercula/annulate pores and insular sculptured elements <1pum (scabrate) [115]. Zea mays
(maize, pollen class: ulcerate, aperture: 1, large-sized pollen: 70-100 pm) pollen is
characterized by a thin exine (~1 pm), which ultimately converts it into a delicate structure
when internal components are eliminated. Conventional acidolysis treatments resulted in exine
capsules with cracks and morphology alterations [116], while treatments with anhydrous
hydrogen fluoride in pyrimidine (5 h 40°C under vacuum conditions) [117] can produce
sporopollenin microcapsules with other pollens, resulting in collapsed structures. Cho et. al.
performed a complete study regarding the optimal parameters for the development of maize
sporopollenin microcapsules by optimizing a one-pot acidolysis in 85% HsPO4 at 70°C during
2.5 h, avoiding the dehydration step, employing defatted Z. mays pollen. The resulting
sporopollenin microcapsules were 91% intact and had a nitrogen content of 0.76% (a reduction
of 82%) [11] and were able to preserve the delicate particle morphology, positioning them as
attractive candidates for aerosol drug delivery.
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Fam. Arecaceae

The Arecaceae family exhibits an exceptionally wide range of pollen characteristics, including
aperture number, orientation, and surface exine ornamentation. While most species in this
family have monosulcate pollen, there have been descriptions of 17 different aperture types and
13 exine types [118]. Phoenix dactylifera (date palm, pollen class: sulcate, aperture: 1, small-
sized pollen: 10-25 um) sporopollenin microcapsules were produced with a base-acid treatment
after defatting with acetone (6 h). Then, defatted pollen was washed with NaOH and KOH for
10 h followed by a final incubation with H3PO4 for 6 days. Date palm sporopollenin
microcapsules were coated with chitosan-glutaraldehyde-based polymers (SMC@poly) for
ibuprofen delivery, with maximum adsorption of 88% of ibuprofen after 25 h of contact time
between the drug and the SMC@poly-coated sporopollenin microcapsules. Ibuprofen-loaded
sporopollenin microcapsules showed a pH-sensitive behaviour, achieving a 94% release in PBS
while the total release in the simulated gastric fluid was 42% after 10 h, being appropriate for
the controlled release of the drug within the basic environment of the large intestine, colon, and
rectal mucosa [119]. The same research group also developed date palm sporopollenin
microcapsules coated with carboxymethyl cellulose (CMC) crosslinked with epichlorohydrin
by using a reverse-dispersion cross-linking technique for the loading and release of
paracetamol. Similar to ibuprofen, the maximum loading percentage (97%) was achieved at pH
6. Carboxymethyl cellulose/epichlorohydrin coated sporopollenin microcapsules showed a
similar release to chitosan-coated sporopollenin microcapsules, with a 96% after 8 h in
intestinal fluid and 39% in gastric fluid [120]. P. dactylifera was also loaded with 5-FU by
vacuum using different drug: microcapsules ratios (1:4, 1:2, and 3:4) for their use in the oral
treatment of colon cancer. The encapsulation efficiency was found in the range of 47 - 59%
with a final drug load of up to 25%. The sporopollenin microcapsules were coated with
Eudragit RS 100 and showed a prolonged and controlled release of 80% of 5-FU in SIF (pH
6.8) and around 40% in SGF (pH 1.2) due to the slower solubilization of the Eudragit RS 100
coating at pH 1.2 [121]. Finally, P. dactylifera microcapsules were recently evaluated for the
microencapsulation of the type 2 diabetes drug metformin (1:1, w/w), taking advantage of their
elliptical shape, which changes by harmomegathy to a spherical one upon hydration, allowing
the entrance of liquid and modulates the release of the drug. This phenomenon is involved in
the controlled release pattern with a super case Il transport mechanism, controlled by polymer
swelling and relaxation. These metformin loaded-microcapsules showed a loading capacity of
15% and encapsulation efficiency of 30%, with 76% of the metformin released within 9.5 h in
simulated intestinal fluids [101].

4.3.2. Class of Magnoliopsida or dicotyledons

A notable characteristic of the evolution of dicotyledons is the increase in the number and
diversity of apertures, displaying generally equatorial apertures and with a prevalence of
triaperturate pollen grains. Contrary to monocotyledons, dicotyledons intine is simple, and
endexine is usually present and well-developed [113, 114].

Fam. Asteraceae

Ambrosia artemisiifolia (sym. A. elatior, common ragweed, pollen classification: colporate,
apertures: 3, small-sized pollen: 10-25 um) ragweed pollen grains are among the most
hazardous ones due to their facility to remain airborne for long distances. The allergens of this
pollen are the causative agents of severe respiratory allergies and are considered a threat to
public health, and great efforts are directed toward the prohibition and eradication of this
invasive plant species in many countries [122]. However, its small size and high porosity, as
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well as its ubiquity and high production [123], make ragweed an interesting candidate for the
development of sporopollenin microcapsules. For all the above, several protocols have been
developed to achieve structures without the presence of allergens. One of the first reports can
be found in the patent application of Amber and Tawashi, who described the obtention of
defatted pollen after organic acid (preferably ethyl ether) extraction. This defatted ragweed
pollen was treated with continuous extraction in isotonic saline solution (0.9% NaCl) for protein
removal, and the authors claimed that it can be employed for drug loading, using insulin as a
model drug [29]. The same authors described an acidic treatment to produce ragweed
sporopollenin microcapsules by incubating defatted pollen in 6N HCI at 110 °C for 24 h. As
summarized in Table 3, ragweed sporopollenin microcapsules were loaded with bovine insulin
and angiotensin either by vacuum or using a passive loading method, and the developed
microcapsules were subsequently coated with several polymers as hydroxypropyl cellulose,
hydroxypropyl methyl cellulose, methacrylic acid or dimethyl aminoethyl methacrylate to
achieve sustained or pulsed release patterns [124].

Production of ragweed sporopollenin microcapsules has also been reported employing a base-
acid treatment by 6% KOH incubation followed by an 85% H3PO4 for 7 days. The sporopollenin
microcapsules showed a weight loss of ~80% when compared with defatted pollen, and they
were employed for in-situ polymerization to produce a reinforcing filler for poly (vinyl
acetate)[61].

Uddin and Gill described the obtention of ragweed sporopollenin microcapsules using a high-
temperature base-acid treatment. Raw ragweed pollen was defatted with acetone reflux at 70
°C (18 h); and after that, was twice incubated in 2M KOH at 120 °C (6 h + 6 h), and the base-
treated pollen was then washed and incubated with H3PO4 at 180 °C for 7 days. Ragweed
sporopollenin microcapsules obtained by this method had an intact structure and a final nitrogen
content of 0.2%. Moreover, they did not show cell toxicity or the capacity to impair Caco-2
cells' functionality in vitro and were suitable for the loading of large molecules such as dextran
or ovalbumin [72]. As ragweed sporopollenin microcapsules induced the production of
proinflammatory cytokines and were phagocyted by macrophages, the same authors proposed
ragweed sporopollenin microcapsules as an oral vaccine carrier employing a milder treatment,
eliminating the base-treatment step, and performing the acidolysis at 60 °C (7 days). They found
that ovalbumin-loaded sporopollenin microcapsules were able to produce systemic and mucosal
immune responses for a prolonged period upon oral administration (3 months). Interestingly,
they did not find any immune response to ragweed-specific proteins [73]. Gill and collaborators
have also produced stable ragweed sporopollenin microcapsules with a reduced nitrogen
content of 0.1% (reduction of 97.6%), changing the order between acid and base treatment in
the same manner as described for A. glutinosa, C. album, or H. annuus pollen. The authors
followed a switched low-temperature protocol, reducing the acid temperature to 60 °C and that
of the base to 80 °C, maintaining incubation times (12 h for KOH and 7 days for HsPOa4). Results
showed that similar sporopollenin microcapsules could be obtained regardless of the employed
temperature, with a higher percentage of carbohydrates. They concluded that the switched
protocol could aid in releasing the turgor pressure generated during the orthophosphoric acid
treatment [37].

Hollow ragweed pollen microcapsules have been studied for BSA release, showing a limited
capacity to load proteins (protein loading of 1% and encapsulation efficiency of 7%). The
authors slightly improved the protein loading by employing a matrix of Eudragit L100-55 as a
coating (protein loading: 2.45% and encapsulation efficiency of 12.23%). This moderate
loading and release were similar to formulations only with Eudragit particles, with a slower
release in simulated intestinal fluid [125].
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For the obtention of microcapsules from Ambrosia trifida (giant ragweed, pollen class:
colporate, apertures: 3, small-sized pollen: 17-21 um), pollen was suspended in acetone and the
defatted pollen was incubated in 1% (w/v) NaOH for 1 h. The solution was neutralized with
hydrochloric acid diluted in ethanol and the resultant base-hydrolyzed sporopollenin was
suspended in 85% (v/v) ortho-phosphoric acid for 1 h. The aim of this study was to assess the
light-blocking and shielding capabilities of the 3 um thick sporopollenin microcapsules for their
use as encapsulation and protection material against UV radiation-induced chemical
degradation by analyzing the reduction in UV transmission through the exine wall [22].

Helianthus annuus (common sunflower, pollen class: colporate, aperture: 3, medium-sized
pollen: 26-50 um) echinate pollen was treated by several methods for the obtention of
sporopollenin microcapsules. H. annuus pollen structure was reported to be incompatible with
alkaline lysis treatment (KOH 60°C, 12 h) or an acidolysis (HCI 70°C, 24 h) followed by trypsin
(0.25%) or Tween-20 (2%) treatment. Alkaline lysis resulted in fully destroyed sporopollenin
microcapsules while HCI treatment led to residual compounds within the cavity. The use of
trypsin to eliminate adhered proteinaceous substances, caused damage to the spikes, even
though the inner cavity remained clean, while pollen debris was still visible on the surface after
the use of Tween-20. Although the initial acidolysis studies were performed with HCI and
H3POg4, at different time points, HsPO4 showed to be more efficient for the production of H.
annuus sporopollenin microcapsules after 10 [40] or even 5 h [79]. Hollow sunflower
sporopollenin microcapsules were studied for BSA loading, resulting in a lower encapsulation
efficiency (40%) than defatted sunflower pollen (65%) [78], and a similarly high burst release
of 90% in the first 5 min. After forming tablets with BSA-loaded H. annuus sporopollenin
microcapsules, the release was slower, and when sporopollenin microcapsules tablets were
coated with Eudragit L100, it allowed a pH-controlled release. The BSA release profile of
Eudragit L100-coated sporopollenin tablets was different from BSA-loaded Eudragit L100
tablets, producing 100% release in 8 h compared with less than 40% in the control tablet without
sporopollenin microcapsules [79]. The use of Eudragit as coating-material was previously
reported, as Eudragit RS 100-coated L. clavatum and Phoenix dactylifera microcapsules or
Eudragit L100-55-coated ragweed pollen microcapsules to enhance 5-FU and BSA release in
simulated gastrointestinal media.

Recently, Cho and collaborators have described a new protocol to produce flexible sunflower
sporopollenin structures from natural pollen grains, after defatting with acetone and diethyl
ether. Subsequent cytoplasmic removal was performed by employing an initial alkaline
treatment with 10% KOH at 80 °C for 2 h and a secondary treatment with KOH (80°C for
different periods up to 12 h). This treatment eliminates sporoplasmic content and chemically
de-esterifies the pectin of the intine, which converts hard pollen grains into soft microparticles.
This de-esterification of pectin to form pectane is the natural process by which pollen can
control the swelling during germination. Flexible hollow pollen particles were able to swell by
a pH-controlled process, and de-swell by the interaction with divalent cations. Due to this
behavior, these pollen-based microparticles were able to form gels. Even though the pollen
processed with this method lost part of its natural toughness and structure [126], pollen
microgels were able to form films after water evaporation, producing a semitransparent flexible
paper with a sensitive and reversible response to humidity or water [127]. These films showed
humidity-driven motility, allowing to control the flexion by changing their thickness as well as
the base processing of sunflower pollen. This group also performed the coating of defatted H.
annuus pollen with graphene for its use as a flexible biosensor [128]. At present, the future of
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Table 1: Applications of different hollow sporopollenin microcapsules in drug delivery. HPC: hydroxypropyl cellulose, HPC: hydroxypropyl methyl cellulose, DMAEM: dimethyl
aminoethyl. OVA: Ovalbumin. BSA: Bovine Serum Albumin. SGF: Simulated Gastric Fluid. SIF: Simulated Intestinal Fluid. CMP: Carboxymethylpachymaran. SMC@poly: chitosan-
glutaraldehyde-based polymers. CMC-E: carboxymethyl cellulose with epichlorohydrin. NP: Nanoparticle. CaHPO4: Calcium hydrogen phosphate

Ratio Method Encapsulation Cumulative release
Plant species Encapsulated material Coating pollen: drug loadi Drug Loading (%) ffici N Ref.
(w/w) oading efficiency (%) (%)
. 88 pH 1.2 (45 min)
Ibuprofen 1:1 Vacuum 97 85 pH 7.4 (5 min) [94]
Erythromycin Vacuum 32.4 [84]
BSA 1:1 Vacuum 17 1 16.62 [82]
Passive 21.3+1.8 42.7 + 3.7 90 (5 min)
BSA 2:1 Compression 21.4+£0.5 42.8 £ 1.1 100 (30-60 min) [95]
Vacuum 29.6 + 1.1 59.2 +2.2 pH1.2and 7.4
Passive 5.2+£0.7 15.5 £ 2.1 90 (10 min)
L. clavatum 5-Fluoruracil 3:1 Compression 9.2+2.0 32.0+5.6 100 (60 min) [96]
Vacuum 16.3 £ 0.6 49.0+1.8 pH1.2and 7.4
5-Fluoruracil Eudragit RS 100 [98]
Alginate
BSA microbeads (971
Aspirin Passive and 26.7 53.4 [99]
vacuum
Vitamin D2 90 [100]
Metformin 14.9 + 0.7 29.8 + 0.8 [101]
P. nigra and s . PN 38.2 28.97
C. libani Oxaliplatin Passive cL 10.06 15.72 [110]
23- 26 (hollow)
P. taeda BSA Vacuum 8 (defatted) [83]
42.4 SGF
Ibuprofen SMC@poly 88.4 94.2 SIF [119]
i 38.8 (8h) SGF
P. dactylifera Paracetamol CMC-E 97.2 96.4 (8h) SIF [120]
5- Fluorouracil ' 415 2215 4:3 25 47-59 : [121]
Eudragit® RS-100 2:1 79.9 SIF and 40 SGF
Metformin 1:1 15.2 £ 0.7 30.3+1.0 76 (9.5H) SIF [101]
Bovine insulin HPC, HPMC, 2:1 Vacuum [124]
A. Angiotensin DMAEM ’ Passive
artemisiifolia OVA/Dextran 10:1 Vacuum [72]
OVA 50:1 Vacuum [73]



SANDRA ROBLA ALVAREZ

- . . 1 7 64 vs 24 (2h) SGF
BSA Eudragit L100-55 -1 01+ Vacuum 2.45 12.23 87 vs 76 (6h) SIF [125]
2:1 Passive 18.6 £2.2 37.2+4.4 80 (5 min)
BSA 1‘i 2 Compression 18.8 +1.5 37.8£3.2 100 (30-60 min) [78]
o Vacuum 32.8+0.9 65.7+1.8 pH1.2and 7.4
BSA Eudragit [79]
BSA Graphene 65.7 90 (5 min) [128]
Alginate
H. annuus 70 (24h)
B-Galactosidase CMP-zein 50:1 Vacuum [34]
B-Galactosidase CMP-(ALCL3) 70 (24h) [129]
X 53.7 (hollow)
BSA 1:1.5 Vacuum 32.23+0.33 21.1 (defatted) [41]
. . . 100 (24h) PBS
B.pendula Imatinib mesylate 2:1 Passive 21.46 65 (24h) acidic pH [130]
. . 61 (5 min) pH 7.4
C. avellana Pantoprazole 1.4:1 Passive 29.81 100 (6h) pH 7.4 [131]
HHCP-I HHCP-1 (9 days)
. X Dispersion 15.86 mg/g 10 pH 4
B. campestris BSA 25:1 and shook HHCP-1I 52.2 pH 7 [132]
3.59 mg/g 99.0 pH 10
. . . Passive 8.2 56.0 pH 7.4 (24h)
P. orientalis Paracetamol 2:1 Evaporation 23.7 88.8 pH 7.4 (5 min) [67]




Introduction

these sporopollenin microcapsules is promising, however, they have not yet been investigated
for biomedical purposes.

As described above for A. glutinosa, sunflower sporopollenin microcapsules could be obtained
with a low-temperature switched acid-base treatment. This allowed the production of
microcapsules with the lowest nitrogen content reported in the literature (0.19 %) [37].
Production of hollow sunflower sporopollenin microcapsules was also performed by employing
an acidolysis process to remove proteinaceous components. Sunflower pollen grains were
washed with petroleum ether to obtain defatted pollen and were subsequently treated with
phosphoric acid for 5 h. These microcapsules were used for the vacuum-assisted encapsulation
of B-galactosidase (B-gal) and were post-coated with carboxymethylpachymaran (CMP)-zein
(an alcohol soluble protein) [34] or CMP-metal ion (AlClI3) combinations [129] to improve their
oral delivery. These coatings were carried out to address the leakage of charged B-gal, by
sealing the pores on the surface of the microcapsules by a thicker layer that originates a lattice
structure by the interaction between the microcapsules, zein or metal ions, respectively, and
CMP. While uncoated -gal loaded microcapsules lost enzyme activity in simulated gastric
fluid, the coated pollen grains were able to protect B-gal from acidic pH and showed an
improved release profile than B-gal carboxymethyl (1-3)- B-D-glucan and zein without pollen,
achieving a 70% accumulative release after 24 h [34], similar to those reported for CMP 3%
AICl3 [129] in simulated gastric conditions.

The groups of Pumera and Cho have functionalized H. annuus sporopollenin microcapsules
[80] and defatted pollen [32] with a partial platinum coating after acidolysis, using phosphoric
acid or diethyl ether treatment, respectively, for the development of micromotors. Pt-coated
sporopollenin microcapsules were able to load BSA or absorb heavy metals, such as Pb(11) [80]
or Hg?* [32], confirming their high decontamination efficiency.

In a more recent variant of producing hollow H. annuus microcapsules, Ageitos et. al., pre-
treated the pollen with water and acetone followed by cyclohexane to obtain defatted pollen.
The acidolysis process was optimized by a systematic screening of different acids (HCI, HCIO4,
H3PO4, CF3COOH, H2SO4, or HNOs3), incubation times (1 to 14 h) and temperatures (25 and
70 °C) to maximize solubilization and removal of internal components. Treatment with HzPO4
for 5h at 70°C allowed the most efficient and simple production of fully intact, hollow pollen
without the requirement of additional neutralization steps [133]. In addition, these studies also
indicated the feasibility of applying enzymatic purification protocols for the purification of
previously defatted sunflower pollen grains.

The same group produced hollow sporopollenin microcapsules from Matricaria chamomilla
(sym Matricaria recutita, pollen class: colporate, aperture: 3, small-sized pollen: 10-25 pum)
after their direct extraction of the dried medicinal plants, using a similar protocol to the above.
In this case, the final protein content was 4%, similar to that obtained for sunflower [133],
Taraxacum officinale (common dandelion, pollen class: lophate, aperture: 3, medium-sized
pollen: 26-40 um) sporopollenin microcapsules were produced after acidolysis with HsPO4 or
HCI as previously described by Cho et al. Similar to sunflower, dandelion pollen did not resist
prolonged alkaline treatments. On the other hand, dandelion, together with Lycopodium
sporopollenin platforms was found to be the most robust in a comparative study evaluating the
biodegradation profile of sporopollenin microcapsules from different species in simulated
gastrointestinal fluid [44]. T. officinale pollen treatment with trypsin after 5 h acidolysis with
H3PO4 was able to reduce its protein content. These microcapsules were assayed for BSA
encapsulation employing a vacuum-assisted method (microcapsules: BSA ratio of 1:1.5). The
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loading efficiency of sporopollenin microcapsules was higher than the defatted dandelion
pollen (53.7% vs. 21.1%) [41]. Using the same methodology as for sunflower pollen, defatted
dandelion pollen was functionalized as microrobots by the group of Pumera [32]. Dandelion
microrobots were faster than sunflower ones, being able to produce a more efficient absorption
of Hg?*.

Fam. Betulaceae

Alnus glutinosa (black alder, pollen classification: stephanoporate, apertures: 5, medium-sized
pollen: 26-50 um) clean and intact sporopollenin microcapsules were obtained employing a
combined high or low-temperature switched acid-base treatment, as also reported for
Chenopodium album, H. annuus, and A. artemisiifolia, with acetone, HsPO4 (7 days at 60 °C)
and KOH (12 h at 80°C), renewing the KOH solution after 6 h. This method resulted in the
production of clean and intact protein-free pollen microcapsules with a reduction of 92.5% of
the nitrogen content [37].

Betula pendula (European white birch, pollen classification: porate, aperture: 3, small-sized
pollen: 14-23 pm [134]) sporopollenin microcapsules were obtained after a combined acid (6N
HCI at 50 °C for 1 h) and base (4N NaOH 100°C for 6 h) treatment followed by a chloroform-
methanol solution wash. B. pendula sporopollenin microcapsules were loaded with imatinib
mesylate by a passive loading method, achieving an encapsulation efficiency of 21%
(microcapsules: drug ratio of 2:1). Imatinib mesylate-loaded sporopollenin microcapsules
showed an initial burst release (30 min) of 36.95% and a pH-dependent release profile, and a
total release at acidic pH after 120 h, while the free drug was completely released in 1 h at both
pH values [130].

Corylus avellana (European hazelnut, pollen classification: porate, aperture: 3, medium-sized
pollen: 26-50 pum) hollow sporopollenin microcapsules were obtained following a double
combined treatment with acid (HCI at 60 °C for 2 h) and basic (NaOH at 70 °C for 10 h)
solutions, with final bleaching with 4% (w/w) sodium hypochlorite (NaClO) at 50 °C for 10
min. The microcapsules were loaded with pantoprazole following a passive method with an
encapsulation efficiency of 30%. Drug release followed a Fickian diffusion with a total release
after 6 h with a burst release of 60% in the first 5 min [131].

Fam Brassicaceae

Brassicaceae or Cruciferae is one of the largest angiosperm families with subprolate or prolate-
spheroidal pollen shape, three apertures, and reticulate ornamentation [135]. In this family,
Brassica campestris (sym. B. rapa, rapeseed, pollen classification: colpate, aperture: 3,
medium-sized pollen: 23-28 pm) porous hollow carbon microspheres were produced by
hydrothermal carbonization of the pollen, consisting of acid treatment with 40% H3PO4 at room
temperature (1 h) and carbonization at 200 °C (6 h). Hollow pollen structures were able to load
and release protein with a pH-dependent pattern [132]. This rapeseed pollen has been used as a
biotemplate for the production of monodisperse iron phosphate-coated pollen grains [136] and
silica microspheres [137] as candidates for drug delivery systems.

Fam. Chenopodiaceae

Chenopodiaceae pollen grains are spheroidal in shape with a regular distribution pores pattern
(pantoporate) and a surface covered with small spinules [138]. In this family, Chenopodium
album (lamb’s quarters, pollen class: porate, aperture >6, medium-sized pollen: 26-50 pum)
sporopollenin microcapsules were obtained after a high and low-temperature acid-base
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treatment, as described above for A. glutinosa. C. album sporopollenin microcapsules had a
final nitrogen content of 0.22% and a 93.4% reduction as compared with unprocessed pollen,
of interest in oral delivery [37].

Fam. Platanaceae

The pollen of the Platanus family shows remarkable variability, with a tricolpate aperture
structure, a prolate to spheroidal shape, and fine to coarse reticulated exine ornamentation [139].
Platanus orientalis (Old World sycamore, pollen class: colpate, aperture: 3, small-sized pollen:
16-20 pm) sporopollenin microcapsules were obtained after a double acid-base treatment with
HCI solution at 50°C for 1 h and 4M NaOH at 90°C for 12 h. Then, pollen grains were kept in
chloroform-methanol solution 1:1, (v:v) at room temperature for 1 h. P. orientalis sporopollenin
microcapsules were loaded with paracetamol (ratio sporopollenin microcapsules: drug 2:1) and
employed a passive-loading as well as a less frequently used evaporation method. By this
evaporation method, a suspension of sporopollenin microcapsules and paracetamol was initially
vortexed (10 min) and then rotaevaporated (4 h) at 22°C. The paracetamol-loaded sporopollenin
microcapsules were filtrated and incubated in a freezer at —80°C (30 min) and air-drying at
room temperature for 24 h. The passive method achieved a loading efficiency of 8.2%, and a
cumulative pH-independent release profile of 56% after 24 h, while the evaporation method
achieved a loading efficiency of 23.7% and a release of 100% after 4 h in PBS and 6 h in HCI
solution [67].

Fam. Salicaceae

Populus deltoides (eastern cottonwood, pollen classification: inaperturate, aperture: O,
medium-sized pollen: 25-40 um) pollen was treated with ionic liquids (ILs), able to solubilize
cellulose under mild conditions, to achieve a one-pot extraction method. Treatment with ILs as
tetra-n-butylphosphonium hydroxide, [Bu4P]OH, 1-butyl-3-methylimidazolium chloride,
[BMIM]CI or 1,3-dimethylimidazolium methylphosphosphonate, [DMIM][(MeO)(H)PO2 [51]
or 1-(4-sulfonic acid)butyl- 3-methyl-imidazolium hydrogen sulfate [HSO3Csmim][HSO4]
[68] for 80-90 min at 160 °C was able to obtain clean IL-functionalized sporopollenin
microcapsules to act as catalysts.

Fam. Theaceae

Camellia sinensis (tea plant, pollen classification: colporate, apertures: 3, medium-sized pollen:
26-50 um) sporopollenin microcapsules were produced from raw pollen, which required a
conscientious defatting process with an initial incubation in hot acetone and water (50 °C) for
3and 1 h, respectively, followed by sieving for retaining the pollen. Acetone-treated pollen was
then incubated in diethyl ether for 2 h and with 85% H3POs for 5 h. These C. sinensis
sporopollenin microcapsules suffered chemical and physical alterations after incubation in
physiological buffers (gastric and intestinal) [44] or human plasma [45].

In other uses of sporopollenin microcapsules beyond the realm of medicine, the partial coating
of defatted C. sinensis microcapsules with platinum was used to produce microrobots, able to
have autonomous movement in H.O> [32]. Finally, the surface of defatted C. sinensis pollen
has also been modified by an ultraviolet-ozone treatment, opening the aromatic rings of
sporopollenin increasing the proportion of surface elemental oxygen and ketones, which
ultimately increased their hydrophilicity, colloidal dispersibility, ease of emulsification, and of
interest in promoting improved cell adhesion [33].

67



SANDRA ROBLA ALVAREZ

5. FINAL REMARKS AND FUTURE PERSPECTIVES

The use of natural sporopollenin microcapsules extracted from plant spores and pollens has
emerged as a promising tool for drug delivery. There is a huge variety of spores and pollen
grains, all characterized by highly reproducible and extraordinarily resistant chemical
structures, but with distinct, plant-specific properties (i.e., size, shape, surface morphology),
which can give them unique features, depending on the application sought. Pollen and spores’
geometry and their uniform size distribution allow for improved adherence to the mucosal
surfaces, providing greater bioavailability of the active ingredient in the desired location. A
wide variety of procedures have been developed and optimized to obtain these hollow
sporopollenin platforms for the controlled loading and release of active substances, ranging
from the use of mild chemical or enzymatic treatments to more aggressive and prolonged non-
oxidizing reactive treatments. Taken together, the use of sporopollenin as a biomaterial has
become an attractive and green alternative and the development of robust, low-cost, and
scalable protocols are of great interest for future applications in the field of controlled drug
release.
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Hypothesis

Background:

Transmucosal drug delivery offers an attractive alternative to overcome problems related to
injectable dosage forms, as it allows better access to the target tissue, mimicking the natural
release pathway of endogenous biomacromolecules in a non-invasive approach. Its ease of use
promotes better patient adherence and compliance, and it involves lower production costs since
it does not require sterile conditions. In this context, nanotechnology enables an increase in
pharmacological efficacy by reducing side effects and improving the stability and
bioavailability of drugs and the development of polymeric nanosystems has generated
significant interest in drug delivery due to their enhanced safety, biocompatibility, and physical
and biological stability.

HYPOTHESIS

1. Despite the widely reported, efficient interaction of nanosystems with mucosal tissue and
their ability to deliver high drug payloads, their in vivo efficacy has not been consistent due
to their premature elimination from the mucosa, leading to a limited bioavailability.

2. The echinate surface morphology of pollen grains from Helianthus annuus and Matricaria
chamomilla could promote adhesion to mucosal surfaces, leading to extended contact with
biological surfaces, thereby enhancing drug absorption and bioavailability.

3. The combination of sporopollenin microcapsules obtained from echinate pollen grains and
drug-loaded nanocarriers could be a new multi-stage delivery strategy to enhance
transmucosal drug delivery, allowing for improved mucointeraction and enhanced residence
times.
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Objectives

OBJECTIVES

Taking into consideration the background information and the outlined hypothesis, the main
goal of this thesis was the development of hollow pollen microcapsules from Helianthus annuus
and Matricaria chamomilla and their evaluation as potential transmucosal delivery systems, in
combination with nanocarriers. To accomplish this goal, different technological approaches
were adopted, and the following experimental activities were undertaken.

Sub-objective 1. The development of a suitable treatment protocol that allows the
production of hollow sporopollenin vehicles, with preserved surface morphology, shape
and stability using sunflower (Helianthus annuus) and chamomile (Matricaria
chamomilla) pollen. The results are collected in Chapter I of this doctoral thesis.

Sub-objective 2. The association of the developed pollen microcapsules with model
polystyrene nanoparticles of different sizes and surface functionalization to unravel
their loading and release mechanisms. Based on the results, the secondary objective has
been the rational design of protamine nanocapsules and their loading into pollen
platforms in order to evaluate their mucointeraction and biodistribution after oral
administration. The results are collected in Chapter Il of this doctoral thesis.

Sub-objective 3. -Parrafo afectado por la proteccién de derechos-
Sub-objective 4. The design of an allergen-free ocular delivery system based on
bilastine nanocapsules, loaded into H.annuus hollow pollen microcapsules for the

treatment of allergic rhinoconjunctivitis. The results are collected in Chapter V of this
doctoral thesis.
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Purification of hollow sporopollenin microcapsules from sunflower and chamomile
pollen grains

Abstract

Pollen grains are natural microcapsules comprised of the biopolymer sporopollenin. The
uniformity and special tridimensional architecture of these sporopollenin structures confer them
attractive properties such as high resistance and improved bioadhesion. However, natural pollen
can be a source of allergens, hindering its biomedical applicability. Several methods have been
developed to remove internal components and allergenic compounds, usually involving long
and laborious processes, which often cannot be extended to other pollen types. In this work, we
propose an abridged protocol to produce stable and pristine hollow pollen microcapsules,
together with a complete physicochemical and morphological characterization of the
intermediate and final products. The optimized procedure has been validated for different pollen
samples, also producing sporopollenin microcapsules from Matricaria species for the first time.
Pollen microcapsules obtained through this protocol presented low protein content (4.4%),
preserved ornamented morphology with a nanoporous surface, and low product density (0.14
g/cm3). These features make them interesting candidates from a pharmaceutical perspective
due to the versatility of this biomaterial as a drug delivery platform.

Keywords

Sporopollenin; microcapsules; pollen; sunflower; chamomile; FTIR; SEM
1. INTRODUCCION

Pollen grains are protective microcapsules of the male gametes of seed plants, involved in
dispersion and adhesion, as well as recognition, during pollination and fertilization processes
[1]. These natural microcapsules are composed by several layers of different lipidic and
polymeric materials that confer them unique, plant-specific morphologies [2]. The
terminology of pollen wall layers is heterogeneous in the literature and is usually based on the
different staining affinity of the biomaterials [3]. Basically, three main layers can be
distinguished: first, the external coating, named pollenkitt; followed by the multi-layered
pollen-wall (exine and intine); and finally, the inner sporoplasm, where the cell gamete is
located [4]. The exine is mainly composed by sporopollenin, one of the most resistant
biopolymers found in nature, still part of 500-million-year-old sedimentary rocks [5,6]. This
biomaterial is considered a keystone in the adaptation of early aquatic plant gametes to
terrestrial life [7]. Sporopollenin is composed of carbon, oxygen, and hydrogen and is
constituted of long, highly cross-linked biopolymer chains [7]. In addition to its unique
chemical composition, pollen exine has a complex tridimensional structure with ornaments
and nanopores, naturally designed for interacting with different biological surfaces, such as
insect cuticula, animals, and plant tissues. Synthetic microcapsules often present variability in
size and morphology during their production. In contrast, pollen grains can be considered
natural, monodisperse nanostructured microcapsules with highly resistant and specific three-
dimensional morphologies that, so far, are difficult to replicate with current methods [8].
Pollen structure and composition are dependent on the dispersal pathway of the species (wind,
water, insects, animals) in order to protect the male gametophyte best from external
environmental conditions. These unique properties have already drawn researchers’ attention
[2]; notwithstanding, it is well known that most pollens contain allergens that constitute a
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potential risk to human health [1,9]. A few protocols have already been established for the
elimination of such components and/or the chemical extraction of sporopollenin from fern
spores and pollen grains [10-12] to encapsulate drugs [13,14], lipids [15], cells [16], proteins
[17,18], or chemical catalysts [19,20]. Such procedures usually involve laborious processes
using harsh reagents (e.g., strong acids and/or bases) and prolonged incubation times that can
alter the ultrastructure of the pollen grain [10,12].

In addition, the above-mentioned pollen species are generally characterized by simple
morphology and produce thin microcapsules with limited applicability. Looking for
alternatives, sunflower (Helianthus annuus) pollen has been recently drawing attention due to
its widespread cultivation, flower size, and high pollen production with low allergenicity [10—
12]. Chamomile (Matricaria chamomilla, sym. M. recutita) belongs to the same family as sunflower
and is one of the most important medicinal plants [21,22]. Chamomile pollen is smaller than that of
sunflower (13-25 pum vs. 2650 um) [23,24] and has a highly porous surface. Despite its interesting
size and structure, which make it an ideal candidate for producing sporopollenin microcapsules, this
pollen has not yet been explored for this purpose.

Taken together, the aim of our study has been the establishment of a simplified protocol for the
obtention of hollow pollen microcapsules, employing sunflower pollen as reference (Figure
1), and the evaluation of its the suitability for chamomile pollen purification. Each step of the
process has been studied in detail by several independent techniques to characterize the pollen,
as well as the extracted products. To the best of the authors’ knowledge, this is the first
comparative morphological and physicochemical characterization of sporopollenin
microcapsules throughout their sequential chemical purification steps, as well as the first
report on the production of hollow sporopollenin micro-capsules from chamomile pollen.
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Figure 1. Processing scheme for the different pollen samples.

2. MATERIALS AND METHODS
2.1. Materials

Sunflower pollen (H. annuus) was obtained from Control Bio (ElI Alquian, Spain) and
Pharmallerga (Lisov, Czech Republic). Chamomile (M. chamomilla) dried plant and flower
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were purchased from Soria Natural (Soria, Spain). Cyclohexane, orthophosphoric acid (H3POa4,
85%), perchloric acid (HCIO4, 70%), hydrochloric acid (HCI, 37%), and sulfuric acid (HCI,
98%) were purchased from Merck KGaA (Darmstadt, Germany). Trifluoroacetic acid
(CF3COOH, 99%), nitric acid (HNOs, 65%), and further standard chemicals were obtained from
Sigma-Aldrich (Madrid, Spain). Organic solvents were HPLC grade, and all other products
used were of reagent grade purity or higher. All chemicals were used as received without further
purification.

2.2. Treatment of Sunflower Pollen

Pollen of H. annuus was treated in several consecutive washing steps to remove the external
pollenkitt coating of the sporopollenin (Figure 1), as well as internal cellular components.

2.2.1. Extraction of the pollenkitt of sunflower pollen

Sunflowe r pollen was treated with water at different temperatures (25 or 60 °C) to extract
hydrophilic compounds from pollenkitt. For this purpose, 2 g of pollen were mixed with 40 mL
of water and vortexed for 5 min. Afterwards, the suspension was vacuum filtered. First,
filtration eluant was recovered, frozen, and lyophilized. Pollen was subsequently resuspended
in 40 mL of water and filtered in the same conditions. Water extraction process was repeated
in a total of five washes. Water-washed pollen was recovered by filtration and dried at 60 °C
for 24 h or until no weight variation was observed.

Water-treated pollen was resuspended in 20 mL of acetone, homogenized for 5 minby vortex,
and vacuum filtered (two times). Acetone-treated pollen was recovered by filtration and dried
again at 60 °C for 24 h. For the obtention of defatted sunflower pollen, acetone-treated pollen
was resuspended in 20 mL of cyclohexane [25] and vortexed for 30s. Cyclohexane-treated pollen
was recovered by filtration, rinsed with acetone, and left overnight in a fume hood. Afterwards,
it was dried at 60 °C for 24 h and stored in a desiccant chamber. Acetone and cyclohexane
eluents were concentrated by rotary evaporation for further analysis.

2.2.2. Elimination of Sporoplasm, Production of Hollow Sunflower Pollen with Acids

For the obtention of hollow sunflower pollen [10], several acids were assayed as follows. On one
hand, sunflower pollen was incubated with concentrated acid (HCI, HCIOs, H3PO4, CF3COOH) at
1:10 ratio (w/v) in a bath at 70 °C with gentle stirring at 300 rpm. For the time course study, defatted
sunflower pollen was incubated with HCIO4 and HsPO4 from 1 to 14 h under the same conditions as
above. The same pollen to acid ratio (1:10 w/v) was employed with H,SO4 or HNO3 at 25 °C for 1h
under gentle stirring (300 rpm). Afterwards, solutions were cooled, and acid-treated pollen was
recovered by filtration in each case. The filtrate was rinsed with water until the pH of the pollen
grains became neutral (five washes with 50 mL of water) and rinsed with acetone. Finally, acid-
treated (hollow) pollen was dried at 60 °C for 24 h and stored in a desiccant chamber until use.

2.3. Treatment of Chamomile Dried Plant and Flower

A protocol for the purification of chamomile pollen was designed using dried flowers as starting material,
since no available commercial source was found for this specific pollen.

2.3.1. Purification of Pollen from Dried Chamomile

Several strategies were assayed for the extraction of pollen from dried chamomile with the
purpose of achieving optimal conditions. For physical extraction of unprocessed pollen, 1 g of
dried chamomile was sieved through 50 um and 30 um mesh fitted stainless steel sieves of 8
cm diameter. Five cycles of sieving were performed, recovering the unprocessed pollen from
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the lower reservoir. Process was repeated for a total of 15 g of dried plant and flowers.

As another strategy, the pollen was extracted from 15 g of dried chamomile flowers by infusion
with 500 mL of acetone during 30 min at 500 rpm and 25 °C. Acetonic infusion was filtered
through 50 um and 30 pum mesh fitted stainless steel sieves followed by a paper filter, employing
vacuum. Acetone eluant was recovered and added to the acetone- treated chamomile.
Incubation and filtering process were repeated until no visible pollen was recovered from the
acetonic infusion (i.e., five extractions). Pollen was then rinsed with fresh acetone, dried at 60
°C for 24 h and stored in a desiccant chamber until use. Acetone eluant was concentrated by
rotary evaporation and the concentrated extract was recovered for analysis.

2.3.2. Extraction of Pollenkitt of Chamomile Pollen

Unprocessed chamomile pollen obtained by mechanical sieving, was treated as described for
sunflower pollen (Section 2.2), maintaining the 1:10 ratio (w/v). In the case of pollen already
extracted with acetone, only the extraction process of hydrophilic compounds was performed,
as described above.

2.3.3. Elimination of Sporoplasm, Production of Hollow Chamomile Pollen with
Acids
Acetone—water-treated pollen was incubated with concentrated acid (HCI, HCIO4, H3POs) at
1:10 ratio (w/v) in a bath at 70 °C for 5 h under gentle stirring at 300 rpm. For the time course
study, acetone-water-treated pollen was incubated with H3PO4 at 1:10 ratio (w/v) for 1 to 14
h under the same conditions. Filtering and washing processes wereperformed as described in
Section 2.2.2.

2.4. Analytical Measurements

All analytical measurements were performed at the analytical facilities of the University of
Santiago de Compostela (RIAIDT).

2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

FITR technique was employed to explore the different functional groups present in the pollen
samples [26] after each purification step as well as in the obtained eluates. FTIR spectra were
recorded in a VARIAN FT-IR 670 (Varian Inc. Scientific Instr., Palo Alto, CA, USA)
equipped with an attenuated total reflectance (ATR) accessory (GladiATR, PIKE
technologies, Madison, WI, USA) from 400 to 4000 cm ™ at 4 cm™! resolution using 64 scans.

2.4.2. Elemental CHN Analysis

The CHN analyses were carried out using an EA1108 CHNS-O Elemental Analyzer (Fisons
Instrument, Mt Pleasant, NJ, USA). Protein content of samples was estimated using the
percent of nitrogen content with a conversion factor of 6.25 [10].

2.4.3. Scanning Electron Microscopy (SEM) Analysis

Pollen grains were analyzed in a field emission scanning electron microscopy (Fesem Ultra Plus,
Zeiss, Jena, Germany). Samples were deposited in a carbon tape and covered with iridium.
Micrographs were recorded with an acceleration voltage of 3.00 kV at different magnifications
(5000x%, 20,000% or 30,000x).

2.4.4. Confocal Laser Scanning Microscopy (CLSM)
Internal and external structures of treated pollen grains were studied by CLSM (SP5 Leica
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AOBS-SP5, Leica Biosystems Nussloch GmbH, Wetzlar, Germany) employing the natural
autofluorescence of pollen (Aex: 405 nm, Aem: 414-479 nm; Aex: 492 nm, Aem: 505-554;\ex:
561 nm, Aem: 571-635 nm) [27].

2.4.5. Determination of Pollen Density and Number of Grains per Unit of Mass

Tapped density of pollen samples was determined by gravimetry of five different volumes of
pollen with a graduated cylinder. Pollen was manually tapped for 5 min until no variations in
the volume were observed. Tapped density was measured with three different batches per
group. Number of grains per unit of mass was calculated using a haemocytometer (Neubauer
chamber, Paul Marienfeld GmbH & Co. KG, Lauda-Koénigshofen, Germany) [28], where 1
mg of pollen sample was resuspended in 1 mL of water and immediately counted by optical
microscopy. Number of grains per unit of mass was measured in triplicate employing three
batches for each sample.

2.4.6. Thermal Gravimetric Analysis (TGA)

The thermal properties of the different pollen samples were investigated using TGAanalyses
(TGA/DSC 1-Thermogravimetric Analyzer; Mettler Toledo GmbH, Schwarzen bach,
Switzerland) performed in N, atmosphere. Samples were analyzed in an alumina pan at 10
°C/min as heating rate. Differential thermal gravimetry analysis was calculatedemploying the
OriginPro 2017 software (Origin Lab Corporation, Northampton, MA, USA).

Statistical Analysis

Statistical significance of the difference between the means was determined by analysis of
variance (ANOVA) followed by pairwise multiple comparison using Tukey’s HSD method.
Pair comparisons were evaluated by Student t-tests. All tests were performed with
Statgraphics centurion XVIII software (Statgraphics Technologies, Inc. The Plains, VA,
USA). Differences were considered significant at p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Extraction of the Pollenkitt: Sunflower Pollen

Sunflower pollen (Figure 2) was selected for the optimization and validation of the
purification method because of its echinate and tricolporate structure, which makes it an
interesting candidate from a technological standpoint. Sunflower pollen grains are composed
by a multilayer structure covered by an external layer named pollenkitt. This layerfills the
nanopores on the surface (Figure 2A) and is prone to contain environmental contaminants and
allergens, such as coat proteins [25]. To remove the pollenkitt, a sequential treatment was
designed based on the different solubility of coating materials and sporopollenin [29]. To study
the components removed on each step, both the purification extracts and pollen were studied
by SEM and FTIR analyses (Figure 2E), techniques widelyemployed for the identification of
pollen species and biomaterials [30-32].
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Figure 2. Scanning electron micrographs of sunflower pollen samples (A-D). (A). Untreated pollen. (B). Water-
treated pollen. (C). Water-treated pollen after treatment with acetone. (D). Defatted sunflower pollen. (E).
ATR-FTIR spectra of sunflower pollen samples and extracts obtained during the purification depicting
characteristic bands.

Untreated samples presented the typical morphology of raw sunflower pollen with the surface
completely coated with pollenkitt (Figure 2A), as well as their characteristic FTIR spectrum
[26] (Figure 2E). We analyzed sunflower pollen from two different origins: Spain, and Czech
Republic. Both samples presented the same FTIR bands but with varia-tions in their relative
intensities, particularly for the signals assignable to proteins and polysaccharides (Figure
S1A). Water-soluble and debris materials from the exterior of raw pollen (Figure 2A) were
more efficiently extracted with purified water at 25°C than at 60°C, possibly due to the
denaturalization of proteins at temperatures over 55°C. After this step, the spectra of sunflower
pollen from both origins were similar (Figure S1A). The water-washing treatment mainly
extracted carbohydrates [33,34] and proteins [35,36] (Figure 2E), which represented 46% of
the raw pollen mass (Figure 3A).
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Figure 3. Remaining mass (bars) and protein content (% of remaining mass, dots) of pollen samples during
purification process. (A). Sunflower. (B). Chamomile. Error bars represent the standard deviation of the mean (n
=3).

As expected, this treatment did not fully eliminate coating materials, and therefore, nanopores
of the pollen wall were still not clearly uncovered (Figure 2B). This preliminary water-washing
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step is unfrequently used in the literature, where it is more common to treat pollen directly with
organic solvents. However, polysaccharides and proteins are poorly soluble in organic solvents
[37], which leads to suboptimal purification of the samples. Once water-soluble subproducts
were removed, the extraction of the lipophilic compounds of pollenkitt was assayed using a
combined sequential treatment of acetone andcyclohexane. Prolonged incubation in hot acetone
is another widely employed method toproduce defatted pollen [27,38,39], but similar results
could be obtained with shorter extractions processes [40]. In this study, the short washing with
acetone at 25 °C (Figure 2C) extracted o-linolenic acid (3008, 1220, 721, 606, 486 cm™2), lauric
acid (2922 and 2852 cm™?), stearic acid (1113 cm™), and other lipids (1711, 1462, 1415 cm™?)
[41,42]. The bands of compounds such as aliphatic esters (1173 cm™) [43], carboxylic groups (970
and 948 cm™) [34,44], and phenols (1620 cm ™) [45] were also present in the spectra of the acetone
extract. As compared to hot acetone extraction, our low temperature process could be
advantageous as it should reduce any thermal alteration of the product. After this step, sunflower
pollen became white, indicative of the removal of flavonoids and carotenoid pigments [26], and
product mass was reduced by approximately 8% (Figure 3A). Acetone washing was unable to
eliminate saturated lipids and proteins, as shown by FTIR bands at 1735 cm™ (Figure 2E). To
improve the extraction of these insoluble compounds [25], an additional cyclohexane washing step
was performed. This allowed the elimination of surface components without causing
morphological changes in the exine (Figure 2D). Lipid and protein extraction (Figure 2E) [25] was
confirmed by the disappearance of the bands at 1735 cm™ (saturated esters [45]), 1655, 1627,
1608, 1547, and 1455 cm™* (proteins [35,36]), and 1455, 720 cm™* (lipids [41]). The analysis of
the cyclohexane extract (Figure 2E) showed the presence of additional compounds, such as pectin,
with a signal at 970 cm™ [46]. Cyclohexane extraction represented a further mass reduction of
2.6% from the raw pollen mass (Figure 3A). The accumulated percent of mass corresponding to
the lipid phase of the pollenkitt (~10%, Figure 3A) was in line with the lipid content previously
reported for sunflower pollen [26,47]. After treatment with cyclohexane, the bands assigned to
sporopollenin [48] became evident in the spectra (Figure 2E), indicating the successful cleaning
of the pollen surface.

Albeit not abundant in H. annuus, proteins and glycoproteins are the principal allergenic
compounds found in pollen [49]. Therefore, protein elimination is a critical point for pollen
purification when considering pharmaceutical applications. The protein content of the samples was
calculated from the nitrogen content determined by CHN elemental analysis (Figure 3A). Protein
percent of raw sunflower pollen was initially ~33 wt%, and this fraction rose to ~40 wt% after
pollenkitt elimination. This value was higher than that previously reported for commercial defatted
sunflower pollen grains (~32 wt% of proteins) [10,17]. The relative increase in the protein content
of defatted sunflower pollen, as compared with the untreated one, can be explained by the
elimination of lipids and polysaccharides, rich in C and H but without N, and by the reduction of
the relative mass by dehydration. Protein removal from this product, leading to hollow
sporopollenin microcapsules, was undertaken in a subsequent step (Section 3.3).

3.2.Extraction of Pollenkitt: Chamomile Pollen

Considering the results obtained after the treatment of sunflower pollen, the applicability of the
method was also tested for M. chamomilla, a widely studied medicinal plant,with an echinate
pollen grain of smaller size (13-25 pum vs. 26-50 pum [23,24]). In contrastto sunflower, it is
unusual to find commercially available M. chamomilla pollen. However,their dried flowers are
universally available, and thus, we devised a cleaning protocol starting from this source
(Figure 1).

The isolation of pollen by mechanical sieving from dried flowers was only feasible for small
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batches, yielding a 0.2 + 0.1% of pollen. This indicated an extraction below 10% since it is
estimated that pollen represents the 2.5% of the weight of dried Matricaria sp. flowers [50].
Although still suboptimal, this extraction technique was the only one that allowed the
obtention of pollen with intact pollenkitt coating (Figure 4A). Due to the lowproductivity of
mechanical sieving, several alternative methods for pollen recovery wereassayed, such as
initial pollen extraction with water or acetone. Water extraction of chamomile pollen from dried
flowers produced the release of mucilage [21] that obturated the paper filters and hindered
recovery, being eventually discarded as a pollen extraction method. On the other hand, when acetone
was employed (Figure 1), pollen was easily recovered by filtration, allowing for scaling-up the
process and achieving a pollen mass yield of 2.3 £ 0.1% with respect to the dried flowers (88.9 £
6.2% wi/w recovery, Figure 3B), close to the above-mentioned theoretical value [50]. This difference
in the extraction efficacy can be attributed to the poor solubility of mucilage in acetone.

As compared to sunflower pollen grains (Figure 2A), chamomile pollen is smaller, and its
exine layer is less covered with pollenkitt (Figure 4A1). Due to these inherent differences, the
protein content of raw chamomile pollen was found to be significantly lower (16.6 = 0.9 wt%,
Figure 3B) than that of raw sunflower pollen (Figure 3A). The FTIR spectra of unprocessed
chamomile pollen (Figure 4D) was similar to sunflower (Figure 2E) except for changes in
relative band intensities attributed to lipids, polysaccharides, cellulose, and the presence of
minerals in chamomile. This similarity could be expected as both plants belong to the
Asteraceae family [51]. The main differences were the absence of a 1774 cm™ band of
esterified pectin [52] present in sunflower (Figure 2E) and the presence of several bands
corresponding to minerals in chamomile pollen (Figure 5B) [53], which were probably debris
derived from flower harvesting.
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Figure 4. Scanning electron micrographs of chamomile pollen samples (A-D). (A). Untreated pollen. (B).
Pollen treated with acetone. (C). Acetone-water-treated pollen. (D). ATR-FTIR spectra of pollen samples and
extracts obtained during the elimination of pollenkitt.

After filtration and recovery of the pollen, the yellow eluant was concentrated in a rotavapor,
and the recovered acetone was recycled for further pollen extraction. The extract was analyzed
by FTIR (Figure 4D), and the presence of bands previously describedfor chamomile oil, such
as ethers (1174, 1090 cm ) and carboxylic acids (1374 cm ), was found [54,55]. Therefore,
we expect that this subproduct could be a starting point for thepurification of therapeutically
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significant bioactive compounds [21] in the future.

Untreated chamomile pollen had its exine pores filled with pollenkitt (Figure 4A), but these
became clearly visible after acetone extraction (Figure 4B). The protein contentof chamomile
pollen treated with acetone was 22.9 + 2.3 wt%, significantly higher than that of raw pollen
(Figure 3B). This can be attributed to the elimination of hydrocarbon-rich compounds, as
previously discussed for sunflower pollen in Section 3.1. Acetone extracted pollen was washed
with water as described above, resulting in a slight reductionin average size (16 + 3%) (Figure
4C). The water extract exhibited FTIR bands assignableto polysaccharides and proteins, and
accordingly, the pollen spectrum showed a decreasein their corresponding bands (Figure 4E).
The protein content remained similar (22.0 + 1.9wt%, no significant difference), although
pollen mass was reduced by ~33% (Figure 3B). FTIR analysis showed that the main
components extracted with water treatment consisted of proteins and polysaccharides (Figure
4E). The spectra of the defatted chamomile pollen (Figure S1B), treated with the protocol
developed for sunflower (Figure 1), showed a less efficient removal of polysaccharides than
the pollen only treated with acetone and water, suggesting that the use of cyclohexane is not
required in this case. Hence, the following experiments were performed with acetone-water-
treated pollen.

3.3. Comparison of Different Acid Treatments on the Purification of Pollen

Sporopollenin is generally described as a biopolymer highly resistant to acidolysis [6];
however, harsh acidic treatment can affect its ultrastructure [10]. Therefore, acidolysis
processes were optimized herein to maximize solubilization and removal of internal
components (proteins, polysaccharides, and lipids) while preserving the sporopollenin and
pollen structure. Sunflower pollen presented different sensibility depending on the acid
treatment used. For instance, CF3COOH was unable to penetrate the pollen wall after 5 h at
70 °C while H2SO4 and HNOz completely destroyed their structure, even after 1 h incubation
at room temperature. Among the assayed acids, HCI, HCIOs, and H3PO4 were the most
effective removing the cellular content without affecting sporopollenin morphology and
chemical composition (Figure 5). Treatment with HCI was unable to produce homogeneous
hollow pollen grains (Figure 5A) but decreased protein and polysaccharide content (Figure

5D). The intense band at 1705 cm suggests the formation of hydrochloride salts [56] and an
increase in the formation of conjugated ketones (C=0 stretching) after thedegradation of lignin
[57], which might indicate that HCI produced chemical modifications to the pollen structure
and the degradation of the intine.

HCIOs is a strong acid with oxidizing properties at high temperatures that has not been
previously applied for sporopollenin purification. However, it has been used in theextraction
and digestion of polysaccharides [39], polyamines [58], and proteins [59] in bee pollen and
plant tissues. To study the suitability of this acid for pollen purification, a timecourse study was
carried out with sunflower pollen using FTIR analysis and SEM imagesto evaluate the process
(Figure S2). Results indicated that 5 h of treatment (Figure 5B) produced a cleaner intine as
compared with shorter treatments (Figure S2). The percent of protein of HCIOs-treated
samples decreased up to 9 wt% at 5 h, a similar value to thatreported for samples treated for
20 h in HCI (~10 wt%) [10]. SEM images evidenced that HCIO4 treatment left residues on the
exine surface (Figure 5B1), probably perchlorates that could also be detected through their

FTIR band at 623 cm [60] (Figure 5D and S3B). Although HCIO4 can be considered an
alternative for the acid treatment of pollen, it produces chemical modifications in the pollen.
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Figure 5. Scanning electron micrographs of defatted sunflower pollen treated with different acids. (A). HCL.
(B). HClO4. (C). H3PO4. (D). ATR-FTIR spectra of pollen samples after 5 h treatment.

H3PO4 yielded excellent results in the production of sunflower hollow pollen microcapsules
(Figure 5C), as the relative intensity of the FTIR bands assignable to proteins (1631, 1608,

1550, 1455 cm_l) and carbohydrates (1435, 1323, 1030 cm_l) decreased sharply (Figure 5D)
[41]. Treatment with H3PO4 did not reduce bands of hemicellulose and cellulose (Figure 5D),
indicative of the preservation of intine, while the protein content after this treatment decreased
to 4.4 + 0.8 wt%. After H3PO4 treatment, the hollow sunflower microcapsules of different
origin were indistinguishable in their FTIR spectra (Figure S1). Treatment with H3PO4 allowed
the efficient production of hollow pollen, stable to dehydration or heating processes, without
the requirement of additional neutralization steps. Optimization of this procedure is discussed
in detail in Section 3.4.

In view of the results obtained with sunflower pollen, chamomile pollen was only treated with
the best performing acids, i.e., HCI, HCIO4, and H3PO4 (Figure 6). The treatment with HCI
for 5 hwas not able to produce ahomogeneous aperture of pollen (Figure 6A); however, protein
bands reduced their relative intensity (Figure 6D), while bands related to polysaccharides and
impurities remained unaltered.

HCl-treatment produced a shoulder at 1706 cm—1 in chamomile pollen, which, as observed in
sunflower pollen (Figure 5D), is indicative of the formation of carboxylic acids[61]. The
incubation with HCIO4 produced the aperture of the pollen (Figure 6B), but thesignals of
polysaccharides and mineral impurities did not decrease (Figure 6D). Perchlorate deposits
were evident on the surface of the exine (Figure 6B1) and in the FTIR spectra(Figure 6D). The
treatment with HsPO4 produced a uniform aperture of chamomile pollengrains (Figure 6C) and
a drastic reduction of polysaccharides and protein bands (Figure6D). The bands of mineral
compounds present in chamomile pollen also disappeared from the FTIR spectra after H3PO4
treatment (Figure 6D). The efficacy of H3sPOj4 in the removal of minerals can be explained by
its high reactivity forming soluble salts with metals suchas calcium, aluminum, or iron [62],
elements commonly found in minerals [53]. The treatment employed on sunflower showed
similar results in chamomile, confirming that sunflower pollen was a good initial model that
allowed the extension of the study to other members of the Asteraceae family.
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Figure 6. Scanning electron micrographs of acetone-water-treated chamomile pollen incubated with different
acids. (A).HCL. (B). HCLO4. (C). H3PO4. (D). FTIR spectra of pollen samples after 5 h treatment.

3.4.0ptimization of the Treatment with HsPO4

Since H3PO4 showed the best results in the production of hollow pollen microcapsules for
both sunflower and chamomile (Figures 5C and 6C), we analyzed the time course of the
purification process by confocal laser scanning microscopy (CLSM) and FTIR. CLSM has
been employed as a reference technique in the characterization of sporopollenin microcapsules
[17,18,27,45] due to the strong natural autofluorescence of pollen grains, derived from
sporopollenin, flavonoids, and carotenoids [63]. Untreated sunflower pollen (Figure 7A)
showed a strong overlapping fluorescence, hindering a clear distinction of the pollen layers.
Defatted sunflower pollen presented a more defined autofluorescence pattern, with an internal
cavity with a strong fluorescence (Figure 7B), due to the proteins and coenzymes present in
the sporoplasm [63].

One hour of treatment with H3PO4 did not lead to large differences on defatted sunflower
pollen (data not shown), but the permeabilization of the outer layer was observed after 2 h of
treatment (Figure 7C), when sporoplasm components accumulated into the apertures.
Definitive disappearance of the sporoplasm was not evident until 3 h (Figure 7D). At this
point, fluorescent compounds remaining in exine and intine allowed a clear distinction
between those layers. Pollen incubated with HsPO4 for 5 h (Figure 7E) had lower overall
fluorescence but similar levels of autofluorescence of exine and intine. The lack of internal
fluorescence confirmed the elimination of the sporoplasm [10]. For samples incubated for 14
h in H3PO4 (Figure 7F), the intine fluorescence signal decreased, and it appeared clearly
detached from exine. This process led to unstable and fragile structures [64]. Despite the
morphological changes, during the first 2 h of treatment there were no differences in the FTIR
spectra as compared to defatted pollen. After 3 and 5 h of treatment with HsPOas, the bands of
protein (1631, 1608, 1550, 1455 cm™?) and carbohydrates (1435, 1323, 1030 cm™?) virtually
disappeared from FTIR spectra.
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pollen. (C-F). Defatted pollen treated with H3PO4, 70 °C. (C). 2 h. (D). 3 h. (E). 5 h. (F). 14 h. Green channel:
Exine. Blue channel: Intine and sporoplasm. (Scale bars represent 30 pm). (G). FTIR spectra of defatted pollen
treated with H3PO4 at 70 °C fordifferent time points.

Figure 7. Confocal laser scanning micrographs of sunflower pollen samples. (A). Untreated pollen. (B). Defatted

Our results confirmed that 5 h of treatment with HsPO4 were enough to produce hollow pollen
microcapsules [17] resistant to dehydration or heating processes. After 5 h, the mass of the
pollen was reduced by a total 30% compared to defatted samples and represented 12% of the
raw pollen (Figure 3A). Because of the treatment (Table S1), sunflower hollow pollen (0.13 =
0.01 g/cm?®, ~2.5 x 10° grains/mg,) had approximately three times less density than defatted
(0.38 + 0.06 g/cm®, ~9.0 x 10* grains/mg). Protein content and morphology of hollow
sunflower pollen obtained by this method were comparable to those reported for 5 h [17] and
10 h [10,17] treatments with H3POy4 after intensive washing procedures.

Chamomile pollen exine has a columnar structure and it forms a thicker wall (Figure 8) than
sunflower exine (Figure 7). Its diffuse autofluorescence did not allow for differentiation of the
intine. In addition, chamomile pollen was more sensitive to acid treatment than sunflower.
After 1h of incubation, these pollen grains had already lost the sporoplasm fluorescence (Figure
8B), and the protein bands in FTIR (Figure 9G) reduced their relative intensity. The main
difference observed as function of the incubation periods was polysaccharide content (1008,
1032 cm™) [41], which decreased with time. FTIR spectra and CLSM images of 5 h and 14 h
treatments were almost identical (Figure 8G); however, a shoulder in the FTIR at 14 h at 1710
cm™! indicated the oxidation of the sporopollenin [41,66]. The protein content and the
remaining mass of chamomile pollen treated with H3PO4 were also similar among the
incubation periods, stabilizing at 4.0 + 1.3 wt% after 5 h. In contrast to sunflower pollen, the
mass of hollow chamomile pollen represented 33% of the grain mass (Figure 3B). Similar to
sunflower pollen (Table S1), 5 h H3POs-treated chamomile pollen had significantly lower
density (0.14 + 0.01 g/cm?, 1.0 x 10° grains/mg) than defatted pollen (0.44 + 0.02 g/cm®, 5.1 x
10° grains/mg).
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Figure 8. Confocal laser scanning micrographs of chamomile pollen samples. (A). Acetone-water-treated
pollen. (B-F). Acetone-water-treated pollen incubated with H3PO4, 70 °C. (B). 1 h. (C). 2 h. (D). 3 h. (E). 5 h.
(F). 14 h. Green channel: Exine. Blue channel: Intine and sporoplasm. (Scale bars represent 20 pm). (G). FTIR
spectra of acetone-water-treated pol- len treated with H3PO4, 70 °C for different time points.

H3PO4 has been previously explored by other authors for the purification of hollow pollen
grains. Nevertheless, those protocols involve extended incubation periods of defatting and
acid treatment, with complex washing and neutralization processes, through multiple steps
with organic solvents, acids, and bases [10,17,18,27]. The most common method for
producing hollow pollen requires extensive treatments to eliminate acid residues, involving
multiple washing steps, e.g.: water (5x), acetone (2x), 2M HCI, water (5x), acetone and
ethanol (2x) [10,17,18]. The method proposed in this work (Figure 1) drastically reduces and
shortens treatment and washing procedures (6 h of defatting at high temperature, > 10 steps
after acidolysis vs. 10 min at room temperature and five steps of washing) and allowed the
obtention of hollow pollen microcapsules with low protein content and preserved morphology,
starting from pollen of different species and geographical origin.

3.5. Thermogravimetric Characterization of Hollow Pollen Platforms

Raw, defatted, hollow sunflower and chamomile pollen were analyzed by TGA (Figure 9,
Table S2) to identify their thermal decomposition pattern. All samples showed a slight weight
loss at low temperature (100 °C) due to the evaporation of absorbed waterand humidity.
Untreated sunflower pollen showed the highest variation of weight (AW) due to dehydration
(Figure 9A), while defatted (Figure 9B) and hollow pollen followed asimilar dehydration
process (Figure 9C). Untreated sunflower pollen presented a thermal decomposition range
(Tonset) with five main stages (100-170 °C, volatile compounds; 170-250 °C, pectin and
lipids; 250-300 °C, polysaccharides, proteins, lipids; 300-370 °C, cellulose, hemicellulose,
sporopollenin; 370-480 °C, lignin, sporopollenin) [67—70], whereas defatted pollen and
hollow pollen thermal decomposition was limited to three stages. Defatted pollen (Figure 9B,
Table S2) presented the highest AW with a temperature of decomposition (Td) of ~320 °C
(Tonset: 225-400 °C, AW: 40%), in the case of hollow pollen (Figure 9C, Table S2) the main
AW occurred at Td ~440 °C (Tonset: 360-530 °C, AW: 38%). SimilarTd has been reported
for sporopollenin [70].
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Figure 9. Thermogravimetric analysis of different pollen samples. (A). Untreated sunflower pollen. (B).
Defatted sun- flower pollen. (C). Sunflower hollow pollen microcapsules. (D). Untreated chamomile pollen. (E).
Defatted chamomile pollen. (F). Chamomile hollow pollen microcapsules. Black line: Weight percentage (%).
Red dotted line: Derived thermo- gravimetry.

In the case of chamomile pollen, untreated pollen presented a complex decomposition pattern
(Figure 9D, Table S2), indicating a higher percent of volatile compounds. Similarly,
chamomile pollen had a lower percentage of lipids than sunflower pollen. In addition to that,
the presence of Td at 515 °C and 644 °C indicated the presence of mineral components in the
sample, aligning with the results obtained by FTIR (Figure 4D). After cleaning of the
pollenkitt, the thermal degradation pattern of chamomile pollen was simplified. The AW
attributable to sporopollenin increased up to 21%, but mineral debris was still present, as
indicated by the Td at 674 (Figure 9E).

Despite sunflower and chamomile pollen (Figures 5 and 6) having differences in size (Table
S1) and morphology (Figure 9A, D), the thermal degradation pattern of hollow chamomile
pollen (Figure 9F, Table S2) was similar to sunflower (Figure 9C), indicating that, at this
stage, both capsules have a very similar composition. In addition, after the purification with
acid, the AW attributable to mineral compounds was absent, indicating that this treatment
successfully cleaned these impurities. These results suggest that the main components of
hollow pollen microcapsules were cellulose and sporopollenin, while defatted pollen had a
higher content of polysaccharides and proteins, supporting the results obtained with other
techniques.

3.6. Comparison between Hollow Sporopollenin Microcapsules from Sunflower
and Chamomile

Sunflower and chamomile belong to the same family, Asteraceae [51], characterized by pollen grains
with three apertures and an echinate surface [23,24]. However, they pre- sent considerable differences
regarding their size (Table S1). In fact, the inner cavity of hollow sunflower pollen is approximately the
same size of the entire hollow chamomile pollen (Table S1). Interestingly, the apertures of both pollens
are similar, with 5.2+ 0.6 yum % 3.4 £+ 0.4 um for sunflower and 4.0 £ 0.1 um x 2.9+ 0.6 pm = 0.4
um for chamomile, respectively. On the other hand, even though they do not present significant
difference intheir densities (Table S1), the number of chamomile grains per unit of mass is one
order of magnitude higher than sunflower (Table S1). This effect can be explained by their
similar composition and different size (Figures 5D, 6D, and Table S1). The structure of the

104



Chapter |

exine is also different between species (Figures 7E and 8E). Chamomile has a thicker columnar
structure connected with the exterior by nanopores. In the case of sunflower, those pores are
mainly located on the base of the spines (Figure 5C1), while in chamomile their distribution is
homogeneous along the surface (Figure 6C1). These differences may affect the capacity for
loading and releasing substances. Both hollow pollens have similar composition (Figures 5D,
6D, and Table S1) and can be processed by the same procedure, but their different structural
characteristics should play an important role in the loading and release of active ingredients.
Moreover, hollow chamomile pollen could serve as an alternative to other small pollens with
higher allergenicity, such as ragweed [38], for a variety of biomedical applications.

4. CONCLUSIONS

We have proposed an abridged protocol to produce pristine hollow sporopollenin
microcapsules, as well as their complete physicochemical characterization throughout the
purification process. The developed protocol can be applied to pollens from different species
and/or origins, and it provides a faster and simplified procedure compared to those previously
reported in the literature. By using this method, we also provide the first report on the
production and characterization of purified pollen microcapsules from chamomile.
Chamomile microcapsules present a nanoporous surface and a columnar inner structure of
great interest for drug loading and release. In summary, the structure and characteristic of
hollow sporopollenin microcapsules generated by the described purification methods make
them promising candidates as devices for pharmaceutical applications.
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CHAPTER 11/ CAPITULO Il
Nanocarrier-loaded pollen microcapsules as multi-step delivery systems

Abstract

Transmucosal administration of nanocarriers is a promising strategy for solving complex drug
delivery problems, but the premature removal of these nanocarriers from mucosal tissues still
constitutes a great obstacle for their efficacy. Pollen grains are natural microstructures with a
microneedle-like surface that enhances their mucosal—interaction. Over the past years, different
methods have been developed to produce highly resistant hollow microcapsules from these
pollen grains, of interest in drug encapsulation and delivery. In this work, we obtained hollow
pollen microcapsules from Helianthus annuus, and we associated them with model
nanoparticles of different sizes and surface properties. These nanoparticles allowed us to
unravel their mechanisms of loading and their release kinetics in intestinal media. We also
evaluated their interaction with immune cells, their mucosal interaction in an ex vivo intestine
model, and their biodistribution after oral administration to rats. The results obtained with
model nanoparticles were confirmed with biodegradable polymeric nanocapsules, specifically
designed for oral drug delivery. This work systematically analyses the optimal size, surface
charge, and loading method for the rational design of pollen microcapsules loaded with
nanocarriers. The developed system combines the benefits of nanotechnology and the capacity
of hollow pollen microcapsules to anchor in the mucosa for achieving a promising multistep
delivery platform.

Graphical abstract

Hollow pollen Defatted pollen Sunflower pollen

Nanocarrier multi-step
release

Mucosal interaction
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1. INTRODUCTION

Transmucosal administration of drugs offers an attractive possibility to overcome classical
problems associated with injectable formulations, providing better access to the target site, and
mimicking the natural release pathway of endogenous biomacromolecules [1]. Nanotechnology
can enhance pharmacological efficacy by reducing side effects and improving the stability and
bioavailability of drugs [2]. Polymeric nanocarriers have attracted great interest in drug delivery
applications due to their safety, biocompatibility, and enhanced physical and biological stability
[3]. Moreover, the high surface area of nanocarriers maximizes the functional surface for
improving biological interactions [4]. However, despite the capacity of nanosystems to deliver
high drug payloads and interact efficiently with mucosal tissue, the attempts to demonstrate
consistently high and reproducible efficacy in vivo have failed so far [5, 6] due to their
premature removal from the mucosa, resulting in limited bioavailability compared with other
routes [7]. The integration of nanocarriers into functional platforms has already been studied
by several authors as a so-called “multi-stage delivery strategy”. These works mostly refer to
parenterally administered nanomedicines and highlight particle size, shape, and morphology as
key factors in the performance of each component of the multi-stage device [8]. Analogously,
microencapsulated nanoparticles have also shown promising results in the mucosal
administration of drugs [9, 10]. A major advantage for multi-stage delivery platforms has been
their capacity to protect the nanocarriers in their inner core and transport them to the target
region where they deliver their therapeutic cargo with higher efficiency. Within this context,
plant pollen grains are naturally needle-like biological microstructures with attractive
properties, such as high resistance and excellent bioadhesion. These structures consist of the
external shell of pollen named exine and are mainly composed of the polymer sporopollenin
[11]. As the pollen of some plant species is a source of allergens [12], several protocols have
been developed for producing allergen-free pollen microcapsules with the preserved external
structure of intact natural pollen grain [13, 14]. Among the reported pollen microcapsules, those
obtained from sunflower (Helianthus annuus) pollen, echinate pollen with strong adhesive
properties [15], have been explored for their high capacity for loading different compounds and
for their enhanced mucoadhesion [16-18]. H. annuus's distinct exine shell surface morphology
provides an attachment site for insects during pollination, and could potentially promote
adherence to the mucosa, leading to prolonged contact with biological surfaces, and improving
drug absorption and bioavailability [19]. The main goal of this study is to design a three-
dimensional bioadhesive platform, based on processed pollen grains resembling a microneedle-
like surface morphology to improve nanocarrier-based transmucosal drug delivery. To this end,
purified sunflower pollen grains were associated with model polystyrene nanoparticles of
different sizes and surface charges, to unravel the mechanisms of loading and release from the
pollen. Their in vitro interaction with immune cells as well as their ex vivo mucointeraction and
their biodistribution were also evaluated upon oral administration. The results obtained with
model nanosystems were also confirmed with biodegradable protamine nanocapsules,
specifically designed for oral drug delivery. This technology combines the benefits of
nanotechnology and the capacity of pollen grains to anchor in the mucosa for achieving a multi-
step delivery platform.

2. MATERIALS AND METHODS
2.1. Materials

Sunflower pollen (H. annuus) was obtained from Pharmallerga (Czech Republic).
Cyclohexane, acetone, ethanol, and 85 wt% orthophosphoric acid were purchased from Merck
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KGaA (Germany). Low molecular weight protamine sulfate (5 kDa) was purchased from Y uki
Gosei Kogyo, Ltd (Japan). Polyethylene glycol stearate 40 (PEGst 40) was provided by Croda
Chemicals Europe Ltd. (United Kingdom) and sodium glycocholate (SGC) from Dextra
Laboratories Ltd. (United Kingdom). Caprylic/capric/succinic triglyceride (Miglyol® 812) was
purchased from 101 Oleo GmbH (Germany). 1,1'-Dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine, 4-chlorobenzene sulfonate salt (DiD) were provided by
Thermo Fisher Scientific (USA), and pancreatin (8 % USP specification) was purchased from
Biozym (Germany). Standard chemicals were purchased from Sigma Aldrich (Spain). Magenta
fluorescent (Ex/Em: 588/612 nm) polystyrene latex nanoparticles (100, 200, and 500 nm) with
different surface functionalization (unmodified, carboxylated, and aminated) were purchased
from Magsphere Inc. (USA). Organic solvents were of HPLC grade, and all other products used
were of reagent grade purity or higher. Ficoll-Pagque™ PLUS was obtained from GE Healthcare
Bio-Science AB, (Sweden), Medium Roswell Park Memorial Institute (RPMI-1640), and
Dulbecco’s Modified Eagle’s Medium (DMEM) were obtained from GIBCO® (Thermo Fisher
Scientific, Spain). Granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-
gamma (IFNy), and interleukin 4 (IL-4) were obtained from Tonbo Biosciences (San Diego,
CA). Fetal Bovine Serum (FBS), and PSG (Penicillin-Streptomycin-Glutamine) were provided
from Sigma Aldrich. Lipopolysaccharide (LPS) from Escherichia coli was purchased from
Invitrogen (Spain). For in vitro experiments sterile and autoclaved materials were used.

2.2. Obtention of Helianthus annuus hollow pollen microcapsules

Pollen of H. annuus was treated by sequential washing steps to remove the compounds coating
the sporopollenin, as well as internal cellular and proteinaceous components, following a
protocol developed by our group [20]. Briefly, 2 g of pollen were resuspended in 40 mL of
ultra-pure water, homogenized, and filtered 5 times until obtaining a transparent eluent. This
water-treated pollen was resuspended in 20 mL of acetone at 25 °C and homogenized, filtered,
and dried at 60 °C for 24 h. The obtained acetone-treated pollen was resuspended in 20 mL of
cyclohexane, vortexed and defatted. Pollen was recovered by filtration and was dried at 60 °C
for 24 h. For obtaining hollow pollen microcapsules, 10 mL of orthophosphoric acid (85%, 15.2
M H3PO4) was added per gram of defatted pollen and incubated at 70 °C under gentle agitation
for 5 h. Afterward, the solution was cooled, and the acid-treated pollen was recovered by
filtration (5 washes of 50 mL of water), dried at 60 °C for 24 h, and stored in a desiccant chamber
until use.

2.3. Physicochemical characterization

Sections of frozen pollen were obtained using a cryotome (Leica CM 1850 UV; Leica
Biosystems Nussloch GmbH, Germany) and visualized in a Field Emission Scanning Electron
Microscopy (FESEM Ultra Plus, Zeiss, Germany). Samples were covered with Iridium on a
carbon tape and micrographs were recorded with an acceleration voltage of 3.00 kV at different
magnifications. The internal and external structure of pollen grains were studied by Confocal
Laser Scanning Microscopy (CLSM, SP5 Leica AOBS-SP5, Leica Biosystems Nussloch
GmbH). Natural fluorophores of pollen samples were excited at 405 nm, 492 nm, and 561 nm,
and collected with photomultiplier tubes with emission filters of 414-479 nm, 505-554, and
571-635 nm [21]. The stability of the pollen samples was evaluated by the analysis of their
integrity, shape, and surface morphology up to 2 h at 37 °C after incubation in Simulated
Intestinal Fluid (SIF, 15.4 mM sodium hydroxide, 50 mM monobasic potassium phosphate, pH
6.8) supplemented with pancreatin (1% w/w) according to USP specifications or Simulated
Gastric Fluid (SGF, 0.03 M NaCl, pH 1.2) [22].
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2.4. Loading with model polystyrene nanoparticles

The loading capacity of pollen samples was studied with commercial polystyrene NPs of
different sizes (100, 200, and 500 nm), and surface functionalization (aminated, unmodified,
and carboxylated) employing a fixed mass ratio of 1:1 and two loading techniques:
lyophilization and vacuum. On one hand, a suspension of polystyrene NPs (1 wt%) was slowly
dripped onto a fixed amount of dry pollen and incubated under rotatory agitation (400 rpm) at
37 °C for 30 min and subsequently freeze-dried (50 h, -40 °C, Labconco Corp., USA). On the
other hand, for vacuum-assisted loading, the suspension of polystyrene NPs was added to the
dry pollen drop by drop under rotatory motion until homogenization and then pollen and
polystyrene NPs were subjected to vacuum (25 mbar) at 37 °C for their association. For the
determination of non-associated nanocarriers, loaded pollen samples were resuspended in water
and centrifuged for 1 min at 5,000 g at 20 °C, to avoid the precipitation of NP suspensions. The
supernatant was collected and measured using a fluorimeter (Synergy H1 Hybrid Multi-Mode
Microplate Reader, BioTek, Winooski, VT). Fluorescence quantification was performed using
standard curves of known concentrations of NPs (Aex: 588 nm, Aem: 612 nm). The internal and
external structures of polystyrene NP-loaded pollen grains were studied by CLSM. For the
observation of the nanoparticles, samples were excited at 588 nm and collected at 635-640 nm,
following the supplier’s instructions. Images were assembled and analysed with the Leica
Application Suite X (v3.7.2, Leica Biosystems Nussloch GmbH) software. Association
efficiency (%), loading capacity (%), and loading content (w/w) of pollen samples were
calculated using the following equations:
Nanocarriers associated

A iati ffici AE%) = 100
ssociation efficiency (AE%) Total of nanocarriers x

Loadi ity (%) = Mass of loaded nanocarriers 100
oading capacity () = Mass of pollen grains loaded with nanocarriers x

Mass of loaded nanocarriers

Loading content (w/w) = Mass of pollen grains

2.5. Release of polystyrene NPs and kinetic modelling

For in vitro release studies, pollen (10 mg) loaded with polystyrene NPs (ratio 1:1) was
incubated at 37 °C under horizontal agitation (700 rpm) in 1 mL of SIF. At specified time
intervals (0, 0.25, 0.5, 1, 2, 3, 5, 8, 24, 48 up to 120 h) the supernatant was collected by
centrifugation for 1 min at 5,000 g and the pellet was resuspended in fresh release medium.
Polystyrene NPs release was quantified by the determination of fluorescence in the supernatant
as previously described (section 2.4). Accumulative release (%) was determined considering
the initial loading of each pollen sample. The mechanism of in vitro release of nanoparticles
was studied by different kinetic models, where the employed formulas were adapted from the
literature [23].

2.6. Interaction with immune cells

The interaction between pollen was studied by confocal microscopy in the macrophage cell line
Raw 264.7 (ATCC, USA) and in a primary culture of human dendritic cells (DCs) [24]. Briefly,
heparinized blood samples were obtained from healthy donors after informed consent. The buffy
coats from anonymous donors were donated by the Organ and Blood Donation Agency (ADOS;
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Santiago de Compostela). In all cases, the PBMCs from the blood samples were extracted
within 24 h.

Peripheral blood mononuclear cells (PBMCs) were isolated using a Ficoll gradient
centrifugation method. Briefly, blood was diluted with PBS (1:1) and layered onto Ficoll-
Paque™ PLUS at a ratio of 2:1 (blood: Ficoll). Different components were isolated after
centrifugation (Allegra X-12R, Beckman Coulter) at 400 g for 30 min at RT, and PBMCs were
collected from the interface, washed twice with PBS, and centrifuged again at 300 g for 10
minutes at RT. Cells were resuspended in Rz medium which consists of RPMI-1640
supplemented with 2% fetal bovine serum and 1% of Penicillin-Streptomycin-Glutamine (100
U/ml penicillin, 0.1 mg/ml streptomycin and 2mM L-glutamine). The density was adjusted to
1 x 10° cells/ml and 10 mL of cells were seeded into a 75 cm? cell culture flask for 2 h (37°C,
5% COy). After the incubation period, nonadherent cells were washed with PBS and attached
monocytes were cultured for another 6 days at 37°C, 5% CO., renewing half of the medium
after three days, in R0 medium (RPMI-1640 supplemented with 1% antibiotics and 10% FBS)
in the presence of IL-4 and GM-CSF to allow the cells to differentiate into DCs. Immature DCs
and macrophages were incubated with defatted and hollow pollen as well as with polystyrene
NPs loaded hollow pollen grains. Samples were fixed on poly-L-lysine coated glass coverslips
(Corning® BioCoat™, Thermo Fisher) with paraformaldehyde 4% and dried by sequential
ethanol baths.

Raw 264.7 macrophages and pollen interaction were also analyzed under dynamic flow
conditions in a pu-Slide | Luer channel slide (Ibidi GmbH, Germany) for 24 h by CLSM, as
previously described in section 2.4.

2.7. Loading and release of biodegradable protamine nanocapsules
2.7.1. Protamine nanocapsules preparation and physicochemical characterization

Blank protamine nanocapsules (NCs) were prepared by the solvent displacement technique
following the procedure previously described by our group [22]. The oily core was formed by
59 mg of Miglyol®812, 5 mg of sodium glycocholate, and 16 mg of PEGst-40, dissolved in 3
mL of ethanol. Thereafter, 1.95 mL of acetone was added to the ethanolic solution, and the
organic phase was immediately poured over 10 mL of an aqueous phase containing 0.15% w/v
protamine. The formulation was left under magnetic stirring for 10 min. The organic solvents
were eliminated by evaporation under vacuum in a Rotary Evaporator (Rotavapor R-300,
Buchi, Switzerland), to obtain NCs with a constant final volume of 5 mL. Subsequently,
protamine NCs were isolated by ultracentrifugation (Optima™ L-90K, Ultracentrifuge,
Beckman Coulter, USA) at 61,740 g, at 15 °C for 1 h. The isolated formulation was resuspended
in ultrapure water.

NCs were fluorescently labeled with DiD by adding 50 ug of a DiD solution in ethanol to the
organic phase before NCs preparation. DiD encapsulation efficiency was determined by
quantifying the amount of free dye after isolation of the NCs, by fluorescence spectroscopy in
a multilabel plate reader EnVision® (hex: 640 nm, Aem: 675 nm, PerkinElmer; USA).
Protamine NCs were characterized in terms of mean particle size and polydispersity index (PDI)
using photon correlation spectroscopy and the zeta potential was determined by laser doppler
anemometry (Zetasizer Nano-ZSTM, Malvern Panalytical), after sample dilution in ultrapure
water. Each analysis was performed in triplicate, at 25 °C, and with a detection angle of 173°.
Fourier Transform InfraRed (FTIR) spectroscopy was performed to study the different
functional groups present in NCs using a VARIAN FT-IR 670 (Varian Inc. Scientific Instr.,
USA) equipped with an attenuated total reflectance (ATR) accessory (GladiATR, PIKE
technologies, USA) from 400 to 4,000 cm™ at 4 cm™ resolutions using 64 scans.
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2.7.2. Loading of hollow pollen microcapsules with protamine NCs and release

studies
The loading capacity of pollen samples was studied for DiD protamine NCs employing defatted
and hollow pollen at ratios 1:1 and 1:2, by lyophilization and vacuum, as previously described
for polystyrene NPs (section 2.4). For the determination of non-associated nanocapsules,
loaded-pollen samples were resuspended in water and centrifuged for 1 min at 5,000 g at 20 °C,
and supernatants were excited at 640 nm and collected at 670-770 nm. The internal and external
structure of DiD protamine NCs loaded pollen grains was studied by CLSM and association
efficiency (%), loading capacity (%), and loading content (w/w) of pollen samples were
calculated as described above. For in vitro release studies, pollen samples loaded with
fluorescent protamine NCs were incubated in SIF and the accumulative release (%) was
determined considering the initial loading of each pollen sample at different time intervals as

described in section 2.5.

2.8. Ex vivo mucointeraction

Healthy, surplus stock Sprague-Dawley male rats (approx. 250 g) were employed for obtaining
intestinal sacs. Rats were euthanized in a hypoxia chamber by inhalation in an atmosphere
saturated with more than 90% CO2, followed by cervical dislocation. Intestines were
immediately extracted by an abdominal incision and washed with Krebs saline solution (7 g/L
sodium chloride, 0.34 g/L potassium chloride, 1.8 g/L glucose, 0.25 g/L disodium hydrogen
phosphate, 0.21 g/L sodium dihydrogen phosphate, and 46.8 mg/L magnesium chloride, pH
6.5) before the preparation of non-everted intestinal sacs [25]. After removing any remaining
food residues from the standard laboratory diet, the ends of the intestinal sac were tied with a
braided suture. Next, the different samples (hollow pollen microcapsules, DiD protamine NCs,
and DiD protamine NCs loaded into hollow pollen microcapsules) were suspended in 1 mL of
water and introduced into the sac using a syringe. The samples were then incubated horizontally
at 37 °C with continuous bubbling of carbogen (95% 02:5% CO2) for 3 h. The mucointeraction
capacity of pollen samples and nanocarriers was visualized by CLSM and images were
analyzed with ImageJ software version 1.52a (U.S. National Institutes of Health, Bethesda,
MD, USA). Quantified red fluorescence intensity was expressed as raw integrated density
divided by the analyzed area in square centimeters. An average area of 0.36+0.10 cm? of the
intestinal sac was analyzed per sample.

2.9. In vivo biodistribution

Healthy Sprague-Dawley rats (approx. 250 g) were housed in ventilated polypropylene cages
and received a standard laboratory diet of food and water ad libitum. Animals were fasted
overnight and samples (hollow pollen microcapsules, DiD protamine NCs, and DiD protamine
NCs loaded into hollow pollen microcapsules) were administered by oral gavage. As a control,
non-treated rats were used. Biodistribution was assessed in triplicate on a semi-quantitative
basis with an In Vivo Imaging System (IVIS, Living Image® System, Caliper Life Sciences,
Hopkinton, MA) using body scanning with simultaneous, constant exposure times for all groups
after 3 h. At predetermined time points after oral administration, rats were euthanized in a
hypoxia chamber by inhalation in an atmosphere saturated with more than 90% CO, followed
by cervical dislocation, and placed in the acquisition chamber for collecting a full body IVIS
spectrum. After general image acquisition, the abdominal cavity was opened and visualized,
and subsequently, the intestines were excised and washed carefully before their analysis.
Images were captured using emission and excitation filters of 640/740 nm for DiD and 570/640
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nm for hollow pollen microcapsules. The regions of interest (ROIs) to quantify the fluorescence
intensity were acquired with Aura acquisition software, using identical illumination settings.

Statistical analysis

Statistical significance of the difference between the means was determined by analysis of
variance (ANOVA) followed by pairwise multiple comparisons using Tukey’s HSD method,
employing the Statgraphics centurion XVII software (Statgraphics Technologies, Inc. The
Plains, VA, USA). Differences were considered significant for p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Obtention and physicochemical characterization of Helianthus annuus hollow
pollen microcapsules

In order to obtain hollow pollen microcapsules derived from pollen grains for the subsequent
encapsulation of nanoparticles, our group has developed a protocol to remove the compounds
that cover the surface of the pollen, as well as the internal cellular and proteinaceous
components from its internal cavity. All raw pollen grains are covered by an outermost matrix
named pollenkitt, mainly composed of polysaccharides and lipids [26] followed by a multi-
layered pollen wall (exine and intine) and an inner core of sporoplasm [27]. In turn, the exine,
composed of the polymer sporopollenin, can be divided into two main layers, the ornamented
external ectexine, and an internal laminated layer named endexine [28]. To remove pollen
compounds, a sequential treatment was designed based on the differential solubility of the
coating materials and taking advantage of the extraordinary toughness of sporopollenin, the
principal component of the exine, and one of the most resistant biopolymers in nature [20]. The
sequential water, acetone, and cyclohexane treatment resulted in defatted pollen. Upon
treatment with HzPOa, purified (hollow) pollen microcapsules were obtained, and the
sporoplasm was eliminated. As shown in Figure 1, surface-defatted and purified hollow pollen
grains were similar to those previously reported for H. annuus [16, 17]. The defatted pollen had
a defined (Fig. 1A) external layer, and an inner pollen core with the sporoplasm, both with
specific autofluorescence patterns. In a closer look at the pollen surface (Fig. 1C and 1E), the
nanopores surrounding the spines were visible in the defatted pollen, indicating the elimination
of the pollenkitt compounds and environmental contaminants. The cavities of the ectexine
appeared empty in the transversal section images (Fig. 1E), while the inner cavities appeared
filled with compounds that probably remained from the pollen maturation process, such as
tapetal debris [28]. Purified hollow pollen grains (Fig. 1B) showed a reduced overall
fluorescence due to the complete elimination of the sporoplasm. Autofluorescence derived from
exine was preserved. Overall, the treatment was effective for opening naturally existing pollen
apertures (Fig. 1D), eliminating sporoplasm, and other components between the layers of the
pollen wall (Fig. 1F). These changes results in a final multi-layered hollow structure, with the
ectexine and endexine virtually intact (Fig. 1F), preserving the morphology and surface
ornamentation of the pollen, and providing a support that prevents the collapse of the hollow
pollen structure.
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Figure 1. Microscopic images of defatted (A, C, and E) and hollow pollen microcapsules (B, D, and F) obtained
from sunflower pollen grains. A and B: Confocal laser scanning microscopy (CLSM, scale bars represent 30 pm).
C and D: Scanning electron microscopy (FESEM, scale bars represent 30 ym). E and F: Transmission electron
microscopy (STEM, scale bars represent 1 pm).

3.2. Loading of sporopollenin microcapsules with model polystyrene NPs

As the first step of exploring the potential of nanocarrier-loaded hollow pollen grains for drug
delivery purposes, non-biodegradable polystyrene NPs of different sizes (100, 200, and 500
nm) and surface chemical functionalizations (aminated, unmodified, and carboxylated) were
associated by different methods (lyophilization and vacuum assisted loading) to hollow pollen
microcapsules to determine the critical parameters of the loading process and release
mechanisms in biorelevant media.

According to the SEM-analysis (Figure 2), after the vacuum-assisted loading process, 100 nm
NPs coated completely the hollow pollen microcapsules up to spines, the internal areas of the
endexine, and the ectexine pores. Similarly, 200 nm NPs formed a uniform coverage of external
areas, thicker than 100 nm NPs. The inner part of the endexine appeared to be covered, however,
the presence of NPs between the ectexine and endexine was lower than in the case of 100 nm
NPs. Finally, 500 nm NPs were mainly attached to the surface of the pollen microcapsules,
probably due to size exclusion effect, therefore, larger sizes would not be relevant. The effect
of size on the loading efficiency was studied by fluorescence intensity analysis of non-modified
NPs since the presence of different functional groups can alter the analysis of this specific
interaction. As shown in Table 1, in the non-modified group, 100 nm and 500 nm NPs had
similar AE% (between 67-80%), being 200 nm NPs notably higher, with values around 85%.
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Figure 2. Images of scanning electron microscopy (SEM) of hollow pollen microcapsules loaded by vacuum with
commercial nanoparticles (NPs; 100, 200, and 500 nm) with different functionalization. Bars represent 1 pm. NPs
were artificially colored to increase the contrast with sporopollenin.

According to their loading method, loading of aminated NPs not importantly affect, with a
similar AE% (76-77% vs. 69-81% for lyophilization and vacuum, respectively), while
carboxylated NPs showed higher dependency on the loading method (59-69% vs. 78-89% AE%
for lyophilization and vacuum, respectively). Lyophilization and vacuum-assisted loading
produced similar AE% for aminated and unmodified nanoparticles, while vacuum loading
yielded higher AE% for carboxylated NPs. The effect of the loading method seems to be also
size-specific: when vacuum loading was employed, the AE% of 500 nm NPs increased more
than 10% and 100 nm.

Table 1. Association efficiency (%) of polystyrene nanoparticles to hollow pollen microcapsules.

. . Size (nm)
Loading method Modification
100 200 500

Lyophilization Aminated 76.9+5.1 77.0£9.5 76.1£0.7
Unmodified 68.91+6.8 85.0+3.6 67.5+1.8
Carboxylated 69.4+0.5 59.115.8 60.4+2.4
Aminated 68.8+4.0 77.0+8.0 81.0+5.0
Vacuum Unmodified 73.416.5 85.2+8.7 80.7+8.1
Carboxylated 87.7+7.3 89.6+1.2 78.7£9.6

Taken together, the AE% of the different NPs was higher compared with those reported for free
drugs and biomolecules in pollen-derived platforms using different loading methods, such as
pantoprazole-loaded in Corylus avellana (30%, passive loading) [29], imatinib mesylate loaded
in Betula pendula (21%, passive loading) [30], bovine serum albumin loaded in ragweed (7%,
vacuum loading) [31] or sunflower pollen microcapsules (37% and 65%, passive and vacuum
loading, respectively) [16].
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Aminated Unmodified Carboxylated

Lyophilization-loaded

Vacuum-loaded

Figure 3. Images of confocal laser scanning (CLSM) microscopy of hollow pollen loaded with commercial
polystyrene nanoparticles (200 nm) employing lyophilization and vacuum. Bars represent 30 um. Green channel:
pollen autofluorescence. Red channel: fluorescent polystyrene nanoparticles.

Since 200 nm NPs showed consistently high AE%, the influence of the different loading
methods and surface functionalizations were further studied by CLSM for these nanoparticles
(Figure 3). In general, vacuum loaded hollow pollen microcapsules had higher loading rates
than those loaded by lyophilization, and unmodified and carboxylated NPs were prone to
accumulate in the inner part of the pollen, while aminated NPs tended to remain in the external
and internal surface of the pollen wall. The internal accumulation of unmodified and
carboxylated nanoparticles can be explained by the different compositions of the endexine and
ectexine, as the latter has negative groups on its surface(Supplementary Table 1) [32].

Nevertheless, the distribution of the cargo was not uniform among the pollen grains, as some
pollen microcapsules presented a higher loading than others, but in general, vacuum method
allowed the loading of higher mass ratios than lyophilization method. Similar behaviour has
been described for bovine serum albumin (BSA) loaded in sunflower pollen-derived
microcapsules [17], where the cargo entered through the apertures of the pollen and the loading
varied in function of the mass ratio employed. It is to be noted, that the qualitative assessment
of the apparent loading and distribution within the pollen by CLSM depends on the focal plane,
and the orientation of the grain, and therefore, its utility for estimating the loading is limited
and should be considered together with the above discussed quantitative determination.

3.3. Release polystyrene NPs from hollow pollen microcapsules and kinetic
modeling

The release profile of polystyrene NPs (Table 2) from hollow pollen microcapsules showed a
sustained release profile, with a fast release phase during the initial 8 h. In general, loading by
lyophilization produced a higher burst release (Figure 4) than vacuum-loaded samples,
achieving a steady phase after 24 h, while vacuum-loaded pollen produced a continuous release
after 8 h and for up to 120 h. This can be explained by a preferential association of the NPs to
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the external surface of the sporopollenin platforms when using lyophilization, which would
produce their release more quickly, than after the use of vacuum conditions, where the NPs are
located to a greater extent in the inner cavity due to the additional force applied in this case.
Sporopollenin microcapsules loaded with drugs or nutrients typically show high initial burst
release [16, 29, 33]; notwithstanding, in this study, associated nanoparticles showed a more
controlled release, probably due to their larger size, high specific surface area and different
association mechanisms

Table 2. Regression statistics and parameter estimates from the release models of polystyrene nanoparticles and

hollow pollen microcapsules. Values in boldface represent the highest regression statistic of the studied release
models.

Release model

hﬁ;‘:‘]gg (Sllrzne) Modification B:‘;Z ; t Elr:ns«:; Higuchi Korsmeyer-Peppas
R2 R2 R? n
100 Aminated 9.9+2.1 0.934 0.972 0.977 0.32
Unmodified 32.9+3.8 0.874 0.920 0.951 0.33
Carboxylated 9.7+1.6 0.794 0.890 0.951 0.09
200 Aminated 10.8+1.5 0.879 0.938 0.963 0.40
Lyophilization Unmodified 30.4+3.4 0.879 0.938 0.959 0.41
Carboxylated 11.8+2.5 0.962 0.994 0.994 0.46
500 Aminated 10.0+1.8 0.770 0.868 0.922 0.23
Unmodified 4.5+1.7 0.884 0.951 0.967 0.43
Carboxylated 9.9+1.8 0.870 0.936 0.955 0.46
100 Aminated 3.8+1.6 0.880 0.944 0.966 0.39
Unmodified 5.8+2.6 0.912 0.972 0.984 0.54
Carboxylated 1.4+0.5 0.936 0.984 0.993 0.37
200 Aminated 6.9+1.6 0.943 0.987 0.929 0.98
Vacuum Unmodified 10.3+2.6 0.986 0.995 0.992 0.65
Carboxylated 6.6+3.8 0.950 0.986 0.978 0.90
500 Aminated 5.2+1.4 0.930 0.971 0.963 0.72
Unmodified 4.5¢1.7 0.934 0.984 0.990 0.54
Carboxylated 5.6+1.4 0.881 0.949 0.961 0.81

In addition to the lower burst, vacuum-loaded microcapsules showed a slower release profile
compared with those loaded by lyophilization. This is possibly due to the internal localization
of the NPs or and to a size-based exclusion mechanism by the exine pores. While the loading
method mostly influenced the initial release; the size and surface functionalization of the NP
further influenced the overall release profile with time. Unmodified NPs had the highest release
profile, achieving 100 % in 100 nm and 200 nm NPs, while 500 nm NPs had a limited release,
this could be due to their retention by aggregation, which can impede particle migration in
porous materials like hollow pollen microcapsules [34]. On the other hand, aminated and
carboxylated NPs showed a higher interaction with the pollen platform than unmodified NPs,
since they produced a prolonged sustained release. However, regardless the surface
functionalization, lyophilization resulted in an NPs release between 40-60%, while vacuum
loading was lower, with values below 40% in all cases.

123



SANDRA ROBLA ALVAREZ

. Aminated o Unmodified 6 Carboxylated
.
6o %0 Jié Booseiil Y e e 90 o 100nm
c g0 gooqf g oo --A-- 200nm
L T 2 70 370 ®-- 500nm
- 2 2
f’g % 60 & - . % 60 % 60
<4 - = L 4
= g5 » © 50 . 250 .
-g_ 5 404 . * * g a0fe-® - . = E 40 x 4 €
o Eaf €30 € 0]t ¥ - : i
> 3%k 3 3 — . PP
- g 20' < 20 < 20
10 10 10
0 0e 0
1 4 4 1 1 4 1 1 4 1 12
0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120
Time (h) Time (h) Time (h)
100 Aminated Unmodified 100 Carboxylated
904 ; 4 9
2 80 3 780
270 g } . S g7
€ 2w 8 47 B0
5 ®° e ) ST ®
S g5 2 p o = 2 50
g g 401 g f g 40 3 ] e
> Eg wrrseegenind € £ A ~
3 R WD, 2 3 5 30 & . .
g o g . . g 20" Simss
<2 Pt - . <ol s ene sl
10 10
0 0e ™ T T 0
1 4 4 7. 4 1 1 1 4 = 1 1 4 4 7. 1 1
0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120 2 24 36 48 60 72 84 96 108 120

Time (h) Time (h) Time (h)

Figure 4. Time-course study of the accumulative release of nanoparticles (NPs) with different sizes, loaded into
hollow pollen microcapsules by (A) lyophilization and (B) vacuum-assisted loading. e 100 nm. A 200 nm. m 500
nm. Error bars represent the standard deviation of the replicates (n=9).

To further understand the release mechanisms from the pollen microcapsules, the experimental
release data were fitted to various kinetic models (Table 2). Sporopollenin is considered non-
degradable in simulated biological fluids, consequently, the release of NPs is expected to follow
a diffusion-driven mechanism [35]. However, it should also be considered that hollow pollen
grains are flexible to some degree and have a complex micro and nanoporous structure. They
can change their size and shape depending on the solvent, pH, or the degree of chemical
modification of the exine [36, 37]. Moreover, NPs can be loaded onto the three-dimensional
surface, the interior of the pollen grain (Fig. 3), or the internal channels of the exine, making it
difficult to establish any initial assumption for a specific release model. Upon analysis (Table
2), it could be concluded that after the initial burst phase, the accumulative release data had a
better approximation to models following a Fickian diffusion, since release data fitted with the
Higuchi model or Korsmeyer-Peppas (with n in the 0.43 to 0.5 range) [38]. Fickian diffusion
was also described in the release of pantoprazole encapsulated in Corylus avellane [29] and
paracetamol-loaded Platanus orientalis hollow pollen microcapsules [39]. Vacuum-loaded NPs
showed a slower release rate due to their higher entrapment inside the microcapsules and the
decrease in the amount of the adsorbed nanocarriers. The receptor medium might take time to
enter and release the entrapped NPs through the nanochannels on their surfaces, which also
decreases the burst release effect. In general, the vacuum-loaded samples had a better
approximation with the Fickian diffusion than lyophilization-loaded samples, where NPs
followed a Fickian diffusion model (n value lower than 0.43) [38]. In the lyophilized NPs, they
showed a faster release behavior, where a lower n value might be related to the porosity of the
microcapsules; suggesting that the preferential passage of the solvent and NPs occurs across
interconnected pores [23], present in the structure of exine. This mechanism has been
previously described for erythromycin-loaded sporopollenin microcapsules [40]. Vacuum-
loaded 200 and 500 nm NPs followed an anomalous transport release (0.5<n<1), which may be
due to their lower specific surface area compared to 100 nm particles and their lower retention
in the pores of the hollow microcapsules, which produces less adhesion to pollen and greater
diffusion into the media. Pollen grains can absorb and release water to protect the male
gametophyte against desiccation, being able to shift from dry to hydrated form and vice-versa.
These two morphological conditions produce the folding of the pollen wall due to the elasticity
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of the exine. This process, known as “harmomegathy”, might produce a non-Fickian diffusion
close to Case Il, as diffusion is very rapid compared to relaxation [41]. A similar release pattern
was also described for metformin delivery after its encapsulation in L. clavatum and Phoenix
dactylifera sporopollenin microcapsules in simulated intestinal fluid (pH 7.4) [42].

3.4. In vitro immune cell interaction

Bee pollen is commonly used as a dietary supplement and has demonstrated antioxidant, anti-
inflammatory, and antibacterial properties [43]. Even though oral administration of pollen is
considered safe, proteins and lipids found in untreated pollen grains constitute the primary cause
of pollen allergies. As detailed above, elimination of such components and possible
environmental contaminants was confirmed by complementary analytical methods such as
scanning electron microscopy, elemental analysis, or FTIR [20] to support safe use of the pollen
-based vehicles for oral administration. Mucosal surfaces, such as those of the gastrointestinal
tract, play a crucial role in immune regulation, where dendritic cells, macrophages, or
intraepithelial lymphocytes act to provide intestinal homeostasis and immune tolerance [44].
Previous studies have shown that physical properties such as size, shape, and surface
architecture influence pollen interaction and activation with human intestinal epithelial cells (in
continuous crosstalk with immune cells by the release of multiple mediators [45]), macrophages
and dendritic cells without causing an allergic response (IgE) [46]. The interaction of defatted
and hollow pollen grains (empty or loaded with 200 nm polystyrene NPs) was evaluated with
human dendritic cells (DCs) and Raw 264.7 macrophages to confirm the ability of sunflower
spikes to provide cellular interaction and adhesion without undesired immune activation. As
shown in Figure 5, the presence of pollen as well as nanocarriers triggered the recognition by
immune system cells as macrophages (A-D) and dendritic cells (E-F), and they were attached
to the pollen surface, surrounding the grains. These results suggest the importance of the
specific topographic features of pollen surface affecting phagocytosis. Uddin et al. [46]
previously stated that ragweed echinate pollen, with a morphology and size similar to sunflower
pollen were able to reach the subepithelial region of the mucosa and be phagocytosed by
macrophages, without the deterioration of cell integrity.

Figure 5. Images of scanning electron microscopy of Raw 264.7 cells (A-D) and dendritic cells (E-H) incubated
with: defatted polle (B and F) hollow pollen microcapsules (C and G) and hollow pollen microcapsules loaded
with 200 nm latex polystyrene nanoparticles (NPs, D and H). A-D white bars represent 30 pm and E-H bars
represent 10 pm.

In a second step, Raw 264.7 macrophages were cultured with hollow pollen microcapsules,
polystyrene NPs, and hollow pollen microcapsules loaded with NPs, in a microfluidics setup
(Figure 6) that mimics the dynamics of the intestinal tract. Hollow pollen microcapsules were
able to interact with cells, being retained in the cell layer (Figure 6A) despite the continuous
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flow of the suspension medium (DMEM). By contrast, NPs were washed out by the perfusion
media, as no visible fluorescence was observed (Figure 6B-C). Hollow pollen microcapsules
loaded with NPs were retained by the cell layer (Figure 6D), and this prolonged interaction
allowed subsequent internalization of the NPs, as shown by the red fluorescence observed inside
the cells (Figure 6E-F). These results are coherent with the observations from static cultures,
which indicate that loaded pollen acted as a multistep delivery device, first increasing the
interaction with the cells, followed by a subsequent NPs release to the surrounding cells.

®

Figure 6. Confocal laser scanning micrographs of Raw 264.7 cells after the perfusion of A: hollow pollen
microcapsules. B and C: fluorescent 200 nm polystyrene nanoparticles (NPs). D - F: Hollow pollen microcapsules
loaded with fluorescent 200 nm polystyrene NPs. Red arrows indicate the presence of NPs in E. Green channel:
Hollow pollen microcapsules autofluorescence. Red channel: NPs. (Scale bars represent 30 pm).

3.5. Loading and release of biodegradable protamine nanocapsules

Considering the results obtained with model polystyrene NPs, we explored the feasibility of
associating biodegradable nanocarriers, using a core-shell protamine nanocapsule previously
reported by our group [24]. As 200 nm NPs were more efficiently loaded than the other NPs
regardless of the surface functionalization or the loading method employed, we developed
protamine nanocapsules with a size close to 200 nm, low polydispersity index (<0.3), and
neutral or slightly positive zeta potential. In addition, this polymeric nanocarrier, based on the
combination of protamine (an arginine-rich polypeptide) [22-24], with oils and lipids was
found to be a promising candidate for the oral delivery of peptides [47]. For monitoring the
association of these nanocarriers to the pollen, a fluorescent dye (DiD) was efficiently
encapsulated (96 + 5%) within the oily core (Table Supplementary S1). Since in some studies,
defatted [16] and hollow pollen grains [17] showed a similar capacity for loading drugs, we
studied both, using different pollen: NCs ratios and loading procedures. As shown in Table 3,
both lyophilization and vacuum-loading techniques yielded similar association efficiencies in
the case of hollow pollen microcapsules. Defatted pollen showed lower NC association with
the vacuum-assisted method. The obtained association efficiency was higher than that
previously reported for other pollen samples and free drugs [17, 29-31, 39, 48], but lower than
the data previously obtained with commercial NPs (see section 3.2.).
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Table 3. Association efficiency, nanocapsules (NCs) loading capacity, and loading content of hollow pollen
microcapsules (hollow) and defatted pollen (defatted) loaded by lyophilization and vacuum at different mass
ratios.

Ratio

Loading Pollen: sample Association Loading Loading content
method NCs : P efficiency (%) capacity (%) (w/w)
1:1 Hollow: NCs 60.4£1.9 37.7 £ 0.8 0.60 + 0.02
Lyophilization 1:2 Hollow: NCs 66.2+7.6 56.8 + 2.9 1.32 £ 0.15
1:1 Defatted: NCs 63.3 £ 5.1 38.8+1.9 0.63 £ 0.05
1:1 Hollow: NCs 65.8 £ 3.7 39.7+1.4 0.66 + 0.04
Vacuum 1:2 Hollow: NCs 65.0 + 6.7 56.4 +2.5 1.32+0.13
1:1 Defatted: NCs 52.1+2.6 34.3+£1.0 0.52 £ 0.03

Thermogravimetric analysis (TGA) analysis of defatted pollen: NCs and hollow pollen: NCs at
mass ratio 1:1 (Supplementary Fig. S1) also supported the fluorescence-based loading data.
The mass variation at ~300 °C of loaded samples was higher than unloaded (defatted or hollow)
pollen, indicating the presence of NCs. CLSM analysis allowed us to localize the NCs within
the pollen samples, and although defatted and hollow pollen loaded similar amounts of NCs
(~60%), they presented different localization patterns within the pollen grains. Similar to
polystyrene NPs, NCs were mostly located on the surface of defatted pollen (Figure 7A), while
they were loaded both onto the surface, inside the wall, and in the core of the purified hollow
pollen microcapsules (Figure 7B-J). At higher pollen: NCs ratios, the loading increased in this
latter case, as more NCs were accumulated in the interior. Overall, hollow pollen microcapsules
loaded with NCs by vacuum at a mass ratio of 1:2 showed the highest proportion of filled
microcapsules.

Figure 7. Confocal laser scanning micrographs of pollen samples (defatted and hollow) loaded with nanocapsules
(NCs) at different mass ratios. A: Defatted pollen: NCs mass ratio of 1:1. B: Hollow pollen: NCs mass ratio of 1:1.
C: Hollow pollen: NCs mass ratio of 1:2. D-J: Hollow pollen: NCs mass ratio of 1:2 loaded by vacuum. H: Green
channel: pollen grain. I: Red channel: fluorescent NCs. J: Overlay. (Scale bars represent 30 pm).

The association of NCs to defatted and hollow pollen microcapsules was also studied by FTIR.
The bands associated with the NCs (Supplementary Figure 2) were visible in addition to the
FTIR spectra of the pollen. In general, NCs spectral intensity decreased with increased pollen:
NCs mass ratio, indicating the successful NCs encapsulation in the internal cavity of the pollen
microcapsules. In both defatted and hollow pollen microcapsules, the NCs' FTIR bands were
higher when using a loading ratio of 1:1 (pollen: NCs) than the loading ratio of 1:2, suggesting
the saturation of pollen, with a greater surface coverage. Interestingly, defatted pollen presented
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higher NC band intensities than hollow pollen microcapsules, with the same loading. This can
be explained by the penetration depth of FTIR (1 - 5 um) at the wavelength used in this study
[49]. This could indicate that the NCs are located on the surface of defatted pollen, whereas for
hollow pollen microcapsules, more NCs would be present in the inner cavity. This explanation
confirms the CLSM results (Figure 7).

Defatted and hollow pollen microcapsules loaded with NCs were incubated in simulated
intestinal fluid (SIF) to investigate their in vitro release properties. Although both formulations
were able to load similar amounts of NCs (Table 2), the cumulative release study (Figure 8)
showed that defatted pollen had a limited maximum release of ~5% of loaded NCs over two
days, while hollow pollen microcapsules reached ~40% of its payload over the same time
interval. The release pattern of lyophilized and vacuum loaded NCs was similar, unlike the
results obtained with NPs (Figure 4). This delayed NCs release in the case of defatted pollen
could be related to a stronger interaction of NCs with the defatted pollen, due to the presence
of proteins and carbohydrates on the surface and in the cytoplasm [20]. The materials providing
this interaction would be absent after purification with phosphoric acid, that yields hollow
structures composed by sporopollenin alone. Similar behavior was reported for BSA loaded
into defatted and hollow pollen microcapsules. The low overall release of defatted samples
indicates that the selected NCs have a strong affinity to the surface of the exine, being probably
retained in its pores, while in hollow pollen grains, the additional release is produced by the

NCs from the interior through the natural apertures [16].
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Figure 8. Accumulative release of protamine nanocapsules (NCs) loaded in defatted pollen and hollow pollen

with a mass ratio 1:1 (w/w) employing lyophilization and vacuum-assisted loading methods. Error bars represent
the standard deviation of the replicates (N=3).

After release, NCs size and polydispersity index (PDI) remained unchanged, and this was
independent of the loading method (Supplementary Table 1). The release pattern was
comparable to those observed with non-biodegradable aminated NPs (Fig. 4), indicating that
the results obtained with the model NPs were predictive to a good extent to the behavior of the
rationally designed, biodegradable nanocapsules. Defatted pollen: NCs (R?=0.981) and hollow
pollen microcapsules: NCs (R?=0.991 for lyophilization and R?=0.994) fitted to a Higuchi
diffusion release kinetics, similar to that reported for 200 nm vacuum-loaded NPs. Therefore,
the release kinetics were consistent with a diffusive mechanism.
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3.6. Ex vivo mucointeraction

Pollen grains are characterized by natural bioadhesive properties, and thus we hypothesized that
they could act as multi-stage delivery platforms and efficiently enhance the mucointeraction of
associated nanocarriers. To confirm this idea, we tested the developed pollen microcapsules in
an ex vivo model based on a non-everted rat intestinal sac. Our results showed that both defatted
and hollow pollen microcapsules (Supplementary Figure 3) were able to attach to the
intestinal mucosal surface and remained adhered to it over time. The surface of the
sporopollenin microcapsules, with carboxyl and hydroxyl functional groups, could contribute
to the formation of hydrogen bonds between mucin and sporopollenin and its morphology,
mediated by the geometry of the spikes, could enhance its adhesion, and improve pollen
microcapsules mucoadhesion on the intestinal wall. Similar behaviour has been previously
described for other pollen grains from the same family, such as ragweed pollen, indicating that
surface ornamentation of the pollen grain contributed to its adhesion to intestinal tissues and
enhanced its interaction with the intestinal mucosa, resulting in a more efficient delivery of
drugs [19][50]. Regarding the associated nanoparticles, supplementary Figure 3C shows a
confocal microscopy image of the mucosal surface of the tissue after incubation with hollow
pollen microcapsules loaded with polystyrene NPs. The attached pollen grains and the NPs are
visible in the surrounding mucus.

When the same experiment was performed with biodegradable protamine NCs specifically
designed for oral drug delivery and mucoadhesion, similar results were observed (Figure 9).
Concretely, a high proportion of pollen microcapsules were found in contact with the mucosa.
In general terms, the NCs administered alone presented a non-uniform distribution after 3 h of
interaction, and the overall fluorescence intensity was found to be lower than for NCs associated
with pollen-based microcapsules [25, 51]. In this case, the diffusion of the NCs to the mucosa
could be also observed, surrounding the pollen grains. These results indicated that pollen
microcapsules can modulate the NCs association and retention at the mucosa, improving their
interaction and reducing the possibility of being prematurely eliminated from the absorption
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Figure 9. Confocal microscopy images of a top view of mucosal tissue of non-everted intestinal sacs incubated
with. Protamine NCs after 3 h of incubation (A), hollow pollen microcapsules loaded with protamine NCs after
3h of incubation (B). Red channel: NCs. DIC: Differential Interference Contrast. Bars represent 500 pm.
Quantification of red fluorescence in the tissue expressed as a form of raw integrated density per area of tissue
(C). Error bars correspond to the standard error of the mean (n=3).
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3.7. In vivo distribution upon oral administration

Finally, hollow pollen microcapsules, protamine NCs, and their combination were evaluated in
terms of their distribution in the intestine after oral administration. The different preparations
were given to healthy rats, and their fluorescence was analyzed by IVIS imaging [51, 52]. As
the natural fluorophores of pollen samples emit across a broad spectrum of excitation
wavelengths in the visible region [21], the mean fluorescence intensity of all images was
adjusted [53] by extracting the signal produced by endogenous autofluorochromes such as
hemoglobin. Those fluorochromes are present in living tissue [54] and cause background noise
to the photon penetration process, interfering with imaging results [55, 56]. The biodistribution
analysis at 3 h after oral administration suggests a lower accumulation of DiD-labelled
protamine NCs in the small intestine of rats when they were administered alone as compared to
the same NCs loaded into hollow pollen microcapsules (Figure 10). Similar retention times (2-
4 h) were achieved after oral administration of free nanocarriers [51, 57], suggesting a rather
quick removal from the intestinal mucosa. In the case of nanocarriers loaded into hollow pollen,
a prolonged retention was observed, suggesting a progressive release, as corroborated by the ex
vivo assay. The semi-quantitative analysis of the total fluorescence intensity of the region
confirmed higher amounts of NCs when administered loaded on pollen platforms.
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Figure 10. Fluorescence intensity signals and quantification (ROI) in the small intestine 3h after the oral
administration of hollow pollen microcapsules (control), DiD-protamine nanocapsules (free NCs), and DiD-
protamine NCs loaded into hollow pollen microcapsules (n=3; media+ standard error of the mean).

It is important to highlight, that the developed pollen microcapsules did not require the use of
external coatings, such as xanthan gum [58], alginate [16, 58], Eudragit L100 [17], or Eudragit
RS 100 [33] to provide a sustained tuneable release, and/or protect from the low gastric pH
during oral delivery. The NCs loaded into the pollen microcapsules were able to overcome the
gastric environment and were effectively released to the intestinal mucosa, showing enhanced
retention.

4. CONCLUSIONS

Microcapsules produced from spores and pollen have attracted great attention in the search for
new drug delivery strategies. Pollen microcapsules derived from H. annuus are complex
structures with a unique spike surface morphology that confers mucoadhesive properties. As
one of the main problems in the administration of nanosystems is that they are quickly removed
from biological surfaces, a combination of H. annuus pollen-based structures and nanocarriers
should resolve those limitations. In this work, we have developed hollow pollen microcapsules
and studied their capacity to load and release nanocarriers. To our knowledge, this is the first
report on the association of pollen with nanocarriers of any kind, and the first to analyze the
interactions between them and how those interactions depend on the nanocarriers'
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physicochemical properties. Concretely, we have determined the optimal properties of the
nanocarriers for effective loading in the hollow pollen microcapsules, and how nanocarrier size
and surface modifications affect the release profile. Under specific conditions, hollow pollen
microcapsules produce controlled release patterns. Besides this, hollow pollen microcapsules
were also able to improve the interaction of the loaded nanocarriers with immune cells and the
intestinal mucosa. In summary, this work provides information about the rational design of
hollow pollen microcapsules loaded with nanocarriers, a multi-step delivery platform that
combines the benefits of nanotechnology with the capacity of pollen grains to anchor to the
mucosa. This combination of characteristics could be of interest for several applications.

SUPPLEMENTARY MATERIAL

Supplementary Table 1: Physicochemical characterization of employed nanocarriers (A) nanoparticles (NPs) and
(B) protamine nanocapsules (NCs). DiD: 1,1-Dioctadecyl-3,3,3',3"-tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate salt.

(A) Sample Size (nm) PDI {-potential (mV)
Aminated NPs 100 nm 141 +2 0.17 +47 + 1
Unmodified NPs 100 nm 100 = 2 0.02 -42 + 0.3
Carboxylated NPs 100 nm 105+ 2 0.02 -39 £ 1
Aminated NPs 200 nm 269 + 6 0.06 +47 £ 1
Unmodified NPs 200 nm 194 + 5 0.02 -50 + 11
Carboxylated NPs 200 nm 234+ 4 0.06 -39+ 1
Aminated NPs 500 nm 451 + 16 0.27 +43 + 0.2
Unmodified NPs 500 nm 489 + 28 0.39 -46 + 1
Carboxylated NPs 500 nm 474 + 19 0.15 54+ 1
(B) Sample Size (nm) PDI {-potential (mV)
Protamine NCs 191 +3 0.10 +5+1
Protamine- DiD NCs 246 + 20 0.14 +3+4
Protamine- I'Ji.D Nps relea;ed in SIF 284 + 10 0.30
(lyophilization loading)
Protamine- DiD NCs released in SIF 242 12 0.20

(vacuum loading)
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Supplementary Figure 1: Thermogravimetric analysis (TGA), and derivative thermogravimetry (DTG) curves of
nanocapsules (NCs), their main components, defatted and hollow pollen, and NCs loaded pollen samples. A.
Sodium glycocholate. B. Miglyol 812. C. PEG: Polyethylene glycol 40 stearate. D: NCs. E: Defatted pollen. G:
Defatted pollen loaded with NCs at a mass ratio of 1:1. G: Hollow pollen microcapsules. H. Hollow pollen
microcapsules loaded with NCs at a mass ratio of 1:1.
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Supplementary Figure 2. FTIR spectra of nanocapsules (NCs), their components (A), defatted and hollow pollen,

and NCs-loaded pollen samples (B) at different mass ratios. PEG40 st: Polyethylene glycol 40 stearate.

Supplementary Figure 3. Confocal microscopy images of a top view of mucosal tissue of a non-everted intestinal
sac incubated with several samples. A. Defatted pollen. B. Hollow pollen. C. Hollow pollen loaded with 200 nm
cationic polystyrene nanoparticles. Green channel: Pollen autofluorescence. Red channel: nanocapsules. DIC:

differential interference contrast. White bars represent 30 pm.
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CHAPTER 11/ CAPITULO Il

A ready-to-use dry powder formulation based on protamine nanocarriers for pulmonary
drug delivery

Abstract

The use of oral antibiotic therapy for the treatment of respiratory diseases such as tuberculosis
has promoted the appearance of side effects as well as resistance to these treatments. The low
solubility, high metabolism, and degradation of drugs such as rifabutin, have led to the use of
combined and prolonged therapies, which difficult patient compliance. In this work, we develop
inhalable formulations from biomaterials such as protamine to improve the therapeutic effect.
Rifabutin-loaded protamine nanocapsules (NCs) were prepared by solvent displacement
method and were physico-chemically characterized and evaluated for their dissolution,
permeability, stability, cytotoxicity, hemocompatibility, internalization, and aerodynamic
characteristics after a spray-drying procedure. Protamine NCs presented a size of around 200
nm, positive surface charge, and drug association up to 54%. They were stable as suspension
under storage, as well as in biological media and as a dry powder after lyophilization in the
presence of mannitol. Nanocapsules showed a good safety profile and cellular uptake with no
tolerogenic effect on macrophages and showed good compatibility with red blood cells.
Moreover, the aerodynamic evaluation showed a fine particle fraction deposition up to 30% and
a mass median aerodynamic diameter of about 5 pum, suitable for the pulmonary delivery of
therapeutics.

Keywords

protamine nanocapsules, rifabutin, mannitol, pulmonary drug delivery, anti-tuberculotic
treatment.
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1. INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by the Gram+ bacteria Mycobacterium
tuberculosis (Mtb). TB's global mortality of 1.4 million people (WHO, 2019) constitutes a
significant public health challenge (Chae et al., 2021). Pulmonary TB is the most characteristic
form of disease, where Mtb, once inhaled, is phagocytosed by alveolar macrophages,
multiplying and giving rise to an inflammatory reaction and characteristic tissue damage in the
upper lobes of the lungs (Lado, 2002). TB treatment consists of 6 months of oral administration
of the first-line drugs isoniazid, rifampicin, ethambutol, and pyrazinamide. A second-line TB
treatment extends up to 9 or 20 months in case of isoniazid or rifampicin resistance,
respectively, and includes the use of oral or parenteral drugs such as kanamycin, moxifloxacin
or levofloxacin (Suérez et al., 2019). The oral route is the most suitable and least expensive for
TB treatment, however, extended administration of high doses is required, and only sub-
therapeutic levels of anti-TB drugs reach the site of action due to elevated first-pass metabolism
and degradation (Sosnik et al., 2010). Compared to the oral route, the pulmonary route allows
rapid action and higher bioavailability due to the large surface area and high vascularization of
alveoli (70-140 m?) for the achievement of high concentrations at the site of Mtb action, the
alveolar macrophages (Chae et al., 2021), thereby reducing unwanted systemic effects.
However, this route is constituted by a set of physical and biological barriers with complex
geometry and high humidity, mucociliary clearance, or the presence of macrophages and
alveolar enzymes which pose a great challenge for the administration of drugs (El-Sherbiny et
al., 2015). Although studies of inhalation therapy for TB began in the late 1940s, after oral
treatment began to show resistance (Traini and Young, 2017), they are still in preclinical
development with no anti-tubercular inhalable formulation available in the market (Braunstein
etal., 2019).

Rifabutin is a derivative of rifamycin, which has shown tolerability and safety in the treatment
of disseminated intracellular infection by Mycobacterium avium, with significant advantages
over rifampicin in the treatment of M. tuberculosis (Aristoff et al., 2010). It has shown a
minimum inhibitory concentration in vitro and lower protein binding than rifampicin, with
greater accumulation in cells and lipid solubility, which provides a larger volume of distribution
(Davies et al., 2007). Therapeutic strategies based on nanotechnology offer the possibility of
overcoming biological barriers and protecting biomacromolecules against degradation. The few
reports available on rifabutin-based nanotechnology-based drug delivery systems comprised
liposomes and solid lipid nanoformulations for intravenous, oral or pulmonary (Gaspar et al.,
2016, 2008; Nimje et al., 2009; Nirbhavane et al., 2017) TB treatment, as well as Chron's
disease (Rouco et al., 2020) or M. avium infection (Gaspar et al., 2000). However, upon
pulmonary administration their nanometric size results have low inertia, which carries the risk
of exhalation (up to 80%) without being deposited in the airways (Yang et al., 2008). Recent
advances in particle engineering and materials science have opened a door for improving the
efficacy of inhalation by the production of porous microparticulate powders with the optimal
size for drug deposition at the targeted site (EI-Sherbiny et al., 2015). Microparticle
administration in the form of dry powder inhalers (DPIs) constitutes a promising strategy, with
highly effective drug lung deposition and patient adherence (Nainwal et al., 2022). The
controlled agglomeration of nanoparticles into micron-sized particles has been used as an
effective delivery method using DPIs. These platforms act as an intermediate delivery system
until reaching the alveoli, where the redispersion of the agglomerates of nanoparticles occurs,
causing their release (Malamatari et al., 2020). The present study aimed to design and develop
a drug delivery system to overcome the limitations related to anti-tuberculosis therapy.

144



Chapter 111

Rifabutin was encapsulated into protamine nanocapsules, and formulations were characterized
and spray-dried with mannitol for the obtention of a DPI. The present work demonstrates the
potential of the developed nanocarriers evaluating their distribution in the lung and showing
their suitability for pulmonary administration.

2. EXPERIMENTAL SECTION
2.1. Materials

Rifabutin was acquired from Chemos GmbH (Germany). Low molecular weight protamine
sulphate (5 kDa) was purchased from Yuki Gosei Kogyo, Ltd (Japan). Polyethylene glycol
stearate 40 (PEGst 40) was provided by Croda Chemicals Europe Ltd. (United Kingdom) and
sodium glycocholate (SGC) was purchased from Dextra laboratories Ltd. (United Kingdom).
Caprylic/capric/succinic triglyceride (Miglyol® 812) was obtained from 101 Oleo GmbH
(Germany). D-Mannitol was obtained from Molar Chemical KFT. 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and 4,6-diamidino-2-phenylindole
(DAPI) dye were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,1'-Dioctadecyl-
3,3,3',3'-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) was provided by
Thermo Fisher Scientific (USA). Ficoll-Paque™ PLUS was obtained from GE Healthcare Bio-
Science AB, (Sweden), Medium Roswell Park Memorial Institute (RPMI-1640), and
Dulbecco’s Modified Eagle’s Medium (DMEM) were obtained from GIBCO® (Thermo Fisher
Scientific, Spain). Granulocyte-macrophage colony-stimulating factor (GM-CSF) was obtained
from Tonbo Biosciences (San Diego, CA, USA). Fetal Bovine Serum (FBS), and PSG
(Penicillin-Streptomycin-Glutamine) were provided by Sigma Aldrich. A549 human alveolar
lung carcinoma cell line and Raw 264.7 cell line were obtained from ATCC (Manassas, VA,
USA). Sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO3), glycine (C2HsNO>),
calcium chloride dihydrate (CaCly), sulfuric acid (H2SO4) and sodium phosphate hydrated
(NaH2PO4 H20) were purchased from Sigma Aldrich (St. Louis, MO, USA), Trifluoroacetic
acid was obtained from Merck Schuchardt OHG (Germany). All other reagents were of
analytical grade and were used without further purification.

2.2. Preparation and characterization of protamine nanocapsules

Protamine nanocapsules were prepared by solvent displacement technique following the
procedure described by our group, with modifications (Thwala et al., 2016). An oily core of
29.5 mg of Miglyol®812, 2.5 mg of SGC, 8 mg of PEGst-40 an acetone up to a final volume
of 2.5 mL was poured over 5 mL of an aqueous phase of 0.15% protamine, and the formulation
was left under magnetic stirring at 1,000 rpm for 10 min. The organic solvents were evaporated
under vacuum in a Rotary Evaporator (Rotavapor R-215, Biichi, Switzerland) and finally,
nanocapsules were isolated by centrifugation (Hermle Labnet universal centrifuge Z323K,
Labnet international) at 15,000 g at 15°C for 1 h. The isolated formulation was resuspended in
ultrapure water. For the preparation of rifabutin-loaded protamine nanocapsules, rifabutin was
dissolved in acetone (1, 2.5, and 5% of theoretical drug over total nanocapsules weight) and
incorporated into the liquid lipid phase prior to nanocapsule formation.

Blank and rifabutin-loaded protamine nanocapsules were optionally freeze-dried for 48 h using
Scanvac, Coolsafe 100-9 apparatus (LaboGeneApS, Lynge, Denmark) including mannitol in a
ratio of 80/20 (w/w) as a cryoprotectant. Subsequently the nanoparticles process yield was
calculated by gravimetry:

Weight of nanocapsules

p ield (Y%) = 100
rocess yield (Y%) Theoretical weight ofnanocapSUIeSX
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Nanocapsules were characterized in terms of mean particle size (nm), polydispersity index
(PDI), and Z potential (mV) using photon correlation spectroscopy (Zetasizer Nano-ZSTM,
Malvern Panalytical), after dilution in ultrapure water (dilution 1:250 at 25°C and with a
detection angle of 173°) and Nanoparticle Tracking Analysis (NTA, NanoSight 142 NS3000,
Malvern analytical Ltd., Malvern, UK). For NTA analysis, NCs were diluted 1:1,000 in order
to keep the concentration within the instrument measuring range.

The morphology of the nanocapsules (dilution 1:1,000) was analyzed by field emission
scanning electron microscopy (FESEM; Gemini-SEM, Zeiss, Germany) after coating the
samples with iridium in an argon atmosphere.

Lyophilized protamine NCs were characterized by Fourier Transform infrared spectroscope
(FTIR) (Thermo Nicolet AVATAR 330, Waltham, MA, USA) at 4 cm™? resolution at the
wavenumber range of 400-4000 cm™. The crystallinity of the NCs was evaluated by X-Ray
Powder Diffraction (XRPD) using a Bruker D8 Advance X-ray diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany). The XRPD and FTIR spectra were analyzed using OriginPro
2017 (OriginLab Corporation, USA) and Spectragryph v1.2.16.1 software, respectively.

2.3. Encapsulation efficiency and drug loading

Associated rifabutin was quantified using an Acquity UPLC H-Class Plus system equipped with
a Cig column (Waters® symmetry 1.7 um, 2.1x 50 mm) adapting a protocol developed by
Rouco et al (Rouco et al., 2020). Briefly, 10 puL of each sample were injected and eluted with a
mobile phase composed of (A) a mixture of sodium acetate 0.05 M/potassium dihydrogen
phosphate 0.05 M (pH adjusted to 4.0 with acetic acid) and (B) acetonitrile in a ratio A:B 53:47
(v/v). Drug quantification was performed at a wavelength of 278 nm, with a 0.2 mL/min flow
rate. The Limit of Detection (LOD) was 0.016 ng/mL and the Limit of Quantification (LOQ)
was 0.048 ng/mL, with a retention time of 1.7 min. Rifabutin was analyzed in the range of 5—
35 pg/mL, showing a correlation coefficient of R=0.9997. NCs were dissolved with a mixture
of acetonitrile/sodium acetate/potassium dihydrogen in the same ratio as the mobile phase and
centrifuged (Eppendorf 5430R®) at 12,000 g and 4°C for 30 min for drug isolation. This
procedure was repeated, and samples were filtered before UPLC measurement by 0.22-micron
syringe filters. The rifabutin encapsulation efficiency (EE%) and drug loading (DL%) in
protamine nanocapsules were calculated according to the following equations:

Weight of initial drug — Weight of free drug
X

E lati ffici EE%) = 100
ncapsulation efficiency (EE%) Weight initial drug
D loading (DL%) = Weight of loaded drug 100
rig foadims = Weight lipid core X

2.4. Colloidal stability of the nanocapsules

The colloidal stability of rifabutin-loaded protamine NCs were evaluated in aqueous suspension
under storage at 4°C and in freeze-dried form at room temperature (RT) for 30 days. Stability
was also evaluated in cell culture media and simulated lung media (SLM, pH 7.4) composed of
116 mM NaCl, 27 mM NaHCOgs, 5 mM C:HsNO2, 1.1 mM NaH2PO4 (H20), 0.18 mM CaCl>
and 0.5 mM 0.1 M H2SOqin distilled water at pH 7.4 (Parlati, 2008). The mean particle diameter
(nm), PDI, derived count rate (kcps) and zeta potential (mV) were analyzed using Zetasizer
Nano-ZS™ as described in section 2.2.
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2.5. In vitro dissolution studies

In vitro dissolution studies were performed in simulated lung medium (SLM) to evaluate the
release kinetics of rifabutin from the nanocapsules. The nanopowder quantity equivalent to 0.75
mg of rifabutin was dispersed in 10 mL of SLM. The stirring was adjusted at 200 rpm and the
sampling was performed up to 1 h at 37°C. 1 mL of the dissolution medium was collected into
microcentrifuge tubes (Eppendorf) at time intervals of 5, 10, 15, 20, 30, 40, 50, and 60 min and
replaced every time with fresh medium upon sample withdrawal. Release samples were
centrifuged at 7,500 g and the collected supernatant was analyzed spectroscopically by using a
UV-visible spectrophotometer (V-730 UV-visible Spectrophotometer, Jasco Deutschland) at a
wavelength of 237 nm. All experiments were conducted in triplicate. The Kinetics of the in vitro
drug release were evaluated to Zero order, First-order, Higuchi, and Korsmeyer—Peppas to
understand the drug release mechanism.

2.6. In vitro permeability studies

The permeability study of rifabutin was performed on a modified horizontal diffusion side-by-
side cell-type apparatus (Grown Glass, New York) (Gieszinger et al., 2021). Briefly, 9 mL of
phosphate buffer (pH 7.4) was used in the acceptor chamber while the same volume of
simulated lung media was used as donor media. Subsequently, 0.75 mg of raw rifabutin and
rifabutin-loaded nanocapsules equivalent to 0.75 mg of rifabutin were dispersed into the donor
chamber. Chambers were separated by an artificial membrane (Isopore™ membrane filter, 0.45
um) impregnated in isopropyl myristate, with a diffusion area of 0.69 cm?. The temperature
was kept at 37°C and stirred at 100 rpm. The amount of rifabutin diffused from protamine
nanocapsules in the acceptor phase was measured for 1 h spectrophotometrically at 238 nm
using a FDP-7UV200 probe and a Avaspec-ULS2048-USB2 spectrophotometer (Avantes,
Apeldoorn, The Netherlands). The flux (J) (ug/cm?/h) of rifabutin was calculated from the
amount of drug (pg) permeated through the side-by-side membrane (m), divided by the surface
of the membrane (A) and the time (t) following the equation:

m
TAxt

The permeability coefficient (Kp) (cm/h) was determined from the flux and the initial rifabutin
concentration in the donor phase (Cd) (g/cm?®), according to the equation:

J

2.7. In vitro toxicity studies

The cytotoxicity of rifabutin-loaded protamine nanocapsules was evaluated using MTT
reduction, a water-soluble tetrazolium dye that is converted by viable cells to a water-insoluble
and purple compound, formazan. Cell viability was assessed in A549 and Raw 264.7 cells after
24h of incubation of different concentrations of nanocapsules. The day before the experiment,
cells were seeded in a 96-well plate in DMEM culture medium supplemented with 10% FBS,
and 1% Penicillin/Streptomycin at a cell density of 1x10* cells/well at 37°C and 5% CO>. On
the next day, the medium was replaced by medium containing the formulations, and cells were
incubated for 24h. Fresh medium was used as the negative control and Triton x100 (1% v/v)
was used as the positive control. After 24h, the medium was replaced by 0.5 mg/mL of MTT
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dissolved in PBS, and cells were incubated for 4h at 37°C and darkness. MTT solution was
discarded, and the formazan crystals were dissolved by the addition of 0.04 N HCI in
isopropanol. Absorbance was measured at 570 nm using a microplate reader (Synergy H1
Hybrid Multi-Mode, BioTek, Winooski, VT, USA). Cells treated with equivalent rifabutin
concentrations were used as control. The cell viability (%) compared to control cells was
calculated following the equation:

Absorbance sample — Absorbance positive control

Cell toxicity (%) = 100

X
Absorbance negative control — Absorbance positive control
2.8. Quantitative nanocapsules uptake

Rifabutin-loaded protamine nanocarriers were labeled by incorporating 20 pL DiD (2.5
mg/mL) in ethanol into the organic phase prior to nanocapsule formation. Physicochemical
characterization and drug loading were evaluated to confirm that the dye did not interfere with
the physico-chemical properties of the formulation before in vitro assays.

A549 and Raw 264.7 cells were grown in 8-pwell slides ibidiTreat (Ibidi GmbG, Gréfelfing,
Germany) (0.8 cm?/well) at 2.5x10* cells/well and DiD-labeled rifabutin-loaded protamine NCs
were added and incubated for 24h. Then, formulations were removed with PBS pH 7.4 (x3) and
cells were fixed with 4% paraformaldehyde (PFA) for 15 min at RT and 150 rpm. Then, PFA
was removed with PBS (x3) and the nucleus was stained with DAPI for 5 min. Finally, cells
were washed with PBS (x3) and mounted in glycerol. Nanocapsules internalization was studied
by Confocal Laser Scanning Microscopy (CLSM, SP5 Leica AOBS-SP5, Leica Biosystems
Nussloch GmbH). Fluorescence measurements were performed at DAPI-dye excitation Amax=
359 nm and emission Amax= 457 nm and DiD-dye excitation Amax=640 nm and emission
Amax= 675 nm.

To quantify the A549 cells and Raw 364.7 internalized with rifabutin-loaded protamine NCs, a
study based on flow cytometry was carried out. 6x10* cells were seeded in a 24-well plate at 37
°C for 24h and 5% CO.. The medium was replaced with formulations and cells were incubated
for 24h, washed with PBS and detached with trypsin (5 min, 37 °C). Cells were centrifuged at
1,000 g (Eppendorf 5430R®) for 10 min, and the pellet was resuspended in 500 pL PBS. Non-
treated cells were used as negative control. Events were counted employing a cytometer (BD
FACSCalibur™, Becton Dickinson) and were analyzed by flowing software 2.5.1 (Cell
Imaging Core, Turku Centre for Biotechnology). The study was carried out in triplicate.

2.9. IDO assay

Tolerogenic phenotype of the developed rifabutin-loaded protamine NCs was evaluated on
human-derived macrophages in terms of T cell suppression and tolerance promotion by
quantification of 2,3-Indoleamine dioxygenase (IDO) expression. Buffy coats were donated by
the Organ and Blood Donation Agency (ADOS; Santiago de Compostela, Spain) after informed
consent. Briefly, the blood was diluted with PBS (1:1) and peripheral blood mononuclear cells
(PBMCs) were isolated using the Ficoll density gradient separation method (blood/Ficoll ratio
of 2:1) by centrifugation (Allegra X-12R, Beckman Coulter) at 400 g for 30 min at RT on
deceleration mode. Red Blood Cells (RBCs) were kept for blood compatibility assays (section
2.10.) and the PBMC layer was washed with PBS by centrifugation at 300 g for 10 min. 10 mL
of the obtained cells (1.2 x 10° cells/mL) were then resuspended in an Rz media (RPMI-1640
supplemented with 2% FBS and 1% of Penicillin-Streptomycin-Glutamine, PSG) for 2h (37°C,
5% CO,). After this time, the non-adherent cells, peripheral blood lymphocytes, were washed
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with PBS. The attached monocytes were cultured for 6 days in Rip media (RPMI-1640
supplemented with 10% FBS and 1% of PSG), replacing the media on the third day and adding
0.1 pg GM-CSF for the differentiation of monocytes to macrophages.

Macrophages were seeded onto a 48-well plate, followed by their incubation with different
formulations in a final volume of 0.5 mL and by adding 1.25 pL of L-tryptophan (100 uM) 4h
before the end of the culture period. After 24h, cells were centrifuged (1,000 g, 5 min at RT)
and supernatants were mixed with 30% trifluoroacetic acid (2:1 v/v). Cells were centrifuged
again and Ehrlich Reagent (1:1 v/v) was added to the supernatant. Absorbance was read using
amicroplate reader (Synergy H1 Hybrid Multi-Mode, BioTek, Winooski, VT, USA) at 490 nm.
A total of 3 different donors were used and were plotted along with the standard error.

2.10. Blood compatibility test

As described in section 2.9., after the Ficoll density gradient separation method, freshly
collected RBCs were collected, washed with PBS (x3, pH 7.4), and centrifuged at 1,000 g for
5 min at RT. The RBC pellet was resuspended in PBS and placed in a 96-well plate and was
treated with rifabutin-loaded protamine NCs (0.1 mg/mL) at 37°C for 4 h and 24 h. Triton x100
(1% v/v) was used as the positive control while PBS was used as the negative control. A total
of 3 different donors were used and results were plotted along with the standard error. At
signaled time points the absorbance of released hemoglobin was measured at 570 nm (Synergy
H1 Hybrid Multi-Mode, BioTek, Winooski, VT, USA), and percentage hemolysis was
calculated using the following equation:

Absorbance sample — Absorbance negative control 100

% Haemolysis = — - X
¥ Absorbance positive control — Absorbance negative control

2.11. Thermal analysis

The influence of temperature on the physicochemical properties of rifabutin-loaded protamine
NCs was evaluated by DLS. Samples (dilution 1:250) were placed in a quartz cell and particle
size, PDI, and count rate measurement was performed by heating the sample from 25°C up to
90°C at a heating rate of 1°C/min. Measurements were performed in triplicate.

2.12. Preparation of dry powders containing rifabutin protamine nanocapsules

Mannitol was used as an excipient for dry powder preparation and samples were spray-dried
using the Nano Spray Dryer B-90 HP Nano SD (Biichi Labortechnik AG, Falwil, Switzerland)
with an inlet air temperature of 100°C, an outlet T2 of 31°C a pump flow rate of 20%, and
aspirator capacity of 100%. Protamine nanocapsules were suspended in an aqueous solution of
mannitol to achieve a theoretical mannitol/nanocapsules ratio of 80/20 (w/w) (Grenha et al.,
2007) and a final solid content of 1.25% (w/v), as it is expected to lead to the production of
microparticles with adequate morphologic and aerodynamic characteristics for pulmonary
administration. The spray-dried powders were stored in a desiccator at RT until use. Samples
were analyzed by Differential Scanning Calorimetry (DSC) was performed using a Mettler-
Toledo 821e DSC (Mettler-Toledo GmbH, GieRen, Germany) at the temperature interval of 30
to 450°C under constant purging of argon. DSC spectra were analyzed using the STARe thermal
analysis program V9.1 (Mettler Inc., Schwerzenbach, Switzerland). The crystallinity was also
evaluated by XRPD using a Bruker D8 Advance X-ray diffractometer as described in section
2.2. The spray-dried particles were dissolved in water to achieve in-water dispersed rifabutin-
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loaded protamine NCs and were subsequently evaluated by dynamic light scattering as
previously described in section 2.2. The morphology of the spray-dried nanocapsules was
analyzed by scanning electron microscopy (SEM) (Hitachi S4700, Hitachi Scientific Ltd.,
Tokyo, Japan) after coating the samples with gold-palladium (SEM) in an argon atmosphere.

2.13. Invitro aerodynamic evaluation

The in vitro distribution profile of the spray-dried protamine NCs was evaluated using the
Andersen cascade impactor (ACI, Copley Scientific Ltd., Nottingham, UK). The used
methodology respected the United States Pharmacopeia and Ph. Eur. 2.9.18 requirements. ACI
separates particles according to their aerodynamic diameter by cut-offs of the stages from —1
to 6 (8.60, 6.50, 4.40, 3.20, 1.90, 1.20, 0.55, and 0.26 pm). A glass fiber filter (Pall corporation,
Mexico, 1.0 um pore size and aerosol retention of 99.98%) was placed right below stage six.
Collection plates were coated with Span 80 + cyclohexane solution (1 + 99 w/w %) to prevent
particle bounce. An amount of 8 mg of spray-dried protamine NCs was loaded into 4 hard
gelatin capsules (transparent, size 3, Capsugel, Germany) and aerosolized using a DPI
Breezhaler® single dose device (Novartis International AG, Basel, Switzerland). The content
of the four capsules was discharged for each experiment, and the experiments were performed
in triplicate. The flow rate was adjusted at 60 L/min using a DFM 2000 Flow Meter (Copley
Scientific, Nottingham, UK), and the test duration time was adjusted at 4 s. The DPI device, the
mouthpiece, the induction port, the eight stages of the impactor, and the end filter were weighed
before and after the experiment, and parameters (MMAD, FPD, ED, and FPF) were quantified
by gravimetry. The in vitro aerodynamic properties were evaluated with Inhalytix™ (Copley
Scientific LTD., Nottingham, United Kingdom) data analysis software.

Mass median aerodynamic diameter (MMAD) was determined by plotting the cumulative
percentage of mass for each stage on a probability scale versus the aerodynamic diameter of the
stage on a logarithmic scale. The fine particle dose (FPD) corresponded to the mass of particles
with a size <5 um, while fine particle fraction (FPF) was established as the percentage of
particles <5 um, while emitted dose (ED) was the percentage of particles leaving the device
and reaching the impactor. Time-of-flight (TOF) particle size analyzer Aerosizer® (TSI
Instruments Ltd. UK) connected with Aero-Disperser® was also used to confirm the
aerodynamic size distribution by timing the flight of the individual spray-dried nanocarriers. A
small amount of powder (around 5 mg) was placed in the sample cup of the aerodisperser and
measurements were performed using laser current 41 mA, a nozzle type 200 pum, a size range
from 0.1 to 200 um and a run length of 30 sec.

Statistical analysis

The statistical significance of the difference between the means was determined by GraphPad
Prism 8 and OriginPro 9.0. All data are shown as mean+SD or mean+ SEM (IDO and hemolysis
assay) and one-way and two-way analyses of variance (ANOVA) were performed to compare
multiple independent groups. Differences were considered statistically significant at P<0.05.

3. RESULTS AND DISCUSSION
3.1. Preparation and characterization of rifabutin protamine nanocapsules

In this work, we use protamine, a natural arginine-rich polypeptide with remarkable stability in
simulated biological fluid, widely used in the design of polymeric nanocarriers for drug and
vaccine delivery (Jakubiak et al., 2017). The attachment of protamine to the oily core was
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possible after the incorporation of an anionic surfactant, and the developed protamine
nanocapsules were stabilized by incorporating PEG-stearate. The different rifabutin
formulations were prepared at theoretical loadings of 1%, 2.5%, and 5% (w/w)
(Supplementary Figure 1). To evaluate the incorporation of rifabutin in the oily phase of the
nanocapsules, nanoemulsions were first analyzed by DLS and UPLC (Supplementary Table
1), and then, protamine nanocapsules were prepared by solvent displacement technique. The
mean hydrodynamic diameter of unloaded and rifabutin-loaded protamine nanocapsules is
presented in Table 1 and was found to be around 200 nm for all formulations. No statistical
differences were observed between loaded and unloaded nanocapsules, suggesting that rifabutin
incorporation does not influence the particle diameter and surface charge, which was found to
be positive (from +11 to +17 mV). It has been shown that a hydrodynamic diameter > 100 nm
and a positive surface charge significantly improve the particle-macrophage interaction and
internalization, since phagocytic activity depends on particle size and macrophages present
sialic acid on their surface, which gives them a negative surface charge (Lee et al., 2015). In all
cases, high rifabutin incorporations were obtained, as shown in Table 1. The satisfactory
encapsulation as well as the high yields achieved (up to 90%) confirm the suitability of the
developed nanocarriers for rifabutin incorporation.

Table 1. Physicochemical characterization, association efficiency (AE), and Drug Load (DL) of non-loaded and

rifabutin-loaded (1, 2.5, and 5%) protamine nanocapsules (NCs). Particle hydrodynamic diameter and
polydispersity index (PDI) were obtained by Dynamic Light Scattering. Data represents mean + SD, N>3.

Formulation Size PDI Charge (mV)  AE (%) DL (%) Yield (%)
(nm)
Blank NCs 199 + 17 <0.2 11 +10 - - 91+2
1% Rifabutin NCs 185 + 13 <0.2 9+10 54 + 18 0.87 79 + 19
2.5% Rifabutin NCs 199 + 15 <0.2 9+8 46 + 6 1.88 91 +4
5% Rifabutin NCs 198 + 19 <0.2 11 +10 42 +7 3.55 86 +3

Their structural characterization is represented in Figure 1 after their lyophilization process in
the presence of mannitol. As shown in the FTIR spectrum (Figure 1A), the developed
nanocapsules presented the typical signal of protamine sulfate at around 1,100-1150 cm™
attributed to arginine (that constitutes 67% of the total amino acid content of protamine)
(Awotwe-Otoo et al., 2012), as well as D-Mannitol 5-phase bands at 931, 967, 1023, 1086 and
1193 cm* (Barreneche et al., 2013). Moreover, characteristic bands of glycocholate acid were
observed at 1582 and 1394 cm™ (COO- stretching), 1308 (C—H bending) and 1037 cm™
(ammonium stretching vibration) (Benbow et al., 2021). C-H scissor and bending at the region
between 1450-1292 cm, can be attributed to PEG-stearate 40 (Khairuddin et al., 2016). XRPD
diffractogram (Figure 1B) of rifabutin showed a distinctive drug sharp peak, indicative of the
crystalline nature of rifabutin, whereas it faded away in the diffractogram of rifabutin-loaded
protamine NCs. This reduction in relative integrated intensity of peak, with no distinct peak of
rifabutin, suggests that drug was entirely incorporated into the oily core of the nanocapsules. In
addition, it is indicative of amorphous material, which had shown to increase solubility
compared to crystalline material (Nighute and Bhise, 2009).
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Figure 1. (A) FTIR spectra of lyophilized protamine nanocapsules (NCs) and their components and (B) XRPD
spectra of rifabutin and 1, 2.5, and 5% rifabutin-loaded protamine NCs.

A uniform shape, smooth surface and spherical morphology were observed by FESEM
microscopy (Figure 2 without aggregation of the nanocapsules. The NTA analysis further
supported the above disclosed DLS and FESEM data and similar hydrodynamic particle sizes
were reported (between 132-148 nm), slightly lower than those obtained by DLS measurement.
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Figure 2. (Left) Representative image of the particle size distribution by Nanoparticle Tracking Analysis of
nanocapsules in solution and (Right) scanning electron microscopy images of blank (A) and rifabutin-loaded 1 (B),
2.5 (C) and 5% (D) protamine nanocapsules. Scale bars represent 100 nm.

3.2. Stability studies

The size of the nanocarriers remained unchanged upon storage in suspension, and no signs of
aggregation were observed for 30 days nor after the freeze-drying process. Mannitol was
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included as an inert carrier and stabilizer in the process, and it was completely dissolved after
incubation of the lyophilized nanocapsules in an aqueous medium, inducing no significant
changes in their physicochemical characteristics. The slight increase in zeta potential as
compared with non-lyophilized nanocapsules, indicative of the stability of the colloidal system,
was also reported previously for chitosan nanoparticles recovery from mannitol dry powders
(Grenha et al., 2005) (Table 2).

Table 2. Physicochemical characterization of blank and rifabutin-loaded (1, 2.5, and 5%) protamine nanocapsules
(NCs) after one month of storage as suspension (at 4°C) or as a freeze-dried powder (RT). Particle size and
polydispersity index were obtained by Dynamic Light Scattering. Data represent mean + SD, N=3.

Conditions Freeze-dried (RT) Suspension (4°C)
Formulation (Sr:fne) PDI Charge (mV) (Sr:rzne) PDI Charge (mV)
Blank NCs 222 + 32 <0.3 12+9 229 + 52 <0.2 11+9
1% Rifabutin NCs 202 + 36 <0.3 17+ 8 229 + 64 <0.2 9+10
2.5% Rifabutin NCs 199 + 23 <0.3 137 208 + 30 <0.2 13 + 11
5% Rifabutin NCs 204 + 19 <0.3 13+9 213+ 35 <0.2 13+8

SLM was prepared based on a modification of Gamble's original solution (Parlati, 2008) and
was suitable for flow through dynamic systems. Following a protocol developed by Kanapilly
et al., glycine was included to prevent clogging of filter pores in a dynamic flow system
(Kastury et al., 2017). When incubated in SLM and cell culture media (Figure 3), rifabutin-
loaded protamine NCs exhibited satisfactory stability over time. In addition, the derived count
rate (kilo counts per second, kcps) provided information about the concentration of
nanoparticles remaining in situ in suspension after incubation and its degradation (Woods et al.,
2020). Results showed no reduction in intact particle number following exposure to the cell
culture media or SLM up to 24h, strongly suggesting efficient physical and biological
stabilization mechanisms of the developed formulations.
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Figure 3. Stability of rifabutin-loaded protamine nanocapsules (NCs) after incubation in (A) cell culture media
DMEM and (B) Simulated Lung Media at 37°C by Dynamic Light Scattering. Size=Bars, Derived count rate= Dots.
Data represent mean = SD, N=5 independent measurements.
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3.3. In vitro dissolution studies

To predict the in vivo efficacy of the formulations, an in vitro release of rifabutin from
protamine NCs was performed in simulated lung media and results were analyzed using drug
release kinetics models. In vitro rifabutin release from 1% loaded protamine NCs presented a
drug release profile where all encapsulated rifabutin was released (96 + 13%), while in the case
of 2.5 and 5% rifabutin-loaded protamine NCs was of 71 £ 12 and 66 + 27%, respectively, over
1 hour (Figure 4). Rifabutin dissolution was statistically significant (one way ANOVA P<0.05)
for 1% rifabutin protamine NCs when compared with raw drug dissolution. Formulations
showed a linear drug-release pattern with a higher drug release compared with the poorly water-
soluble raw API (38 = 3%). Similar rifabutin dissolution profiles were reported from glyceryl
dibehenate and glyceryl tristearate solid-lipid nanoparticles (65 and 80 % after 1 h, respectively)
(Gaspar et al., 2016).
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Figure 4. In vitro dissolution results of the drug from the developed 1%, 2.5 %, and 5% rifabutin-loaded protamine
nanocapsules (NCs). Data represent mean = SD, N=3 independent measurements.

Various kinetic models were used to evaluate the drug release pattern of protamine NCs using
DDSolver software (Zhang et al., 2010), and the best-fitted models were selected based on the
adjusted coefficient of determination R?, adj R?, and Akaike Information Criterion (ACI)
(Supplementary Table 2). Protamine NCs were found to be a better fit for both the First Order
and Korsmeyer-Peppas > Higuchi model, which explains a concentration-dependent drug
release (first-order kinetics) but also a diffusion of the drug from the polymeric matrix
(Korsmeyer-Peppas). The n value indicated that 1 and 5% rifabutin formulations followed a
non-Fickian diffusion of the drug (n=0.82 and 0.94, respectively) while 2.5% followed Fickian
drug diffusion (n=0.28), thus observing a change in the sorption process once the equilibrium
by the surface concentration of drugs was achieved. (ACI) values confirmed that first-order
kinetics gave the best fit out of the set of models. Rifabutin release profile from nanocapsules
was similar to that obtained with other previously reported rifabutin-based formulations,
supporting that the matrix is responsible of the release pattern: rifabutin release was faster in
the case of formulations that used hydrophilic polymers devoid of crosslinking agents, such as
low molecular weight chitosan or fucoidan, while it slowed down when viscous solutions such
as locust bean gum or chitosan with a higher degree of crosslinking were used (Rodrigues et
al., 2020).

3.4. In vitro permeability studies

The amount of Active Pharmaceutical Ingredient (API) dispersed from the simulated lung
media through the epithelium was evaluated by diffusion in a modified side-by-side® model,
and the measurements took place in real time. The maximum permeability of rifabutin was
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about 70 pg/cm? after 35 minutes, not observing a greater increase in permeability and reaching
a plateau at this point. However, the diffusion of rifabutin-loaded nanocapsules was slower and
more progressive, as shown in Figure 5, with a linear trend. In the case of 1% and 5% rifabutin-
loaded protamine NCs diffusion was apparently faster (90 + 14 and 78 + 32 pg/cm? after 1h),
while in the case of 2.5% was 57 + 5 pg/cm?,
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Figure 5. In vitro results of the API (rifabutin) permeability from the developed 1%, 2.5%, and 5% rifabutin-loaded
protamine nanocapsules (NCs) compared with the raw drug. Data represent mean + SD, N=3 independent
measurements.

Despite rifabutin is characterized by its high permeability and low solubility (Nighute and
Bhise, 2009), stagnation takes place without observing further increase in the permeability after
35 min. The flux (J) and the permeability coefficient (Kp) (Table 3) of the nanocapsules were
higher than that of the raw rifabutin for all the formulations except 2.5% rifabutin-loaded
protamine NCs. However, a progressive and constant permeability of the drug through the
membrane with a linear tendency was observed and the growing trend is expected to exceed the
maximum obtained from the raw drug at more extended times.

Table 3. In vitro permeability results of the samples. Data represent mean + SD, N=3 independent measurements.

Formulation J (pug/cm?/h) Kp (cm/h)
Raw Rifabutin 73.82 0.0984
1% Rifabutin NCs 90.08 0.1201
2.5% Rifabutin NCs 57.07 0.0761
5% Rifabutin NCs 78.15 0.1042

3.5. In vitro toxicity assays

An MTT assay was performed to investigate the cytotoxicity of the developed nanocapsules in
lung derived A549 cells and Raw 264.7 macrophages. The cell viability was observed to be
concentration-dependent (from 0.1 to 1 mg/mL NCs concentrations) after 24 h, as reported in
Figure 6. The rifabutin-loaded NCs showed more than 50% cell viability at 0.25 mg/mL and
more than 75% viability at concentrations of 0.1 mg/mL. The toxicity values obtained at high
concentrations of nanocapsules may be due to the affinity of cationic nanocarriers towards
macrophages, which leads to a greater electrostatic attraction with their negatively charged cell
surface (Robla et al., 2021), thus increasing the metabolic activity of macrophages. For all
formulations, the toxicity of the encapsulated drug was similar to the reported for free rifabutin
(>50% toxicity at 12.5 pg/mL for Raw 264.7 cells and 20 pug/mL for A549 cells, data not
shown). Img/mL formulations were equivalent to 10, 25, and 50 pg/mL of encapsulated drug
of 1, 2.5, and 5% rifabutin protamine NCs, respectively.
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Figure 6. In vitro evaluation of the effect of the developed 1%, 2.5%, and 5% rifabutin-loaded protamine
nanocapsules (NCs) on the viability of A549 cells (A) and Raw 264.7 macrophages (B). Data represent mean = SD,
N=3 independent measurements.

3.6. Quantitative nanocapsule uptake

Confocal laser scanning microscopy (CLSM) was performed for the qualitative assessment of
the fluorescent-DiD labeled rifabutin-loaded protamine NCs in human alveolar epithelial cells
A549 and macrophages Raw 264.7. For this purpose, protamine nanocapsules were initially
formulated with the drug as described above, carrying out the incorporation of DiD dye in the
oily phase. Its physicochemical properties were characterized by DLS and drug association by
UPLC (Supplementary Table 3) showing sizes similar to those previously reported and with
a slightly lower association of rifabutin, which could be related to drug-rifabutin competition
in the oily nucleus. NCs internalization with a cytoplasmatic distribution was observed in both
cell lines (Figure 7) when compared with control (untreated cells). Bright-field analysis
(Supplementary Figure 2) allows us to delimit the different cells, confirming that an
internalization or adsorption of the NCs takes place in the plasma membrane surrounding cell
nuclei.

Control 1% Rifabutin NCs 2.5% Rifabutin NCs 5% Rifabutin NCs

Raw 264.7

A549

Figure 7. Cellular internalization study via confocal imaging of Raw 264.7 (A, C, E, and G) and A549 (B, D, F, and
G) cell lines. DAPI-dye (blue channel; Excitation Amax = 359 nm, Emission Amax = 457 nm); DiD-dye (red channel;
Excitation Amax=640 nm, Emission Amax= 675 nm). The scale bar represents 30 pm.
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Quantification of the percentage of DiD-labeled rifabutin-loaded NCs uptake was also
performed by flow cytometry (Figure 8). Histograms of the control cells were compared with
those of A549 and Raw264.7 cells treated with 1, 2.5, and 5% rifabutin-loaded protamine NCs.
Internalization was found to be of >90% in all cases (93, 95, 98, and 96% of the A549 cells,
and 96, 97, 99, and 98% of the Raw 264.7 cells were internalized by blank, 1, 2.5, and 5%
rifabutin-loaded protamine NCs, respectively). The internalization of the rifabutin-loaded
protamine NCs in the A549 cells after evaluation of the Mean Fluorescence Intensity (MFI)
was found to be 8-12 times higher compared with control. Raw 264.7 macrophages showed an
MFI 2-3 times higher than untreated cells, for blank, 1%, 2.5 and 5% rifabutin-loaded protamine
NCs, respectively. It has been reported that the physicochemical characteristics of nanoparticles
influence their mechanism of entry into cells, (Lee et al., 2015) thus, the size of the developed
nanocapsules could also lead to their internalization through phagocytic and non-phagocytic
mechanisms, such as micropinocytosis.
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Figure 8. Flow cytometry histograms and Mean Fluorescent Intensity (MFl) of (A) A549 cells and (B) Raw 264.7
cells after incubation with rifabutin-loaded protamine nanocapsules (NCs). MFI=1 was established for control
(non-treated cells).

3.7. IDO assay

IDO is an immune-suppressive enzyme in macrophages and dendritic cells involved in
tryptophan catabolism into kynurenine, which induces Thy cell apoptosis in vitro. Thy are the
main effector CD4+ T lymphocytes during TB, contributing to protection against TB by
secreting IFN-y (Lyadova and Panteleev, 2015). As IDO expression can impact peripheral
tolerance and immune regulation, we evaluated the tolerogenic response of the rifabutin-loaded
protamine NCs by quantifying the IDO enzymatic activity in human monocyte-derived
macrophages. We observed that the response was similar for all the formulations compared to
non-treated macrophages used as control (Figure 9), indicating no tolerogenic effect (pro-
inflammatory response) of the formulations. Given that macrophages are capable of
internalizing rifabutin-loaded protamine NCs, and that Mtbh suppresses the antimicrobial
response of macrophages (Bekale et al., 2019), the developed systems could be interesting in
terms of macrophage immune modulation, being able to activate these immune cells and
creating a hostile environment for Mtb.
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Figure 9. Indoleamine 2,3-dioxygenase (IDO) activity in human-derived macrophage cultures after incubation
with rifabutin-loaded protamine nanocapsules (NCs). Data represents mean + SEM (Standard Error Mean); N=3
different donors.

3.8. Blood compatibility test

Although inhaled particles do not come in contact with blood immediately, the high
permeability of air-blood barrier of the alveoli (with a thickness of 0.1-0.2 um) allows fast
uptake of particles (Frohlich, 2017). A hemolysis assay was performed to demonstrate
nanocarrier biocompatibility with the bloodstream to get insight into the behavior of
formulations for in vivo applications. As shown in Figure 10, the rifabutin-loaded nanocapsules
posed no toxicity on the RBCs in the concentration range used in this study, indicating their
hemocompatibility and the preservation of integrity and functionality of erythrocytes. Although
positively charged nanoparticles interact electrostatically with the erythrocyte membrane,
which can cause its rupture (Singh et al., 2020), the developed nanocapsules did not influence
hemotoxicity. Similar results were also reported for cationic chitosan nanoparticles for the
pulmonary delivery of isoniazid (Mukhtar et al., 2022).
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Figure 10. In vitro hemolysis assay after 4 and 24h was performed on fresh human blood obtained from donors
after consent. NCs: Nanocapsules, C+: Positive control, C-: Negative control. Results are expressed as mean +
SEM (Standard Error Mean), N=3 different donors.

3.9. Thermal analysis using DLS

To perform a spray drying process where an increase in the temperature of the formulations is
required, it is necessary to previously evaluate its effect on particle size. The low hygroscopic
nature of mannitol allows for a low drying temperature for the preparation of dry powder (Munir
et al., 2022). Likewise, the use of the Nano Spray Dryer allows outlet temperatures between
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28°C and 59°C for aqueous solutions. Furthermore, even if a high inlet temperature were used,
it has been shown that has minimal impact on particle size during the spray drying process
(Arpagaus, 2011). As shown in Figure 11, the heating process did not induce particle size
changes in the developed protamine nanocapsules up to 90°C, as their size remained unchanged
during the whole thermal analysis. Therefore, we can conclude that the developed systems meet
the compatibility requirements for their spray-drying and are not expected to suffer degradation
under the processing conditions.
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Figure 11. DLS thermograms blank, 1, 2.5, and 5% rifabutin-loaded protamine nanocapsules (NCs) from 25°C to
90°C. Results are expressed as mean, N=3. SD values were <10%.

3.10. Preparation of pulmonary dry powders containing rifabutin protamine
nanocapsules

D-mannitol is a non-toxic and degradable carbohydrate widely used as excipients for dry
powder inhalers, approved by the Food and Drug Administration (FDA) (Sham et al., 2004).
D-mannitol is a non-reducing and non-hygroscopic compound widely used in aerosolization.
During this process, it can give rise to different pure polymorphs (mainly a, B, or 8), with greater
Kinetic stability than its hydrated and amorphous form (Altay Benetti et al., 2021). Mannitol is
approved as a dry powder formulation for the treatment of bacterial infections in cystic fibrosis
(Bronchitol®) (Burness and Keating, 2012). Although its effect in TB treatment has not been
reported, its high aqueous solubility and osmolarity properties make it an interesting candidate
to overcome the mucus absorption barrier, reaching alveoli tuberculosis-infected macrophages.
The 80/20 (mannitol/nanocapsules) ratio used and the solid content was established according
to previous studies with mannitol that showed that 20% (w/w) of nanoparticles allowed the
obtaining of dry non-aggregated powders with desirable droplet size (Al-Qadi et al., 2012;
Grenha et al., 2005). It was also considered because as Miglyol® is a lipid with a low melting
point, higher excipient amounts were required to protect it from high temperatures during the
spray-drying process, as also reported for lipids such as glyceryl dibehenate and glyceryl
tristearate (Gaspar et al., 2017). The rifabutin-loaded protamine NCs were co-spray dried with
D-mannitol (section 2.12) and then characterized using DSC, Andersen Cascade Impactor, and
Aerosizer® LD.

As reported in DSC thermograms (Figure 12A), the spray-dried nanoparticles exhibited a sharp
peak at 165°C (endothermic peak) due to the presence of D-mannitol in the spray-drying
process. The presence of a melting peak at 155°C followed by an exothermic recrystallization
peak at about 157°C and a final melting around 165°C is attributable to a change from a mixture
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of a-p D-mannitol forms to a & polymorph (Altay Benetti et al., 2021). The disappearance of
the peak for the pure drug, which shows a melting endotherm at approximately 149°C (Gaspar
et al., 2016), could be attributed to its encapsulation inside the developed spray-dried NCs
(Chokshi et al., 2018). XRPD pattern (Figure 12B) confirmed the crystalline structure of the
spray-dried formulation and showed an intense peak at 9.7° 2-theta which is typical of 3-form
mannitol (Kwok et al., 2015). 6-mannitol polymorph has been described as having better
compaction behavior, tabletability, and friability compared to a- and -mannitol (De Pauw et
al., 2022; Vanhoorne et al., 2016). Rifabutin peaks at 10.75, 12.63, 15.50, 17.9, 18.9, and 22.8
2-theta are indicative of its crystalline state (Shanmuga Priya et al., 2013). The XRPD pattern
of the spray-dried rifabutin-loaded NCs also manifests the effective inclusion of the drug in the
system as groups responsible for the crystalline of rifabutin is included in the spray-dried
formulations.
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Figure 12. (A) DSC thermograms and (B) XRPD diffractograms of the raw materials and the spray-dried (SPD)
blank and 1, 2.5, and 5% rifabutin-loaded nanocapsules (NCs).

3.11. Invitro drug deposition evaluation

Andersen cascade impactor evaluation was performed for the aerodynamic evaluation of the
spray-dried powders and the distribution of the SPD nanocapsules was determined during the
aerodynamic assessment. The in vitro aerodynamic results calculated by the Inhalytix™
software are presented in Table 4, and the ED, FPF, and MMAD obtained indicated the DPI
performance. The ED percentages were remarkably high for all the formulations as were
obtained in the range of 69-80%. The co-spray-dried powders exhibited appropriate
aerosolization properties with an FPF of 19 to 32%, indicative of the proportion of the dose
delivered to the smaller airways (<5um). Similar FPF values for the low-resistance inhaler have
been reported for the Breezhaler® device, which was selected because of its suitability for use
in patients with a range of disease severities (Chapman et al., 2011). The breathing parameters
affect DPI airway deposition for this device, as shown for commercialized Onbreez
Breezhaler®, which presented sensitive changes of FPF, with values no higher than 36% for 90
L/min (r?=0.81) (Horvath et al., 2020). MMADs ranged from 4.2 to 5.8 um and were optimal
for depositing in the bronchi and alveoli (Carvalho et al., 2011). Spray-dried NCs redispersion
and size analysis confirmed the stability of colloidal systems during the drying process, as all
formulations were kept on the nano-range size fulfilling our aim. However, an increase of 2.8
and 2.3-fold was observed in the reconstituted 2.5 and 5% rifabutin-loaded NCs compared to
the nanocapsules before the spray-dried process. These changes in size were also reported in
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the development of mannitol spray-dried rifabutin-loaded solid-lipid nanoparticles (Gaspar et
al., 2017).
Table 4. In vitro aerodynamic properties of the mannitol spray-dried (SPD) powders at a ratio of 80/20. FPD:

Fine Particle Dose; FPF: Fine Particle Fraction (<5pum); ED: Emitted Dose; MMAD: Mean Medium Aerodynamic
Diameter. Data represent mean + SD, N=3 independent measurements.

- Andersen Cascade Impactor Dynamic Light Scattering
Spray-dried
powder FPF (%) FPD (mg) ED (%) '?3‘:;3 Size (nm) PDI Charge (mV)
SPD Blank NCs 32 + 10 1.8 +1 77 + 8 4.2+0.8 290 + 34 <0.4 19+6
SPD 1%
Rifabutin NCs 26+ 6 1.1+0.4 75 + 11 5.8+ 1.4 259 + 32 <0.3 18+7
SPD 2.5%
Rifabutin NCs 19+8 0.8 +0.6 69+25 5813 5641104 <0.6 19+2
SPD 5% 268 1.2:0.6 80:9 55:1.8 487:96  <0.7 14+3

Rifabutin NCs

Figure 13 illustrates the stage-by-stage deposition profiles of spray-dried rifabutin NCs in the
ACI after aerosolization. The use of mannitol improved the aerosolization of the nanocapsules
as they were successfully released from the capsule in large amounts. Spray-dried rifabutin NCs
were distributed mainly through the extra-thoracic region (63-79% of the total amount),
especially on the trachea (25-30%). However, the spray-dried powders reached the fourth stage
(15-18%), which corresponds to the bronchial area, as well as the alveolar region (1-9% of the
total amount).
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Figure 13. In vitro aerodynamic deposition of spray-dried, rifabutin-loaded protamine nanocapsules (NCs) in the
Andersen cascade impactor. Values represent mean+SD, N=3 independent measurements.

Particle size distributions were confirmed by the time-of-flight measurements using an
Aerosizer LD (Supplementary Figure 3). For all the samples, similar aerodynamic size
distributions were obtained for the whole set of experimental conditions with an average
diameter of 2.9 £1.9, 2.5 £2, 2.3£1.9 and 2.4+1.8 um with specific surface areas of 0.62, 0.48,
0.67 and 0.84 m?/g for blank, 1, 2.5 and 5% rifabutin protamine NCs, respectively. The slight
decrease in size when using this technique compared to the ACI analysis may be due to the use
of maximum shear pressure (Adi et al., 2006) which can cause a slight particle breakage
(Bennett et al., 2011). However, this shear is recommended for the analysis of size powders
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(<20 pm), being of 3 PSI with normal deagglomeration and a medium feed rate of 5,000 cts/sec.
Microscopy evaluation was performed to support the quantitative evaluation, and the size
distribution was corroborated by SEM photomicrographs (Figure 14), where the rifabutin
spray-dried NCs presented mainly a spherical shape with a homogeneous distribution, and we
could observe the nanosized active ingredient particles. The diameter of the spray-dried NCs
was measured with the Image-J program. The size range obtained was between 4.1 and 5.1 um
and was correlated with the results of the aerodynamic characterization.

Figure 14. Electron microscopy scanning images of blank (A), 1% (B), 2.5% (C), and 5% (D) rifabutin-loaded
protamine nanocapsules (NCs) after mannitol spray-drying process.

The inspiratory flow generated by the patient and the specific resistance of the device are the
two driving forces affecting DPIs. In the case of Breezhaler®, a low air-resistance device, its
low specific intrinsic resistance (Rp) of 0.060 (cm H20)%° [L/min] ~ ! requires a lower inhalation
effort (30 L/min or below), allowing for a greater flow rate. Breezhaler® PIF (peak inspiratory
flow rate) is achieved at 108 L/min and requires an inspiratory effort (AP) in the of about 4 kPa,
lower than Diskus®, Turbuhaler® or Handihaler® (Altman et al., 2018; Dal Negro, 2015;
Molimard et al., 2021). Tuberculosis results in impaired lung function, in the form of
obstructive lung disease or through reduced lung function, factors that may influence the
reduction in PIF (Chushkin and Ots, 2017). Therefore, a flow of 60 L/min was established
according to previous works in the field (Gaspar et al., 2017; Grenha et al., 2020; Mukhtar et
al., 2021) Considering a flow rate of 60 L/min, 4 s was established as time to achieve the normal
forced inhalation volume of an average sized male (4 L) (Momin et al., 2019). Following the
equation AP ¥2 = Rp Q (Tee et al., 2000), the inspiratory effort (drop pressure) generated at 60
L/min was found to be of 1.44 kPa, which could underestimate the real performance of the
Breezhaler®, comparing with drop pressure at PIF, which assures an optimal drug delivery to
distal airways. This could explain the emitted dose achieved, as small amounts of the DPI were
left in the capsule after the first inhalation. This could be improved with repeated inhalations to
ensure full dose delivery.

Finally, to provide a higher concentration in the extrapulmonary region, doses between 10-100
mg of drug are estimated as necessary in the treatment of tuberculosis, which is less than the
conventional oral/parenteral dose of the drug (Momin et al., 2018). Spray-drying technique
produces voluminous powders, limiting the amount in a single dose capsule. In this case, the
use of 4 capsules (type 3 hard gelatin) would allow to fill of around 1.82 grams of powder (1.52
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g/mL Aerosizer®, data not shown), equivalent to 30 mg of drug for 5% rifabutin protamine
nanocapsules. However, it is to be highlighted that drug activity in alveolar macrophages would
be required to establish the necessary dose of rifabutin, which we estimate to be far below the
theoretically calculated value.

4. CONCLUSIONS

In this study, the developed rifabutin-loaded protamine nanocapsules presented a high
encapsulation rate of the drug and have shown promising results on the improvement of
dissolution and permeability of the drug. The developed formulation is well tolerated by
alveolar macrophages and has a strong capacity to be internalized and activate them.
Furthermore, rifabutin-loaded protamine nanoparticles could be successfully incorporated in
microparticles by co-spray drying with mannitol for the obtention of a dry powder with
adequate aerodynamic properties. The developed ready-to-use pulmonary dry powder system
holds great promise for inhalable therapy of pulmonary tuberculosis. Future studies will be
required to evaluate the antibacterial efficacy of the systems developed after in vivo pulmonary
administration.
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CHAPTER V/ CAPITULO V

A bioinspired delivery platform for ocular nanotherapeutics

Abstract

Topical administration constitutes a challenge in the ocular delivery of biopharmaceutics.
Despite its easy accessibility, the eye is protected by extraordinary anatomical and
physiological barriers, causing the premature removal of nanocarriers, their enzymatic
degradation, and their elimination by immune cells. In this work, we developed an ocular
microneedle-like drug delivery platform based on natural pollen grains to enhance the
mucointeraction and the residence time of an antihistamine drug, for the topical treatment of
allergic rhinoconjunctivitis. First, purification of Helianthus annuus pollen grains was
performed, and then the obtained pollen microcapsules were associated with previously
characterized bilastine-loaded protamine nanocapsules. Toxicity, cell internalization, and
macrophage activation were evaluated in vitro. The analysis of the interaction of the developed
carriers with the ocular epithelium was carried out in an artificial 3D cornea model of the human
corneal epithelium and biocompatibility and physical irritation effects were evaluated upon
ocular instillation in rats. The developed pollen microcapsules preserved the original external
3D structure of the intact pollen grain but were free of its internal compounds and did not induce
immune cell activation in vitro or in vivo. Furthermore, preservation of epithelial integrity and
high tolerability were also observed both in vitro and after in vivo topical administration. Their
biocompatibility, allergen-free composition, and mucoadhesive properties make these pollen
microcapsules an interesting strategy to overcome the biological and mechanical barriers of
ocular drug delivery.

Graphical abstract

Mucosal administration

Hollow pollen microcapsules Nanocarrier-loaded microcapsules Ocular epithelium
Exceptional porosity High loading Mucoadhesion
Specific 3D morphology Improved biointeraction Multi-step release
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1. INTRODUCTION

The eye is the most common site of allergic inflammatory disorders. Allergic conjunctivitis is
the most frequent ocular allergy presentation, affecting 10-25% of the population's quality of
life. Seasonal or intermittent allergic conjunctivitis starts in childhood (>80% of individuals
before the age of 30 years) and it is usually accompanied by allergic rhinitis, causing redness,
itching, tearing, and swelling, as well as blurred vision, sensitivity to light, or even eye pain [1-
3]. As the ocular surface is highly exposed to pathogens and other foreign particles, there is a
basal immunological unresponsiveness state. This mucosal immune tolerance to ocular antigens
and pathogens is initiated by dendritic cells (DCs) in the anterior chamber, which activate Treg
cells inhibiting mucosal inflammation [4]. The anterior chamber of the eye is an immune-
privileged site, with an anti-inflammatory and immunosuppressive microenvironment [5].
However, during allergic inflammation, there is a breakdown of mucosal tolerance [4], and DCs
are recruited to the conjunctiva to initiate an adaptive immune response [6]. Allergic
rhinoconjunctivitis is an immediate IgE-mediated hypersensitivity (type 1) reaction [7], where
allergens are taken by antigen-presenting cells (APCs) and supplied to T cells, with consequent
activation of Thy response and production of IgE antibodies [7]. The interaction of these
antibodies to IgE receptors on mast cells and basophils leads to their degranulation and
histamine release, with subsequent allergic symptoms [8]. Effects of histamine are mediated
through the Hy histamine receptor, leading to calcium mobilization and inflammatory response
[9].

Bilastine is a histamine inverse agonist with a high affinity for Hi receptors [10] initially
developed by Faes Farma (Bilaxten®) and currently available as Ibis® (Menarini), Obalix®
(GSK) and as a generic drug and approved in more than 120 countries for the treatment of
allergic rhinoconjunctivitis through oral administration of 20 mg per day. It is characterized by
a fast onset of action and a prolonged effect compared with first-generation antihistamines and
no sedative properties, with an oral bioavailability of 60%, reduced to 30% when taken together
with food [11]. In this context, the use of topical eye drops containing antihistamines, mast cell
stabilizers, or corticosteroids is being developed to relieve eye symptoms, and ophthalmic
formulation of 0.6% bilastine are currently under investigation (clinical trials NCT03231969
and NCT03479307) [12]. Topical drug delivery for the treatment of conditions of the anterior
segment of the eye is a simple, non-invasive, and convenient route for local treatment, however,
the eye’s anatomy constitutes a challenge in the ophthalmic delivery of pharmaceutics [13].
Factors such as nasolacrimal drainage and tear fluid turnover limit the residence time of
ophthalmic formulations, which constitutes the major drawback for topical application.
Different ophthalmic delivery strategies as the use of nanocarriers using mucoadhesive
polymers such as PLGA [14], protamine [15], or chitosan [16] have emerged to interact closely
with ocular surface structures, resulting in increased concentration and longer retention of the
drug [17]. Other strategies, such the use of mucus penetrating particles (MPP) were reported
with a specific covalent or non-covalent coating that allows diffusion into mucus pores, by
minimizing adhesive interactions with mucin fibers. INVELTYS® is an ophthalmic suspension
approved by FDA using MPP technology (Kala Pharmaceuticals, Inc.) specifically indicated
for treating inflammation and pain following ocular surgery [18]. Besides, the development of
drug delivery systems that act as drug reservoirs prolonging their residence time and controlling
their release is becoming a key strategy for ocular drug delivery [19]. The use of microneedles
constitutes a minimally-invasive alternative in ocular administration, offering a long-term
localized drug delivery in the treatment of eye diseases [20]. Previously it has been proposed
that microneedle-like surface of pollen grains such as sunflower (Helianthus annuus) can
largely facilitate mucosal adhesion [21]. Pollen grains have been identified as a promising
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candidate for drug encapsulation and delivery [22] due to their chemically stable and
biocompatible biopolymer outer wall, the sporopollenin, which can be processed to create an
allergen-free hollow platform with a large inner cavity, which can serve as a drug delivery
vehicle that protects by encapsulating drugs [23]. Based in this previous information, in this
work, we explored the feasibility of encapsulating bilastine-containing polymeric nanocapsules
into hollow pollen platforms of H. annuus for ocular administration with improved
mucointeraction to allow efficient local delivery for the treatment of allergy.

2. MATERIALS AND METHODS
2.1. Materials

Low molecular weight protamine sulphate (LMWP 5 kDa, Yuki Gosei Kogyo, Ltd., Japan),
polyethylene glycol stearate 40 (PEGst 40, Croda Chemicals Europe Ltd., UK), sodium
glycocholate (SGC, Dextra Laboratories Ltd., UK), Miglyol® 812 (10l Oleo GmbH,
Germany), Bilastine Normon 20mg tablets EFG (Normon, Spain), Helianthus annuus pollen
(Control  Bio, Spain). 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine,  4-
chlorobenzenesulfonate salt (DiD) and medium Roswell Park Memorial Institute RPMI-1640
GIBCO® (Thermo Fisher Scientific, Spain), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), fetal Bovine Serum (FBS), Penicillin-Streptomycin-Glutamine
(PSG) and standard chemicals (Sigma Aldrich, USA), normal goat serum (Vector Laboratories,
Burlingame, USA), 6-diamidino-2-phenylindole (DAPI) (Molecular Probes, USA),
allophycocyanin (APC)-conjugated anti-human CD83 (CD83-APC), phycoerythrin (PE)-
conjugated anti-human CD80 (CD80-PE), (Miltenyi Biotec, Germany), anti-mouse CD4-FITC
(Tonbo Bioscience, USA), rabbit mab-TNFa and rabbit man anti-b catenin (Abcam, UK) mouse
mab-CamKII (Cell Signaling Technology, USA), Alexa Fluor 488 goat anti-mouse and Alexa
Fluor 594 goat anti-rabbit (Molecular Probes, USA), rabbit polyclonal anti-S100 (Dako,
Denmark) and fluorescent mounting medium (Dako®, Denmark), ketamine 100 mg/mL
(Imalgene®, Merial, France), xylazine 20 mg/mL (Rompun®, Bayer, Germany) and sodium
pentobarbital 200 mg/mL (Dolethal®, Vetoquinol, France).

2.2. Bilastine purification and characterization

Pure bilastine was extracted from commercial 20 mg bilastine tablets, after homogenization by
physical mixing and dissolution in a 1:1 (v/v) water: chloroform solution. The organic fraction
was collected and evaporated under vacuum at 150 rpm (Rotavapor R-300, Buchi, Switzerland)
and the solid powder was dried in a vacuum oven at 35-40°C to constant weight. Bilastine was
characterized by Hi-NMR spectrometry (Bruker BRX-500), Fourier Transform infrared
spectroscope (FTIR) (Thermo Nicolet AVATAR 330, Waltham, MA, USA) at 4 cm™
resolution at a range of 400-4000 cm ™ and X-Ray Powder Diffraction (XRPD) (Bruker AXS
GmbH, Karlsruhe, Germany). The Hi-NMR spectra was analyzed by NMR processing software
ACD/1D NMR Processor and XRPD and FTIR spectra were evaluated using OriginPro 2017
Spectragryph v1.2.16.1 software, respectively.

2.3. Preparation and physicochemical characterization of bilastine-loaded
protamine NCs

Bilastine-containing nanoemulsions (NEs) were prepared by the solvent displacement
technique following the procedure previously described and optimized by our group [24], by
adding 29.5 mg of Miglyol®812, 2.5 mg of SGC and 8 mg of PEGst-40 dissolved in 1.5 mL of
ethanol. Thereafter, 2.5 mg of bilastine (5% w/w) were dissolved in 0.975 mL of acetone and
were added over the ethanolic solution. The organic phase was immediately poured over 5 mL
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of water under magnetic stirring for 10 min. Then, the organic solvents were eliminated by
evaporation under vacuum in a Rotary Evaporator (Rotavapor R-300, Buchi, Switzerland), to
obtain NEs with a constant final volume of 5 mL and NEs were isolated by ultracentrifugation
(Optima™ L-90K, Ultracentrifuge, Beckman Coulter, USA) at 61,740 g, at 15 °C for 1 h and
resuspended in 1 mL of ultrapure water. Blank and bilastine-loaded protamine nanocapsules
(NCs) were prepared by changing the aqueous phase to a solution containing 0.15% wi/v
protamine.

The hydrodynamic diameter, polydispersity index (PDI), derived count rate, and zeta potential
values were measured by using a Zetasizer Nano-S (Malvern Instruments; Malvern, UK).
Bilastine-loaded NEs and protamine NCs were diluted 1:50 in ultrapure water (MilliQ®, Merck,
USA) before the measurement. Nanoparticle Tracking Analysis (NTA) was conducted using
the NanoSight 142 NS3000 system from Malvern Analytical Ltd. in Malvern, UK, and the NCs
were diluted (1:1,000) to ensure that their concentration fell within the measuring range of the
instrument (~10"- 10° particles/mL).

After coating the samples with iridium in an argon atmosphere, the morphology of the
nanocapsules (dilution 1:1,000) was examined using field emission scanning electron
microscopy (FESEM; Gemini-SEM, Zeiss, Germany).

2.4. Encapsulation efficiency and drug loading

The efficiency of encapsulation of bilastine was quantified using an Acquity UPLC H-Class
Plus system equipped with a C1g column (Waters symmetry 1.7 um, 2.1 x 50 mm). Throughout
UPLC analysis, 10 pL of each sample was injected and eluted with a mobile phase composed
of (A) methanol (B) acetonitrile, and (C) phosphoric acid buffer pH 2.1 in a ratio A:B: C
(21:33:46 v/v) based on a procedure previously described by Ashish S. Jain et al [25]. The
phosphoric acid buffer solution was prepared by adding 24.59 mM of sodium phosphate
monobasic hydrated (NaH2PO4H-0) and 75.40 mM of sodium phosphate dibasic heptahydrate
(Na2HPO4 7H20) in distilled water in a final volume of 800 mL and adjusting the pH to 2.1. A
standard stock solution was prepared by dissolving pure bilastine in a range of 0 and 25 pg/mL
in mobile phase, showing a correlation coefficient of R=0.9976. Isolated bilastine-loaded NCs
were digested in acetonitrile to extract the encapsulated bilastine in the NCs and they were
centrifuged twice at (Eppendorf 5430R®) at 12,000 g and 4°C for 30 min. Samples were filtered
by 0.22-micron syringe filters before UPLC measurement. The limit of detection (LOD) was
found to be 0.0544 ng/mL. and the Limit of quantification (LOQ) was found to be 0.1649
ng/mL. Suitability, linearity, precision, and specificity of the analytical method were also
evaluated. The retention time was 1.87 min. Bilastine quantification was performed at 278 nm,
with a 0.1 mL/min flow rate.

Weight of initial drug — Weight of free drug
X

neapsulation efficiency (EE%) Weight of initial drug 00
Drug loading (DL%) = Weight of loaded drug 100
rig foading o Weight of lipid core X

2.5. Stability studies

The colloidal stability of the nanocapsules before and after the freeze-drying procedure was
evaluated in vitro in water and Simulated Lacrimal Fluid (SLF) at 37°C, composed of 0.18%
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KCI, 0.63% NacCl, 0.006% CaCl.and 0.01% MgCl. (pH adjusted to 7.4) at 37°C [26] to mimic
the ocular environment after drop instillation.

For the freeze-drying process, blank and bilastine-loaded protamine nanocapsules were
lyophilized (Labconco Corp, USA) in the presence of 5% (w/v) trehalose as a cryoprotectant,
using different ratios and trehalose: nanocapsules (1:1, 2:1, 3:1, 4:1 and 5:1 v/v). Samples were
frozen in a freeze-drying glass vial at -80°C in a high vacuum atmosphere and they were
subjected to a drying step for 24 h. The freeze-dried formulations were resuspended with
ultrapure water to their initial concentration by vortexing. At different time points under
moderate shaking (0, 1, 3, 6, 8, and 24 h) and the evolution of mean particle diameter (nm),
PDI, and derived count rate were analyzed using Zetasizer Nano-ZS™ as previously described
(section 2.3). Stability under storage for 30 days at 4°C was also monitored. All experiments
were performed in triplicates. The nanoparticles process yield was calculated by gravimetry
following the equation:

; eld (Y%) = Weight of nanocapsules 100
rocess yie *’~ Theoretical weight of nanocapsules *

2.6. Obtention of H. annuus pollen platforms

Pollen of Helianthus annuus was treated in several washing steps to remove the external and
internal cellular components following a protocol developed by our group [23]. Briefly, pollen
was initially washed with water to remove the hydrophilic compounds. After that, the water-
washed pollen was washed with acetone to remove organic components. Once acetone-treated
pollen was obtained, it was resuspended with cyclohexane for the obtention of defatted H.
annuus sporopollenin microcapsules. Finally, for the obtention of hollow platforms, defatted
pollen was incubated with H3POg at a 1:10 ratio (w/v) at 70°C for 5 h. Acid-treated (hollow)
pollen was collected through filtration and washed with water until neutral pH and was
subsequently dried and stored in a desiccant chamber until needed.

2.7. Loading of bilastine protamine nanocapsules in hollow pollen microcapsules

Bilastine nanocapsules were loaded into H. annuus hollow pollen microcapsules under vacuum
(25 mbar) using a mass ratio of 1:1 (w/w) in a Rotary Evaporator (Rotavapor R-300, Buchi,
Switzerland) at 150 rpm, 37 °C for 30 minutes. For the determination of non-associated
nanocapsules, pollen vehicles were resuspended in water and centrifuged for 1 min at 15,000 g
at room temperature. Non-loaded nanocapsules were removed from the supernatant by using a
syringe and samples were filtered (0.22 pm-micron filters) and freeze-dried for 24 h using
(Labconco Corp, USA). All experiments were conducted in triplicate. Encapsulation efficiency
(EE%), loading capacity (LC%), and loading content (w/w) of pollen samples were calculated
by gravimetry using the following equations:

Nanocarriers associated

E lati ffici EE%) = 1
ncapsulation efficiency (EE%) Total of NANOCAITIors x 100

Loadine C ity (LCY%) = Mass of loaded nanocarriers 100
oading Lapacity o7 Mass of pollen platforms loaded with nanocarriers X

) Mass of loaded nanocarriers
Loading Content (w/w) = Mass of pollen platforms x100
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Nanocapsules internalization into H. annuus sporopollenin microcapsules was analyzed by
Confocal Laser Scanning Microscopy (CLSM, SP5 Leica AOBS-SP5, Leica Biosystems
Nussloch GmbH). Bilastine-loaded protamine NCs were labeled by incorporating 0.02 mL of
a DiD solution in ethanol (0.25% w/v) to the organic phase before NCs preparation, and its
physicochemical characterization was evaluated by DLS as described in Section 2.3., to confirm
that the dye did not alter the formulations and is suitable for the in vitro assays. CLSM
visualization was performed at DAPI-dye excitation Amax= 359 nm and emission Amax= 457 nm
and DiD-dye excitation Amax=640 nm and emission Amax= 675 nm. Natural fluorophores of
pollen were excited at Amax=405 nm, 492 nm, and 561 nm, and collected with emission filters
Of Amax= 414-479, 505-554, and 571-635 nm [27].

2.8. In vitro release studies

In vitro dissolution studies were performed in SLF to evaluate the release kinetics of bilastine
from the nanocapsules and the H. annuus pollen microcapsules. A suspension of nanocapsules
containing 4 mg of loaded pollen microcapsules (equivalent to 250 pg of bilastine) was
dispersed in 10 mL of SLF at 200 rpm up to 24h at 37°C. 1 mL of the dissolution medium was
collected into microcentrifuge tubes (Eppendorfs®) at time intervals of 30 min, 1, 2, 3, 4, 6,
and 24 h, and centrifuged at 7,500 g during 1 min at RT, filtered (0.22 pum-micron filters) and
the supernatant was analyzed spectroscopically by using a UV-visible spectrophotometer
(FLUOstar Omega, BMGLabtech, Germany) at a wavelength of 278 nm. An equal volume of
fresh SLF was added to replace the withdrawn volume. A calibration curve was constructed
from standard solutions of bilastine diluted in SLF over the concentration range of 0—50 pg/mL.
y=0.0075x — 0.0112 (R=0.9825). All experiments were conducted in triplicate. The Kinetics
of the in vitro drug release were evaluated by fitting to Zero order, First-order, Higuchi, and
Korsmeyer—Peppas models to understand the drug release mechanism.

2.9. In vitro cytotoxicity studies

The cytotoxicity of the developed bilastine-loaded protamine NCs in suspension or loaded into
H. annuus hollow pollen platforms was evaluated using MTT reduction, a soluble tetrazolium
dye converted by viable cells into insoluble formazan. 200 ul of non-adherent human
monocyte-like THP-1 cells were seeded in a 24-well plate at 2.3x10° cells/mL in RPMI culture
medium, supplemented with 10% inactivated fetal serum bovine, 100 units/ml of penicillin G
(sodium salt) and 100 pg/mL of streptomycin sulfate. Cells viability was assessed after 24 h of
cell incubation with 200 pL of different concentrations of blank and bilastine-loaded
nanocapsules (1, 0.5, 0.25, and 0.1 mg/mL), hollow pollen microcapsules and bilastine NCs
loaded into hollow microcapsules (1, 0.5, 0.25 and 0.1 mg/mL of NCs), considering a loading
ratio of pollen: NCs of 1:1 (w/w). Non-treated cells were used as control. Then, cells were
centrifuged (5 min 1,000 g at room temperature), the medium was replaced by 0.05% MTT in
PBS, and cells were incubated for 4 h at 37°C in darkness in a 24-well plate. After that time,
MTT solution was discarded by centrifugation (5 min 1,000 g at RT), and cells were transferred
to a 96-well plate. Formazan crystals were dissolved by the addition of 0.04 N HCI in
isopropanol. Absorbance was measured at 570 nm using a microplate reader (Synergy H1
Hybrid Multi-Mode, BioTek, Winooski, VT, USA). All MTT assays were performed in
triplicates.
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2.10. Quantitative nanocapsule uptake

Coverslips previously treated with Poly-L-Lysine for cell adhesion were placed in a 6-well plate
and 1x10° cells were added to each well. The different formulations (DiD bilastine-loaded NCs,
hollow sporopollenin microcapsules, and DiD bilastine-loaded NCs-loaded into pollen
microcapsules) were incubated with the THP-1 cells at a final concentration of 0.1 mg/mL
during 24 h at 37°C and 5% CO,. After this time, formulations were removed, and cells were
fixed with 4% paraformaldehyde (PFA) for 20 minutes at room temperature. Subsequently,
cells were washed 3x with PBS pH 7.4 and samples were mounted in glycerol. Bilastine-loaded
nanocapsules internalization in THP-1 cells was evaluated by Confocal Laser Scanning
Microscopy (CLSM, SP5 Leica AOBS-SP5, Leica Biosystems Nussloch GmbH). Non-treated
cells were used as control. Fluorescence measurements were analyzed by LAS X Life Science
Software as previously described in section 2.7. The percentage and fluorescence intensity of
internalized bilastine-loaded NCs was quantified by flow cytometry analysis (BD
FACSCalibur™, Becton Dickinson) after THP-1 cells incubation with the bilastine-loaded
formulations for 24 h. Cells were washed (1,000 g, 5 min at room temperature) and filtered
through 20 pm cell strainer filters (PluriStrainer mini®) to remove excess of NCs and NCs
loaded pollen microcapsules and resuspended in PBS pH 7.4 before flow cytometry analysis
and were analyzed by Flowing Software 2.5.1 (Cell Imaging Core, Turku Bioscience).

2.11. Immune cell activation

Non-adherent THP-1 cells were seeded in a 24-well plate at 37 °C and 5% CO and incubated
with the different formulations (blank and bilastine-loaded nanocapsules, hollow pollen
microcapsules, bilastine NCs loaded into pollen microcapsules and bilastine). After 24h, cells
were washed (1,000 g, 5 min at room temperature) to remove excess of NCs and resuspended
in PBS pH 7.4 (100 pL/well). Staining with the different antibodies (CD80-PE and CD83-APC)
was carried out for 25 min at room temperature in darkness. Then, 1 mL of PBS pH 7.4 was
added and cells were centrifuged to remove unbound markers (1,000 g, 5 min at room
temperature), and resuspended in a final volume of 0.5 mL of PBS before flow cytometry
analysis. The studies were carried out in triplicate. CD80/CD83 antibody expression was
analyzed by Flowing Software 2.5.1. Non-treated cells were used as a negative control and cells
treated with lipopolysaccharide (LPS) at 1 pg/mL were used as a positive control.

2.12. In Vitro 3D corneal epithelium integrity assay

An artificial 3D cornea ephitelium model (QobuR-Reconstructed human Corneal Epithelium
[28, 29]) was performed from the human sclerocorneal limbus stem cells. Cells were seeded in
1.12 cm? poluester cell culture inserts with serum-free medium at standard culture conditions
and were maintained with medium contacting both the apical and basolateral sides. At
confluence, the medium was removed from the apical side and the cells were exposed to an air—
liquid interface to stimulate tissue maturation for a week. Formulations of hollow pollen
microcapsules, DiD-labeled bilastine NCs loaded pollen microcapsules, and DiD-labeled
bilastine NCs were incubated with the QobuR models at 1 mg/mL for 4 h at 37°C and 5% COs..
To analyze the morphology and integrity of the epithelial barrier in the QobuR-RhCE models,
samples were fixed in 4% (w/v) buffered paraformaldehyde for 1 h at RT and cryoprotected in
30% (w/v) sucrose. Membranes were isolated from the insert, embedded in Optimum Cutting
Temperature compound (OCT) (Tissue-Teck® Sakure, Japan) compound and snap frozen in
liquid Nitrogen. Transversal sections of 10 um were obtained using a by cryostat microtome
(Microm HM550 cryostat, Microm International GmbH) and collected on microscope slides.
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3D sections were washed with distilled water for 20 minutes to remove the OCT compound.
Then, excess water was removed, samples were washed with PBS-Triton 0.03% (3x10 min)
then, they were incubated with primary antiserum Rb mab B-Catenin E247 (1:200) in 10%
normal goat serum for blocking non-specific binding and PBS-Triton x100 0.03%) for 24 h in
a humid chamber at RT. Next, all sections were washed in PBS (3x10 min) and incubated with
the polyclonal secondary antibodies Alexa Fluor 488 goat anti-rabbit (1:500) for 2 h ar TR and
protected from light. After 3 additional PBS washes, cell nuclei were counterstained with DAPI
(2 pg/mL) for 10. 3D epithelium models morphology was was evaluated under a Leica DM
6000 fluorescence microscope and DiD-labeled NCs internalization was analyzed by using a
Thunder microscope (Leica Microsystems, GmB) and the LAS X Life Science Software (Leica
Microsystems), at DiD-dye excitation at Amax=640 nm and emission at Amax= 675 nm and
Alexa Fluor 488, with excitation at Amax=490 nm and emission at Amax= 520 nm.

2.13. Invivo ocular distribution and immunohistological analysis

Wistar rats (weighing 250-300 g) were used to evaluate the ocular tolerance and distribution of
protamine NCs and NCs loaded pollen microcapsules. 20 pL samples (1 mg/mL) were topically
instilled onto the ocular surface and they were examined for signs of ocular irritation. Untreated
rats were used as control. The presence of animal discomfort, symptoms, and signs was
evaluated according to the guidelines for ocular irritation testing (OECD TG 405 [30]).
Formulations were maintained in the ocular surface for 30 minutes and then rats were
anesthetized intraperitoneally with Ketamine (Imalgene®, 100 mg/mL) and Xilacine
(Rompun®, 20 mg/mL), ratio 80:20 and intracardiac euthanized with sodium pentobarbital
(200 mg/mL). The eye tissues (ocular globe and eyelids) were eviscerated and fixed with 4%
formaldehyde overnight, washed in 0.1 M PBS pH 7.4, and cryoprotected with 30% (w/v)
sucrose solution. Eyes were embedded in the OCT compound and frozen in isopentane. For
immunohistological analysis, transversal sections of 10 um were obtained using a cryostat
microtome and collected in microscope slides. Slides were washed with distilled water for 20
min to remove the OCT compound. Then, excess water was removed, and samples were washed
with PBS-Triton 0.03% (3x10 min). They were divided into two groups, and they were
incubated with primary antiserum. The first group was stained with primary antibodies anti-
mouse CD4-FITC, and rabbit polyclonal anti-S100 (1:400), and the second group with rabbit
mab TNFa (1:200) and mouse mab CamKII (1:200), both in 10% normal goat serum for
blocking non-specific binding and triton X100 0.03%) during 24 h in a humid chamber at RT.
Subsequently, all sections were washed in PBS pH 7.4 (3x10 min) and incubated with the
polyclonal secondary antibodies Alexa Fluor 488 goat anti-mouse (1:500) for primary CAMKII
and Alexa Fluor 594 goat anti-rabbit (1:500) for primary S100 and TNFa for 2 h protected from
light at RT and washed again with PBS (3x10 min). Finally, cell nucleus staining was
performed, using DAPI (2 pug/mL) solution for 10 min. The expression of activation markers
was compared with the expression induced by defatted pollen (positive control). Samples were
mounted with Dako Fluorescent Mounting Media and stored at -20°C until use. Sections were
visualized under a Leica DM 6000B fluorescence microscope (Leica Microsystems, Wetziar,
Germany) using LAS X software (Leica Microsystems) at Alexa Fluor 488 (Aex=490 nm and
Aem= 520 nm), Alexa Fluor 594 (Aex=590 nm and Aem= 617 nm) and FITC (Aex=490 nm and
Aem= 525 nm).
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Statistical analysis

The statistical significance of the difference between the means was determined by GraphPad
Prism 8. All data are shown as mean+SD and one-way and two-way analyses of variance
(ANOVA) were performed to compare multiple independent groups. Differences were
considered statistically significant at P<0.05.

3. RESULTS AND DISCUSSION
3.1. Bilastine purification and characterization

Bilastine (C2sH37N303, molecular weight 463.6 g/mol) is a second-generation antihistamine, a
histamine receptor antagonist, developed by Faes Farma in 2011 and approved by the EU for
oral administration of 20 mg for the treatment of allergic rhinoconjunctivitis and urticaria [31].
In this work, we developed a method for preparing a bilastine crystalline form, using chloroform
as the isolation solvent. To characterize the obtained product, Hi-NMR analysis (Figure 1) was
recorded from 0 to 10 ppm using a proton NMR spectrometer and the bilastine spectra was
confirmed as previously reported for the development of an alternative synthesis of bilastine
[32]. The typical bilastine signals were detected at & ~7.11 and 7.32, corresponding to Hi1 and
Hui3 protons of the benzene rings, which is fused to an imidazole ring, the signals at 6 ~2.23,
3.36, and 3.38 which correspond to Hs, Hs, and Hs of piperidine, respectively, and the signal at
& ~1.40 of the Hz from the metilpropanoic acid.
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Figure 1. H;-NMR (400 MHz, D,0) spectra and integration peaks of purified bilastine and its respective chemical
structures. All chemical shifts are expressed as & in parts per million (ppm).

Previous studies describe three bilastine polymorphs, I, Il, and 111, where the active substance
with pharmacological activity corresponds to polymorph I. FTIR spectra (Figure 2A) of the
purified bilastine showed strong characteristic intensity bands at 2970, 1509, 1459, 1121, and
742 cm® in the infrared spectrum [33] as well as medium and strong intensity bands in the
functional group region at 2929, 2883, 2857 (N-H, C-H) and 1667 cm™ (C=0) as well as in the
fingerprint region at 1481, 1431, 1346, 1326 cm™ (C-N, C-C) typical from polymorph I of
bilastine, and not observed in polymorphs Il and 111 (EP1505066).
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Figure 2. (A) FTIR spectra and (B) XRPD spectra of bilastine.

The XRPD spectra (Figure 2B) confirmed the presence of polymorph | as described in
WQ02014/026657, the stable form and with pharmacological activity, with the characteristic
absorption peaks at 2 Theta relative intensity at 10.66 (31.65%), 11.36 (80,86%), 12.57
(34.83%), 14.20 (24.41%, 15.16 (35.23%), 16.36 (38.93%), 17.25 (100%), 17.49 (20.33%),
18.98 (59,76%), 19.81 (56.74%), 19.92 (28,86%), 21.24 (34.52%) and 22.79 (19.29%).

3.2. Preparation and physicochemical characterization of bilastine-loaded NCs

Despite eyedrops representing 90% of the marketed formulations for anterior or intraocular eye
pathologies [34], at present, bilastine is only available orally because of its poor water solubility
(<0.5 mg/mL in the pH range of 5-8), which hinders the creation of acceptable pharmaceutical
methods for administering these compounds in liquid form (EP3170817A1). The development
of nanocapsules allows to increase the ocular permeation of lipophilic drugs through the corneal
epithelium and improves bioavailability, which is limited by the precorneal clearance, a
challenge in the ocular delivery of therapeutics [35]. As bilastine is soluble in organic solvents,
nanoemulsions (NEs) containing bilastine were initially formed using the polar solvent acetone
as the internal phase to evaluate the drug association and to subsequently develop protamine
nanocapsules. The use of liquid lipids such as Miglyol® has been used in topical ophthalmic
formulations due to their good ocular tolerance [36]. Further, a partition coefficient of greater
than 1 is considered adequate to permeate the corneal epithelium, and Miglyol® showed a
partition coefficient of n-octanol/water > 8 (pH 6.2) [20]. In addition, the use of non-ionic
surfactants such as polyethylene-glycol (present in PEGst-40) with low toxicity and irritancy,
disperse the oil in the aqueous phase and enhance formulations stability, while sodium
glycocholate confers penetration enhancing properties to the delivery system [37]. As shown in
Table 1, bilastine NEs showed a hydrodynamic diameter of around 200 nm with a pH of 6.6 =
0.3 and a greater polydispersity index.

180



Chapter V

Table 1. Physicochemical characterization, association efficiency (AE), and Drug Load (DL) of non-loaded and 5%
bilastine loaded nanoemulsions (NEs) and protamine nanocapsules (NCs). Particle size and polydispersity index
were obtained by dynamic light scattering. Data represent mean + SD, N=3.

Formulation Size (nm) PDI  ZP (mV) AE (%) DL (%)
Bilastine-loaded NEs 200 + 52 0.2 “11+6 12+ 4 0.7
Blank protamine NCs 209+ 9 0.1 119 - -

Bilastine-loaded protamine

NCs 196 + 10 0.1 11 12+2 0.6

The use of a cationic polymer shell can enhance mucoadhesiveness and interaction of delivery
carriers with the ocular surface, improving its corneal penetration [38, 39], so cationic
polypeptide protamine was selected due to its wide use in oral, nasal, or transdermic delivery,
high biocompatibility and permeation enhancer properties [40]. The developed bilastine-loaded
protamine NCs showed a homogeneous mean size in the range of 200 nm and a narrow size
distribution (PDI1<0.2). The entrapment of the antihistaminic drug bilastine into the oily core
did not influence the size of protamine nanocapsules, with encapsulation efficiency values up
to 12%, and a neutral surface charge when the drug was included in the oily core of the
nanocapsules. The zwitterionic character of bilastine, ionized at physiological pH with a zero
net charge, can influence the final surface charge of the NCs, since it is reduced in comparison
to the non-loaded NCs. Bilastine-loaded protamine NCs showed an appropriate pH (6.9 + 0.4)
for ocular delivery which is considered acceptable in a range between 6.8-8.2, as high or low
pH are not tolerated well by the eye [17, 34]. FESEM and STEM micrographs of bilastine-
loaded NCs confirmed their spherical shape (Figure 3), and NTA analysis further corroborated
DLS and FESEM data, and found similar sizes between 145 and 161 nm, slightly smaller than
those measured by DLS, and a homogeneous population with a particle concentration between
1-2 x107 particles/mL.
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Figure 3. Scanning electron microscopy (A and C) and transmission (B and D) images of blank (A and B) and
bilastine loaded protamine nanocapsules (NCs) (C and D). Scale bars are indicated in each image (50 Kx). (E)
particle size distribution by nanoparticle tracking analysis of blank and bilastine loaded nanocapsules. Orange
arrows point out the protamine NCs.

3.3. Stability studies

The robustness of the freshly prepared bilastine-loaded protamine NCs was confirmed after
stability evaluation, which was maintained for at least 30 days at 4°C in dispersion with a minor
increase in size and polydispersity index, of great interest in the development of eye drop
formulations (Figure 4A). Additionally, the stability of the NCs after lyophilization was
evaluated using trehalose as the preferable cryoprotectant due to its less hygroscopicity, low
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chemical reactivity, and capacity to interact with nanoparticles and form hydrogen bonds [41].
Reconstituted protamine nanocapsules showed good stability in the presence of trehalose 5%
[42] as they maintained their nanometric size when the ratio trehalose: nanocarrier 4:1 and 5:1
was used (Figure 4B). The particle size and degree of dispersion gradually decreased as the
amount of trehalose increased, stabilizing from the 4:1 ratio onwards. The ocular administration
of drugs strict conditions of sterility, pH, and isotonicity, as well as, in most cases, the addition
of preservatives to maintain their properties. This latter has been associated, with the
appearance of hypersensitivity and other undesired side effects [8, 34]. Therefore, the
conservation and storage of NCs in lyophilized form, in addition to simplifying logistics, would
avoid the use of preservatives, allowing for extemporaneous reconstitution of the product as a
sterile suspension for topical instillation to the eye.
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Figure 4. (A) Stability of blank and bilastine loaded protamine nanocapsules (NCs) one month under storage at
4°C in suspension by dynamic light scattering and (B) stability of reconstituted 5% bilastine loaded protamine NCs
after different trehalose ratio addition. Size=Bars, PDI=Dots. Data represent mean + SD, N=3 independent
measurements.

We also evaluated the stability of bilastine nanocapsules upon contact with simulated lachrymal
fluid by monitoring blank and bilastine-loaded protamine NCs size and PDI for 24 h (Figure
5). The size remained constant upon contact with lachrymal fluid for up to 8 h, both for freshly
prepared and freeze-dried and reconstituted formulations. While the size and polydispersity of
blank protamine nanocapsules remained stable, the size of the freeze-dried reconstituted
bilastine-loaded nanocapsules increased gradually over time, however, nanometric size was
maintained in all cases for time periods far exceeding tear film turnover and expected residence
times. Overall, the remarkable stability observed both under different storage conditions and in
biorelevant media, as well as the satisfactory yields achieved (56 + 8 %) confirm the suitability
of the developed nanocarriers for ocular applications.
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Figure 5. Stability of blank and bilastine loaded protamine NCs in suspension, freshly prepared and after
lyophilization in (A) water and (B) simulated lacrimal fluid. Bars represent size (nm), and dots represent derived
count rate (kcps). Data represent mean + SD, N=3 independent measurements.

3.4. Purification of H. annuus pollen microcapsules

Pollen microcapsules were obtained from H. annuus (sunflower), from the Asteraceae family,
with a diameter of approximately 35 um and an echinate and tricolporate structure. Initially,
pollen was processed to obtain completely purified pollen microcapsules with a nanoporous
surface and an empty inner cavity [16], with the preservation of the structural integrity of the
sporopollenin wall. Pollen allergies vary depending on the species and its dispersion capacity,
and studies on Corylus avellana and Betula pendula pollen have shown to damage tear film
components and attack ocular surface cells [43], while Ambrosia artemisiifolia has shown
allergic potential causing rhinoconjunctivitis [8]. Even though allergies are not common for
Asteraceae family [44] and in the case of sunflower pollen, there is no substantial biochemical
evidence on their allergenic potential [45]. The developed protocol pollen has been chemically
purified to remove allergenics compounds as proteins, the native biomolecules that cause
allergies [46], creating clean and intact hollow microcapsules. After the performed purification
protocol, the protein content of the H. annuus pollen was determined by elemental analysis and
decreased from ~33 wt% to 4.4 wt%, which successfully confirmed their removal and non-
allergenicity [16], ensuring its safe use for drug delivery applications.

3.5. Loading of bilastine protamine nanocapsules in hollow pollen microcapsules

The vacuum-assisted loading method [47, 48] and a 1:1 (w/w) ratio of drug-to-pollen loading
[49, 50] have previously demonstrated higher encapsulation efficiency compared to other
strategies for encapsulating substances in hollow pollen microcapsules. Table 2 shows a high
encapsulation efficiency of bilastine protamine NCs into hollow pollen microcapsules (71%),
and similarly high loading capacity (74%). BSA encapsulation into H. annuus encapsulating by
using a vacuum-based loading process also reported similar encapsulation efficiency (65.7% +
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1.8%), which was attributed to the external force provided by vacuum, in addition to the passive
uptake during the natural pollen rehydration process [51].

Table 2. Encapsulation efficiency (EE%), loading capacity (LC%), and loading content of H. annuus hollow pollen
microcapsules with 5% bilastine nanocapsules (NCs) by vacuum at mass ratio 1:1. Data represent mean + SD, N=3
independent measurements.

. Encapsulation Loading Loading . o
Formulation Efficiency (%)  Capacity (%)  Content (w/w) Yield (%)
>% Bilastine NCs- 71.8 + 11 741 £ 11.9 0.72 + 0.11 48.6+3

loaded pollen platform

Scanning electron analysis (Figure 6) of the pollen microcapsules after their loading with
bilastine protamine NCs confirmed the presence of the nanocarriers on the external surface of
the pollen vehicle. Bilastine-loaded nanocapsules showed a rough monolayer arranged on the
sporopollenin surface, which partially covered the nanopores of the pollen wall, and completely
visible in the hollow pollen after its purification process. However, the loaded pollen
microcapsules still exhibited well-defined spikes with uniform size, thus preserving the initial
structural and morphological features of the pollen grain [52], responsible for their adhesion to
mucosal surfaces. . The use of phosphoric acid in the production of sporopollenin microcapsules
from natural pollen grains introduced ionizable groups such as carboxylic acid and carboxylate
salt onto their surface, leading to a negative surface charge [53]. Sporopollenin interfacial
properties could promote the interaction with the developed nanocapsules via electrostatic
interaction, and their surface adsorption due to the positive character of the arginine-rich
polymeric shell of the protamine nanocapsules.

Figure 6. Scanning electron microscopy images of (A) hollow Helianthus annuus sporopollenin microcapsules and
(B and C) H. annuus sporopollenin microcapsules loaded with bilastine protamine NCs. The orange arrows point
to the NCs on the zoom-in image (C).

The successful association of the bilastine-loaded nanocapsules to H. annuus sporopollenin
microcapsules was further confirmed by confocal microscopy (Figure 7). The vacuum reduced
the pressure in the pollen cavity, causing the NCs suspension to be drawn inside the pollen
vehicle. Fluorescent DiD-labeled NCs were observed inside the sporopollenin (Figure 7C and
D) microcapsules, in contrast with the absence of red fluorescence in empty pollen
microcapsules (Figure 7A and B).
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Figure 7. Non-loaded sporopollenin microcapsules (A and B) and DiD-labeled bilastine loaded protamine (NCs)
encapsulation into hollow H. annuus pollen microcapsules (C and D) by Confocal Laser Scanning Microscopy
compared. DiD dye (red channel, B and D) Excitation Amax=640 nm, Emission Amax= 675 nm; Pollen (green channel,
A and C) Excitation Amax= 405, 492, 561 nm, Emission Amax= 414-479, 505-554 and 571-635 nm. The scale bar
represents 30 pm.

3.6. In vitro release studies

To assess the suitability of pollen microcapsules for bilastine delivery, we conducted in vitro
release studies in simulated lacrimal fluid, comparing the behavior of bilastine-loaded NCs and
bilastine NCs-loaded pollen microcapsules over a 24 h period. As shown in Figure 8, the
developed protamine nanocapsules exhibited a biphasic pattern, with a fast initial release of the
drug, with values around 80% after 6 h followed by a sustained release and reaching a total
bilastine release after 24 h, as also reported for insulin from protamine NCs in simulated
intestinal fluid at pH 6.5 [37]. However, in the bilastine NCs loaded pollen microcapsules,
during the first 6 h the drug was initially released at a faster rate and gradually slowed down
over 24 h, with a cumulative percentage of free drug of 64 £ 2 % during the evaluated period.
The drug release from the NCs encapsulated in the pollen microcapsules was slower compared
with the non-encapsulated NCs due to their accumulation and retention inside the pollen
microcapsules and slower diffusion from the nano-channels of the pollen wall to the lacrimal
fluid. This could be related to the selected vacuum-assisted loading method, which resulted in
the internal encapsulation of the NCs as well as their external association with the surface of
the pollen platforms, as previously described in section 3.5. Bilastine- loaded protamine NCs
adsorbed on the surface of H. annuus pollen microcapsules were rapidly released into the
simulated lacrimal medium, while drug-loaded protamine NCs trapped inside the pollen
platforms exhibited more controlled release behavior. Although there are no studies analyzing
drug or nanocarrier release pattern from pollen platforms in simulated lacrimal fluid, studies
have reported greater release profiles at neutral pHs, such as simulated intestinal fluid,
compared to acidic pHs like simulated gastric fluid, where the release was found to be more
delayed [54, 55]. The obtained cumulative bilastine release was slightly higher than that
reported for other drugs as paracetamol from Platanus orientalis pollen microcapsules, of 56%
within 24 h when the release was performed in the same pH conditions (PBS pH= 7.4) [56].
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Figure 8. In vitro bilastine release in simulated lacrimal fluid from the developed protamine NCs and NCs loaded
into hollow H. annuus hollow sporopollenin microcapsules.

Different kinetic models were used to evaluate the drug release pattern of NCs-load pollen
platforms in this study. DDSolver software was used to analyze the data and determine the
coefficient of determination (R?), adjusted R?, and Akaike Information Criterion (ACI) for each
model. The best-fitted model was selected based on these parameters. Based on the results
presented in Table 2, the Korsmeyer-Peppas model was found to be the best-fitted model for
bilastine release from NCs, which explains drug diffusion from a polymeric matrix. On the
other hand, it can be concluded that the accumulative release of bilastine from the NCs, loaded
pollen microcapsules, followed Fickian diffusion (n< 0.5) after the initial burst phase and the
Higuchi model was found to be the best approximation for the release data, also reported for
paracetamol release in the same pH conditions [56].

Table 2. Kinetics of bilastine-loaded NCs and bilastine NCs loaded into H. annuus sporopollenin microcapsules.

Parameters  Zero-order 1" order Higuchi Ko;sergsgser-
R’ 0.7419 0.9437 0.6693 0.9692
Bilastine-loaded adj R’ 0.7419 0.9437 0.6693 0.9539
protamine NCs AIC 56.6137 35.9690 46.6215 18.0425
33.4354
K 5.5532 0.3360 26.9962 = 0.6866
L R’ 0.0643 0.5187 0.7822 0.7401
Bilastine NCs adj R 0.0643 0.5187 0.7822 0.6751
sporopollenin AIC 49.3693 44.5969 39.8485 19.6174
microcapsules K 3.2638 0.0753 15.5335 12.7506
n=0.3221

3.7. In vitro cytotoxicity evaluation

The interaction between protamine NCs, pollen microcapsules, and the biological environment
was analyzed in vitro by the MTT assay to ensure both efficacy and safety of the developed
formulations. THP-1 leukemic promonocytic cell line is used as a model for human monocytes,
which transform into cytokine-producing inflammatory cells in response to pathogens or
inflammation [57]. We evaluated the biocompatibility of the protamine nanocapsules and
pollen platforms with THP-1 cells by analyzing their recognition and activation. As shown in
Figure 9, THP-1 cellular viability remained high for 0.1 mg/mL for both blank NCs (79 + 8%)
and bilastine-loaded NCs (88 + 8%). Conversely, the administration of bilastine NCs-loaded
pollen microcapsules showed lower cell viability values, regardless of the NCs concentration,
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as similar values were obtained by increasing the NCs concentration up to 0.5 mg/mL. The
ECso value was determined to be 229 pg/mL for hollow pollen microcapsules and 856 pg/mL
for bilastine NCs loaded pollen microcapsules after 24 h of treatment.

Blank Protamine NCs

Bilastine Protamine NCs
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Hollow pollen
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Figure 9. In vitro evaluation of the effect of the developed blank, bilastine-loaded protamine nanocapsules (NCs)
and pollen-loaded prototypes on the viability of THP-1 cells. Data represent mean + SD, N=3 independent

measurements.

On the one hand, bilastine encapsulation into protamine NCs does not affect its toxicity, as no
changes were observed in the viability of the monocytes. On the other hand, due to their
dimensions, pollen microcapsules are rapidly deposited over the cell monolayer in these static
in vitro conditions. This direct contact could cause greater cellular stress than NCs, that
remained suspended in the medium for a long period of time (see Section 3.3).

Similar cell viability values (60-80%) were reported for other pollen-based microcapsules as in
the case of B. pendula (with microechinate, regulate surface) pollen microcapsules at 0.1
mg/mL, [58], while cell viability values over 90% were reported for L .clavatum (reticular
microstructure and ornamentation) [59] and P. dactylifera [60] (with a “psilate”/smooth
surface) pollen microcapsules. This indicates that pollen morphology and surface
ornamentation could influence pollen-cell interaction and thus, the final cellular viability.
Finally, it is important to mention that the apparently increased viability observed in the loaded
pollen microcapsules compared with the hollow microcapsules could be attributed to the
different density between both platforms. Although the concentration of established pollen was
the same in both cases, the loaded platforms showed a higher density as the inner core was
partially filled with bilastine protamine NCs, resulting in a decrease in the final number of the
administered pollen vehicles (2 x 10° grains/mg) compared with hollow vehicles (2.45 x 10°
grains/mg) and ultimately impacting cell viability.

Taken together these findings, we established a NCs concentration of 0.1 mg/mL as well-
tolerated for the subsequent evaluation of NCs internalization and immune cell activation.

3.8. Nanocapsules uptake by immune cells

We evaluated the recognition of bilastine NCs and bilastine NCs loaded pollen platforms by
antigen-presenting cells using fluorescent DiD-loaded protamine NCs. The results indicated
that the size of these fluorescent particles was consistent with previous reports. DiD-labeled
bilastine NCs presented a nanometric size (162 = 3 nm), low disperstiy (PDI <0.1), and positive
surface charge of 6 £ 3 mV. The DiD-labeled bilastine NCs were subjected to a qualitative
evaluation by CLSM upon incubation with THP-1 cells for 24h. Figure 9 confirmed the NC's
internalization (Figures 9C and D) compared with untreated cells (control). This internalization
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could be explained due to the mucoadhesive character of arginine-rich biomaterials as
protamine (<70% of arginine in its structure) presenting a great potential to interact with cells
and biological membranes [61] producing in this case, efficient NCs uptake by THP-1 cells.

A C E G

Figure 10. Cellular internalization of DiD-labeled bilastine nanocapsules (NCs) In THP-1 cells. Merged bright-field
(upper row) and fluorescent confocal images (bottom row) acquired for A and B: THP-1 cells, C and D:
nanocapsules, E and F: hollow pollen microcapsules, G and H: DiD bilastine NCs loaded into hollow pollen
microcapsules. DiD dye (red channel) Excitation Amax=640 nm, Emission Amax= 675 nm; Pollen (green channel)
Excitation Amax= 405, 492, 561 nm, Emission Amax= 414-479, 505-554 and 571-635 nm. The scale bar represents

30 pm.

On the other hand, as shown in Figure 9E-H, both hollow and bilastine NCs-loaded pollen
microcapsules exhibited adhesion to THP-1 cells, resulting in the efficient internalization of
bilastine NCs into the cells and their distribution within the cytoplasm. Previous studies have
demonstrated that physical characteristics of particulate structures such as native ragweed
pollen (Ambrosia artemisifoliia), with a size of around 17 micrometers and surface architecture
similar to that of H. annuus pollen, play a crucial role in their phagocytosis by mouse
macrophages and dendritic cells without triggering an allergic response (IgE secretion) [62].

Flow cytometry (Figure 11) was used to quantify the percentage of DiD-labeled bilastine-
loaded NCs uptake. Control histograms of untreated cells were compared with those of THP-1
cells treated with free or bilastine NCs-loaded pollen vehicles after 24 h. The results indicated
that NCs internalization occurred in over 96% of the cells for bilastine-loaded protamine NCs,
while in the case of bilastine NCs loaded pollen platforms, the percentage of NCs internalized
cells was 6.6%. However, after evaluating the Mean Fluorescence Intensity (MFI), the
internalization of bilastine-loaded protamine NCs was found to be 4.8+£0.2 times higher than
the control, while bilastine NCs previously loaded pollen microcapsules showed an MFI
3.6£0.5 times higher than untreated cells.
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Figure 11. (A) Flow cytometry histograms and (B) Mean Fluorescent Intensity (MFI) of THP-1 cells after incubation
with bilastine-loaded protamine nanocapsules (NCs) and bilastine NCs loaded into hollow sporopollenin
microcapsules. MFI=1 was established for the control (non-treated cells). Data represent mean + SD, N=3

independent measurements.

Therefore, the bilastine NCs internalize uniformly in all cells, however, in the case of bilastine
NCs loaded pollen, this internalization is localized to those cells in direct contact with the
pollen, which could be of interest for targeted and sustained delivery.

3.9. Immune cell activation

Immune cells derived from the bone marrow of the central cornea (avascular and without
lymphatics), can phenotypically mature into cells expressing costimulatory molecules during
an inflammation process, leading to the recruitment of innate immune cells in the peripheral
cornea and conjunctiva [63]. As uptake by these cells was previously observed for the
formulations, we also evaluated their recognition by THP-1 monocytes in order to elucidate the
generation of a possible immune response in vivo. The Hs monocyte receptor plays a key role
in mediating histamine’s effects, both inflammatory and pruritic responses. It has been linked
to the chemotaxis of mast cells, eosinophils, and DCs, as well as the production of cytokines
from T cells and dendritic cells (DCs) [9][64]. Changes in the expression of co-stimulatory
molecules CD80 and CD83 were evaluated after THP-1 monocytes incubation with polarizing
stimulus as blank and bilastine-loaded NCs and hollow pollen microcapsules and bilastine NCs
loaded into pollen microcapsules. In a basal condition, THP-1 monocytes do not show CD80
surface expression [65], while the CD83 expression is a lineage-specific marker during
monocyte differentiation into mature DCs [66], upregulated by stimulation factors like LPS,
playing a role in the development of CD4+ T cells [67].
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Figure 12. Mean Fluorescent Intensity of THP-1 maturation markers CD80 and CD83 after incubation with the
different blank and bilastine-loaded nanocapsules (NCs) and H. annuus sporopollenin microcapsule prototypes.
MFI=1 was established for the control (non-treated cells). Data represent mean + SD, N=3 independent

measurements.
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As shown in Figure 12, the expression levels of CD83, characteristic of activated DCs,
confirmed that the developed platforms did not induce the differentiation of monocytes into
DCs. THP-1 cells have been shown to acquire DCs properties upon stimulation, and LPS
induced the expression of CD83 on the cell surface, resulting in their differentiation into DCs
after 24 h of contact (Supplementary Figure 1). Studies have shown that microcapsules from
ragweed pollen or pollen-mimetic metal-organic framework (MOFs) based on Spanish-needle
(Bidens pilosa) displayed markedly higher levels of CD80 surface markers compared to
untreated cells. They are suggested to have an increased ability to interact with resident immune
cells, leading to an upregulation of activation and CD80 maturation molecules that lead to
increased attachment and internalization. However, this activation, as observed in THP-1 cells,
is apparently lower [68, 69] and would enable the use of the developed delivery strategy for the
ocular administration of antiallergic substances.

3.10. Invitro 3D Corneal permeability

In the design of ocular delivery carriers, the combination of the biomaterials influence the
interaction and internalization with the ocular surface [70]. The use of cationic polymers have
shown promising properties, due to their enhanced interaction with negatively charged mucus
and/or their penetration capacity into the corneal tissue [71]. We evaluated the nanocapsules
internalization by using an in vitro 3D corneal tissue model (Figure 13), resembling the
morphologic features of the human corneal epithelium [72, 73].

Figure 13. Histological analysis. (A): Human cornea; (B): QobuR; (C): p63 (green); (D): Cytokeratin 3 (red); (E): Zonula
occludens-1 (green); (F): Connexin-43 (green); (G): B-catenin (red). Scale bar 50 um. Nuclei stained in blue (DAPI). (*):
Unspecific background stain of the polyester Transwell membrane (adapted with permission from [28]).

QobuR human corneal epithelial models, developed from primary cultures of human limbal
epithelial cells, express B-catenin adherent junction protein, which regulates actin organization,
providing strong mechanical binding. The evaluation of the immunofluorescence for B-catenin
to assess barrier damage caused by cell junctions and the morphology of the cell membrane
(Figure 14) was performed, and the intense expression of f-catenin confirmed the integrity of
the epithelial barrier as well as the distribution of the DiD-labeled NCs through the Qobur
external layer (Supplementary Figure 2). These results confirmed the reversible
permeabilization capability of both formulations through 3D corneal models. The mechanism
of this interaction is probably mediated by endocytosis, increasing the corneal penetration of
nanocarriers without inducing permanent cell damage [74]. These results are also consistent
with previous in vivo studies, where topical instillation of polypeptide and polyaminoacid NC-
based formulations preserved the epithelial ocular barrier integrity without producing irritation
or abnormal secretions in healthy mice [15].
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Figure 14. Microscopy images of Immunofluorescent staining of the 3D cornea: B catenin (green) proteins after
incubation with (A) hollow pollen microcapsules, (B) protamine NCs, (C) protamine NCs loaded pollen
microcapsules exposure compared with (D) control. Nucleus are stained with DAPI (blue). Scale bars represent
30 pm.

3.11. Invivo ocular distribution and histological analysis

We evaluated the ocular distribution of the free and pollen-associated protamine NCs and the
secretion of proinflammatory cytokines after in vivo topical administration in rat eyes. As
shown in Figure 15, after 30 minutes of instillation, NCs-loaded pollen microcapsules could
be detected in the cornea, resisting the rapid renewal rate of the tear fluid and the blinking
reflex, which normally limits ocular drug residence to a maximum of 5-6 min [70]. This could
be due to the surface morphology and size of the sporopollenin-based platforms, larger than the
tear film thickness (<12 um) [19], which leads to a decrease in precorneal loss and results in an
increase of the contact time between the nanocapsules and the corneal tissue.

Regarding the cytokine and protein expression, protamine NCs nor pollen loaded with
protamine NCs (Figures 15A and C) showed expression of TNFa, a cytokine secreted by
conjunctival mast cells and detected in the tear fluid and conjunctival epithelium of patients
with allergic disorders [75, 76]. No calcium/calmodulin Kinase Il (CamKIl) expression was
observed either. CamKII is protein produced by macrophages during the inflammation process,
which is altered in allergic conjunctivitis and stimulate mucin secretion in goblet cells [77].
Furthermore, (Figures 15B and D), expression of S100A proteins on corneal epithelium was
also not detectable, which would be early markers of pathological inflammatory and
immunoregulatory processes of the ocular surface [78, 79]. These proteins play a role in DCs
differentiation and maturation status [80] and effector CD4+ T helper cells on corneal DCs or
LCs, responsible of cytokines secretion and destruction of pathogens and inflammatory cells
activation [81].
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Figure 15. Immunofluorescent staining of TNF a (green) and CamKIl (red) proteins (A, C, E), CD4 lymphocytes
(green), and $100 (red) (B, D, F) proteins in rat corneal epithelia after topical protamine NCs (A, B) and NCs-
loaded H. annuus pollen microcapsules (C, D) administration compared with control (E, F). The nucleus was
counter-stained blue with DAPI.

Although these studies were conducted on drug-free formulations, their tolerability and
compatibility, as well as the increased residence time, support their suitability as drug delivery
system, considering their preferential distribution accross the conjunctiva and cornea [82].
Bilastine NCT03231969 phase Il and NCT04810390, NCT03479307 phase Il studies also
assessed the safety and tolerability of this drug after topical ophthalmic solution for the
treatment of allergic conjunctivitis. Therefore, for the ongoing experiments evaluating drug-
loaded pollen platforms we envisage results similar to those observed herein for blank NCs and
pollen microcapsules.

4. CONCLUSIONS

In this work, we report for the first time the encapsulation of bilastine in polymeric
nanocapsules, as well as the use of pollen-based microcapsule platforms for the ocular delivery
of drugs. The developed nanocarriers proved efficient delivery of lipophilic bilastine and
enhanced retention and penetration through the corneal epithelium and internalization into
immune cells, with remarkable stability in simulated biological fluids. The successful loading
of the drug containing nanocarriers into hollow H. annuus sporopollenin platforms was
confirmed and the developed delivery system showed no signs of immune activation in vitro
nor in vivo after ocular topical instillation. Enhanced residence time was also observed after the
administration of the sporopollenin-based platforms with the preservation of integrity of the
corneal epithelial barrier. This bifunctional strategy combines the increase of drug penetration
by the nanocarriers and the decrease of the precorneal drug loss by the sporopollenin platforms
and constitutes a promising strategy for the treatment of ocular allergies.

Ethics

Sprague-Dawley rats were housed in ventilated polypropylene cages and received a standard
laboratory diet of food and water ad libitum. Animals were handled and housed following the
standards of best animal care practices, according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research, as well as guidelines of the EU (2003/65/EC) and
the Spanish Government (RD 53/2013) and the Ethics Committee of the University of Oviedo.
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Supplementary Figure 1. Cell surface expression of activation and maturation markers CD80 (A) and CD83 (B)
after treatment with 100 pg/mL of hollow pollen microcapsules in THP-1 cells. The filled histogram represents
unstained cells.

Supplementary Figure 2. Fluorescent microscopy images of the 3D cornea after administration of DiD-labeled
protamine NCs (A and B) and DiD-labeled protamine NCs loaded H. annuus pollen microcapsules (C and D). Scale
bars represent 30 pm.
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Pollen grains possess a unique morphology characterized by a uniform size and a resistant outer
wall composed of sporopollenin, a chemically stable and biocompatible biopolymer that
enables the pollen to protect its genetic material [1]. Different plants produce numerous
variations of pollen with differing sizes, morphologies, and physicochemical structures in
nature. These morphological characteristics have been extensively studied in taxonomic and
phylogenetic research. Furthermore, the surface of pollen can exhibit different decorations
and/or apertures, which vary in number and location among species [2]. In this context, plant
pollen from the Asteraecae family such as sunflower (Helianthus annuus) or chamomile pollen
(Matricaria chamomilla), exhibit a unique spiny surface morphology that enables the
attachment to insects during pollination, and could potentially promote adhesion to mucosal
surfaces, leading to extended contact with biological surfaces compared with other pollen
species [3] (Figure 1).

Over the past few years, various types of pollen have been identified as potential candidates for
drug encapsulation and delivery. Methods such as alkaline lysis [4], acidolysis [5], or enzymatic
treatments [6] have been developed to produce hollow platforms that can serve as a drug
delivery systems by offering protection and allowing the encapsulation of both polar and non-
polar drugs. These methods are executed under specific reflux conditions and temperatures to
ensure minimal harm to the exine surface, thereby maintaining its structural integrity. However,
these methods must be optimized based on the nature and composition of each pollen to obtain
intact sporopollenin microcapsules. In the case of H. annuus, it was found to be destroyed by
an alkaline lysis treatment (KOH 60°C, 12 h) or an acidolysis treatment (HCI 70°C, 24 h) [7],
while the use of phosphoric acid (HsPO4) was more effective in the production of sporopollenin
microcapsules [8-10]. H3PO4 and diethyl ether [11, 12] or a combination of acetone, diethyl
ether, and alkaline lysis (KOH at 80°C 12 h), were also reported to produce flexible and softer
sunflower sporopollenin structures, losing some of their natural toughness and structure [13].

Hollow sunflower pollen Hollow chamomile pollen

Diameter ~35 pm Diameter ~20 pm 4
Density 0.13 g/cm® N Density 0.14 g/cm® é;’f.
Grains per gram: 2.5x10°8 B, g ; . Grains per gram: 1.0x10° Q;g:r
Nitrogen content: 0.70% e 4 Nitrogen content: 0.64%

@ @ Except where otherwise noted, this work is licensed under Ageitoset al., 2021
http://creativecommons.orgs/licenses/by/3.0

Figure 1. Scanning Electron Microscopy of a section of Helianthus annuus and Matricaria chamomilla hollow
pollen microcapsules after their purification procedure.

Our group has developed a new, simplified method for producing hollow H. annuus
microcapsules by performing a pre-treatment with water and acetone, followed by a
cyclohexane washing step. Different acids (HCI, HCIO4, HsPOs, CFsCOOH, H2SO4, or HNO3)
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were tested for acidolysis, with various ratios (1:10 wi/v), incubation times (1 to 14 h), and
temperatures (25 and 70°C) to optimize solubilization and removal of internal components
(Figure 2). Treatment with H3sPO4 for 5 h at 70°C was found to be the most effective method
to produce hollow pollen microcapsules. We also applied a similar protocol for the direct
extraction of dried M. chamomilla, for which, until now, no treatment or use had been reported,
and we obtained hollow sporopollenin microcapsules with a final protein content of < 4%,
similar to that obtained for sunflower [14]. On the one hand, the use of a preliminary water-
washing step is infrequent in the literature, where it is more common to treat pollen directly
with organic solvents. However, the low solubility of polysaccharides and proteins in organic
solvents leads to suboptimal purification of the samples [15]. On the other hand, the use of
shorter extraction processes with acetone at lower temperatures (25°C) have shown to produce
similar results to prolonged incubation times and hot acetone, a widely used method for
producing defatted pollen [16], and could be advantageous to avoid any thermal alteration of
the product. Finally, the additional washing step using cyclohexane allowed the removal of
saturated lipids and proteins that could not be eliminated with a standard acetone treatment.
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Figure 2. Scanning Electron Micrographs of defatted sunflower pollen treated with different acids. (A) HCL, (B)
HClO4, (C) H3PO4, (D) ATR-FTIR spectra of pollen samples after 5 h treatment.

Up to date, the sunflower sporopollenin microcapsules have been tested for loading with BSA
[6, 8, 17, 18], p-Galactosidase [9, 10], or doxorubicin [12], while M. chamomilla sporopollenin
microcapsules have not yet been investigated for biomedical purposes. In this context of drug
delivery, nanotechnology-based therapeutic approaches provide an opportunity to overcome
biological barriers and protect biomacromolecules from degradation, enhancing their stability
and availability [19]. However, in vivo studies have yet to consistently demonstrate high and
reproducible efficacy due to their premature removal from the mucosa, leading to limited
bioavailability compared to other delivery routes [20]. Our group has reported, for the first time,
the combination of pollen grains with nanoparticles (NPs) of varying size (100, 200 and 500nm)
and surface functionalization (aminated, carboxylated or unmodified), with a focus on
understanding the physical and chemical interactions to achieve adequate loading and sustained
release patterns.
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The association efficiency (AE%) of the different NPs (Table 1) to hollow pollen
microcapsules, with values between 60-90%, was higher compared to the reported association
of free drugs and biomolecules in H. annuus pollen platforms, with a BSA encapsulation of
54% [6], 42% [8], and 66% after vacuum-loading and an AE% of 37-38% after passive or
compression-loading [17]. This AE% was also higher compared to drug loading into other
pollen-derived platforms, using either the same or different loading methods, for example,
pantoprazole (30%) [21], or imatinib mesylate [22] into Corylus avellana and Betula pendula
pollen, respectively.

Table 1. Association efficiency (%) of polystyrene nanoparticles and hollow pollen microcapsules.

. L Size (nm)
Loading method Modification
100 200 500

Lyophilization Aminated 76.9+5.1 77.0£9.5 76.1£0.7
Unmodified 68.916.8 85.0+3.6 67.5+1.8
Carboxylated 69.4+0.5 59.115.8 60.4+2.4
Aminated 68.8+4.0 77.0+8.0 81.0+5.0
Vacuum Unmodified 73.416.5 85.2+8.7 80.7+8.1
Carboxylated 87.7+7.3 89.6+1.2 78.7£9.6

Regarding the release kinetics, lyophilization produced a higher burst release within the first 15
minutes compared to vacuum-assisted loading, which resulted in a continuous release lasting
from 8 to 120 h. While it was commonly observed that drug-loaded sporopollenin
microcapsules tend to have a significant initial burst release [17, 21, 23], in our case, the NPs
displayed a more controlled release pattern. The degree of total release reached in some of the
prototypes with values of up to 100% without any need for surface modification, preserving the
morphology and spines of the platforms, which allow for the retention of their mucointeraction
properties.

200 nm NPs showed a higher loading and overall release, indicating that the specific surface
area could influence the size-exclusion effect. Based on the findings obtained with commercial
polystyrene NPs, the possibility of incorporating biodegradable nanocarriers was evaluated by
utilizing a core-shell protamine nanocapsule prototype that had been previously reported by our
group for the transmucosal delivery of insulin [24, 25]. Biodegradable protamine nanocapsules
[26-28] were successfully developed and loaded into hollow pollen microcapsules. Although
their AE% was lower than the data previously obtained with commercial NPs (85% vs 60% for
lyophilization and 85% vs 65% for the vacuum-assisted loading method using a 1:1 ratio), the
release pattern in simulated intestinal fluid exhibited similarities with aminated NPs, suggesting
that the findings obtained with the model NPs were able to anticipate the expected behavior of
protamine NCs. Protamine NCs adhered strongly to the intestinal mucosal surface ex vivo and
also maintained a more prolonged adhesion to the small intestine after 3 h oral administration
when they were loaded into hollow pollen microcapsules, as compared with free administered
NCs (Figure 3). These results indicated that pollen grains can modulate nanocarrier retention
and absorption by the mucosa, improving their interaction and reducing the possibility of being
prematurely eliminated from the absorption site. Besides, these results suggested a controlled
and sustained intestinal release of the developed NCs from the pollen microcapsules without
the use of any external coatings, such as xanthan gum, alginate [17, 29], Eudragit L100 [8], or
Eudragit RS 100 [23] reported as possible strategies to delay the release of encapsulated
molecules or protect them from gastric conditions.
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Figure 3. Fluorescence intensity signals and quantification (ROI) in the small intestine 3h after the oral
administration of hollow pollen microcapsules (control), DiD-protamine nanocapsules (free NCs), and DiD-
protamine NCs loaded into hollow pollen microcapsules (n=3; media+ SEM).

In addition to the use of protamine-based nanocapsules for oral delivery, we evaluated their
utility in the pulmonary administration of rifabutin for the treatment of tuberculosis (TB). As
compared to systemic administration, the large pulmonary surface area and high vascularization
of alveoli offer a rapid action and higher bioavailability of anti-TB drugs in alveolar
macrophages, however, its complex geometry, high humidity, or mucociliary clearance limits
their availability [30]. For that reason, inhalable anti-TB formulations are still in preclinical
development, and no product is currently available in the market [31]. Besides, when
nanocarriers are administered via the pulmonary route, their nanoscale size results in low
inertia, increasing the risk of exhalation (up to 80%) without deposition in the airways [32].
Dry powder inhalers (DPIs) are a promising strategy for the administration of microparticles,
as they allow for highly effective drug deposition in the lungs and improved patient adherence
[33]. Our group has developed a large carrier(lactose)-free DPI based on spray-dried
microparticles from rifabutin NCs.

For the development of spray-dried microparticles from rifabutin, we initially designed
rifabutin-load protamine NCs. Previous reports on rifabutin-based drug delivery systems using
nanotechnology have described liposomes and solid lipid nanoparticles (SLN) for tuberculosis
treatment via intravenous, oral, or pulmonary administration [34-37]. However, in some cases,
they showed the greater size and polydisperse values (345 nm and PDI >0.3 [34]; 389 nm and
PDI> 0.4 [36]) and a negative surface charge (between -3 and -33 mV for liposomes [35], and
-10-20 mV for mannosylated-SLNs [36] and SLNs [37]) which could decrease their interaction
with the negatively charged alveolar macrophages compared with our rifabutin protamine NCs,
with a size of 200 nm and a slightly positive surface charge (Figure 4) [38]. The developed
protamine NCs showed uptake of >90%, remarkably higher than those reported for SLNs
(between 27-43%) [37] in lung cell lines and macrophages after 24 h.
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Figure 4. Cellular internalization study via confocal imaging of Raw 264.7 (A, C, E, and G) and A549 (B, D, F, and
G) cell lines. DAPI-dye (blue channel; Excitation Amax = 359 nm, Emission Anax = 457 nm); DiD-dye (red channel;
Excitation Amax=640 nm, Emission Amax= 675 nm). The scale bar represents 30 ym.

The drug-release pattern of the formulations in simulated lung media was linear and resulted in
a higher drug release between 66-96% depending on the concentration of encapsulated drug,
compared to the poorly water-soluble rifabutin (38 + 3%). Similar rifabutin dissolution profiles
were reported from glyceryl dibehenate and glyceryl tristearate SLNs (65 and 80% after 1 h,
respectively) [37], supporting that the polymeric matrix is responsible for the release pattern.
The developed spray-dried microcapsules showed an aerodynamic diameter of 5.8 pm,
comparable to those reported for spray-dried locust bean gum microparticles combining
isoniazid and rifabutin [39], and were able to reach the respiratory region of the lung. The spray-
dried NCs redispersion and size analysis confirmed the stability of colloidal systems during the
drying process, as all formulations remained in the nano-range size.

-Parrafos afectados por la proteccién de derechos-

Finally, the use of protamine-based nanocapsules for ocular delivery of bilastine was also
explored in this thesis, and its loading into hollow pollen microcapsules was performed to
prolong their residence time and control their release. Bilastine (Bilaxten®, 1bis®, Obalix®) is
a histamine inverse agonist with a high affinity for Hy, approved in more than 120 countries for
the treatment of allergic rhinoconjunctivitis through oral administration. However, bilastine”s
poor water solubility, as well as factors such as nasolacrimal drainage and tear fluid turnover,
limit the residence time of topical formulations in the anterior eye segment. Therefore,
ophthalmic formulations of bilastine are currently not available on the market, even though
several studies are currently under investigation (clinical trials NCT03231969 and
NCT03479307) [40]. Stable and active polymorph I of bilastine was successfully obtained from
commercial tablets using chloroform as isolation solvent. The obtained bilastine was
encapsulated into 200 nm protamine NCs, which showed an appropriate final pH (6.9 £ 0.4) for
ocular delivery. Bilastine-loaded protamine NCs achieved an encapsulation efficiency of 71%
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and a loading capacity of up to 74% into H. annuus hollow microcapsules, similar to those
reported BSA encapsulation using vacuum- loading (66%) [17].

— Bilastine NCs

___ Bilastine NCs loaded
pollen microcapsules
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Figure 6. In vitro bilastine dissolution in simulated lacrimal fluid from the developed protamine NCs in suspension
and loaded into hollow H. annuussporopollenin microcapsules.

The release profile of bilastine from pollen microcapsules was biphasic (Figure 6), with a rapid
initial release in simulated lacrimal fluid over the first 6 h, followed by a slower release over
the next 18 h, resulting in a total cumulative release of 64 + 2%. The study showed that bilastine
NCs adsorbed on the surface of H. annuus pollen microcapsules had a faster release, than those
trapped inside the pollen platforms, with a more controlled pattern. Although there are no
studies analyzing drug release from pollen platforms in simulated lacrimal fluid, studies have
shown a pH influence, with greater release observed at neutral pH as simulated intestinal fluids
compared to acidic pHs like simulated gastric fluid, where the release was found to be more
delayed [41, 42]. As previously reported for ragweed pollen, with a surface architecture similar
to H. annuus, its physical characteristics were crucial for their phagocytosis by mouse
macrophages and dendritic cells [43]. As shown in Figure 7, H. annuus surface morphology
produced a localized adhesion of the developed bilastine NCs-loaded pollen platforms to THP-
1 cells (6.6% of the cells).
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Figure 7. (A) Flow cytometry histograms and (B) Mean Fluorescent Intensity (MFl) of THP-1 cells after incubation
with bilastine-loaded protamine nanocapsules (NCs) and bilastine NCs loaded into hollow sporopollenin
microcapsules. MFI=1 was established for the control (non-treated cells).

In addition, internalization of NCs into the adhered cells was similar to the free bilastine NCs,
which is particularly useful for targeted and sustained drug delivery. Furthermore, in contrast
to ragweed microcapsules, their adhesion did not induce the expression of immune cells
maturation markers as CD80 [44] greater than the lipopolysaccharide. Adhesion of pollen did
not cause cellular damage in vitro in a 3D QobuR human corneal epithelial model, nor upon in
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vivo topical instillation in rat eye, where no irritation, abnormal secretions, or release of
proinflammatory cytokines were observed.

Overall, the results obtained during this Ph.D. thesis provide a deeper insight on the potential
of using pollen grains as drug delivery vehicles. Considering the administration route, the
design of our nanocarrier-loaded purified pollen vehicles must meet different technological
requirements to achieve effective release of the encapsulated APIs.

Firstly, the presence of spines is crucial for achieving optimal mucoadhesion, making pollen
from the Asteraceae family particularly attractive due to their echinate surface morphology. In
addition, as indicated by the results obtained for the oral route, the species-dependent surface
ornamentation, as well as the diameter and dimensions of the inner cavity can also play an
important role in the loading capacity, mucointeraction and overall efficacy of these vehicles.

-Parrafo afectado por la proteccion de derechos-

Finally, an additional consideration has been considered for the use of pollen-based
microcapsules delivery through ocular route, as it is essential to avoid any allergic or
hypersensitization effect derived from the size and composition of the platforms, to improve
patient tolerance and preserve unaltered epithelial barrier function.

Considering the above, the developed pollen microcapsules offer an adjustable and adaptable
multi-stage delivery strategy, of high interest for biomedical applications. These platforms,
based on innovative biomaterials such as sporopollenin, constitute a suitable, promising,
biocompatible, cost-effective, and simple approach to enhance effectiveness in drug delivery to
mucosal tissues.
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CONCLUSIONS

The experimental work described in this thesis has been focused on the design of hollow pollen-
based microcapsules, the study of their association with model nanoparticles and rationally
designed, drug-loaded polymeric nanocapsules and the evaluation of their potential for mucosal
administration. The main conclusions from the results obtained in this thesis are the following:

1.

A simplified protocol based on sequential washing steps using water, acetone,
cyclohexane, and phosphoric acid could remove external and internal compounds from
pollen grains, allowing the production of hollow pollen microcapsules from sunflower
(Helianthus annuus) pollen grains, preserving their surface morphology and structural
integrity. This method could be also applied for other pollen species (e.g., Matricaria
chamomilla), with a low final protein content which supports its safe use for
pharmaceutical purposes.

Nanoparticle size, surface functionalization the loading methodology constitute critical
parameters which influence their association and spatial distribution in the pollen
microcapsules, as well as their release kinetics in biorelevant media.

Based on the results obtained in the systematic studies performed with non-biodegradable
nanocarriers, a biodegradable polymeric nanocapsule prototype was successfully designed
and loaded into pollen microcapsules. Ex vivo and in vivo mechanistic studies carried out
with this prototype provided proof of concept for our hypothesis, showing improved
adherence to the intestinal mucosal tissue.

The encapsulation of rifabutin in nanosystems improved its dissolution and permeability,
enhancing its internalization by alveolar macrophages. The use of pharmaceutical
excipients such as mannitol allowed the atomization of the nanocapsules for obtaining a
dry powder with adequate aerodynamic properties for inhalable tuberculosis therapy.

-Parrafo afectado por la proteccion de derechos-

Purified pollen grains lack the capacity to induce potential allergic or hypersensitivity
reactions. Their preserved surface morphology enhances residence time at the ocular
surface, while preserving corneal barrier integrity in the ocular delivery of pharmaceutics.

Overall, the developed sporopollenin microcapsules provide a flexible and versatile multi-stage
delivery system, suitable for improving mucointeraction and drug delivery to mucosal tissues.
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Animal and blood human-derived cells studies

The activities carried out with animals during the project, described in Chapter I, were
performed after approval by the bioethics committee of the Conselleria de Medio Rural e do
Mar of the Xunta de Galicia (15010/2020/001, “Nova estratexia multi etapa para a liberacion
oral de biomacromoléculas terapéuticas), complying with the best practices standards for
animal care as recommended by national authorities and/or European Union legislations. The
animals were obtained from the Central Animal House of the University and other authorized
commercial suppliers, and the work was conducted in the CEBEGA, registered and authorized
according to Spanish and European regulations. The experiments were performed by the PhD
student under the supervision of Dr. Sulay Tovar, in accordance with European and Spanish
legislation.

The activities carried out with animals in the Chapter V of this thesis were performed with the
colaboration of Dr. Ignacio Alcalde (Laboratory of Cellular Biology and Innervation of the
Ocular Surface, Fundacion de Investigacién Oftalmoldgica (FIO) at the University of Oviedo)
at the Fernandez-Vega University Institute of the University of Oviedo and comply with the
best practices standards for animal care (Ethics Committee for Research with Medicines of the
Principality of Asturias), and authorizations PROAE 32/2018 “Test de tolerancia ocular para
nanosistemas de liberacion controlada y con potencial terapéutico”, and PROAE 01/2021
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con potencial terapéutico” (ES330440003591). The human corneal epithelial cells to form the
QobuR-RhCE model were collected from corneal donor rims specimens after isolation of the
central corneal button for transplantation. The project with number 2020.050 was approved by
the Ethics Committee for Drug Research of the Principado de Asturias.

Evaluation of nanocarriers and pollen-based platforms in human dendritic cells requiring blood
collection from healthy donors (Chapter II, 11l and V of this thesis) were carried out after
obtaining informed consent from all subjects involved in the study, following the institute's
ethical standards and the national committee's guidelines on experiments involving humans, as
well as the Helsinki Declaration (Ethics Committee for Clinical Research of Galicia, approval
number 2014/543, “Disefio de nanovacunas terapéuticas basadas en péptidos: aplicacion al
tratamiento de enfermedades autoinmunes”). Evaluation was conducted at the Faculty of
Pharmacy of the University of Santiago de Compostela under the supervision of Dr. Rubén
Varela-Calvifo.
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Rua Vicente Ferrer, N° 2
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Correo electronico: servizo gandaria.a.coruna@xunta.gal

a» Xefatura Territorial
XUNTA DE GALICIA Sk j slicis

RESOLUCION DE AUTORIZACION DE PROXECTO DE EXPERIMENTACION ANIMAL

Expediente nim.: 15010/2020/001 Data de inicio: 31.1.2020
Persoa interesada: Noémi Stefania Csaba Procedemento: resolucion de autorizacion
Forma de inicio: solicitude da persoa interesada

ANTECEDENTES

A persoa interesada presentou con data 16.12.2019 unha solicitude para a realizacion do
proxecto de experimentacion animal (entrada no Rexistro Electronico da Xunta de Galicia
2019/2503111), cuxos datos se detallan a continuacion:

Denominacién do proxecto: Nova estratexia multi-etapa para a liberacion oral de
biomacromoléculas terapéuticas

Nome do centro usuario: Animalario da Facultade de Bioloxia de Santiago deCompostela
Persoa responsable do proxecto: Noémi Stefania Csaba

Establecemento onde se realizardn os procedementos do proxecto (ou lugar xeografico no
caso de traballos de campo): Animalario do CIMUS

Clasificacion do proxecto : Tipo | D Tipo Il Tipo Il D

CONSIDERACIONS LEGAIS E TECNICAS

1 O Real decreto 53/2013, de 1 de febreiro (BOE 34, do 8 de febreiro), polo que se establecen
as normas basicas aplicables para a proteccion dos animais utilizados en experimentacion e
outros fins cientificos, incluindo a docencias, establece no seu artigo 33 as condicions de
autorizaciéns dos proxectos con animais de experimentacion.

2 O artigo 88 da Lei 39/2015, de 1 de outubro, do procedemento administrativo comun das
administracidns publicas (BOE 236, do 2 de outubro de 2015) establece que a resolucion que

pofia fin o procedemento decidird todas as cuestidns expostas polos interesados e aquelas

outras derivadas deste.

W Xacobeo 2021
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a» Xefatura Territorial
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Rua Vicente Ferrer, N° 2

15008 A Corufia

Tfno.: 981 184 565, fax.: 981 184 653

Correo electrénico: servizo gandaria.a.coruna@xunta.gal

3 O Servizo de Gandaria da Corufia revisou a documentacién achegada na solicitude e o
resultado favorable da avaliacion do proxecto realizada polo 6rgano habilitado, a Seccion de
Experimentacion Animal do Comité de Bioética da Universidade de Santiago de Compostela.

Esta xefatura territorial € competente para ditar unha resolucion, de conformidade co Decreto
149/2018, do 5 de decembro, polo que se establece a estrutura organica da Conselleria do
Medio Rural e se modifica parcialmente o Decreto 177/2016, do 15 de decembro, polo que se
fixa a estrutura organica da Vicepresidencia e das consellerias da Xunta de Galicia (DOG 235,
do 11 de novembro).

De acordo con todo o indicado, RESOLVO:

1 Autorizar o proxecto solicitado.

2 O proxecto non precisa someterase a unha avaliacion retrospectiva.

3 A autorizacion deste proxecto tera unha duracion de cinco anos e unha vez transcorrido este
tempo debera ser renovada.

A citada autorizacidon é unicamente valida nas condicions que figuran no expediente. Ante
calquera cambio significativo no proxecto que poida ter efectos negativos sobre o benestar dos
animais, debera solicitar a confirmacion da autorizacion ao Servizo Provincial de Gandaria.

Esta autorizacion podera ser suspendida, no caso de que o proxecto non se leve a cabo de
acordo coas condicidns de autorizacion e retirala, previo expediente tramitado ao que se lle
dard audiencia.

Data e hora: 05/02/2020 14:43:18

Ashadoxpor: LOPEZ LOPEZ, MONICA
efa Territorial

Cargo:

Contra a presente resolucion, que non lle pon fin & via administrativa, podera interpofier un
recurso de alzada ante o conselleiro de Medio Rural. O prazo comezara a contar dende o dia
seguinte ao da recepcion desta resolucién. Todo isto, segundo o disposto nos artigos 121 e 122
da citada Lei 39/2015.

Mediante este escrito notificaselle a Noémi Stefania Csaba esta resolucién segundo o esixido
no artigo 40.1 da antedita Lei 39/2015.

CVE; SSnggz{?O
Verificacion: httpsi/sede.xunta.gal'cve
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Secretaria Técnica ”
Comité Autondmico de Etica da Investigacion de Galicia
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*r: CONSELLERIA DE SANIDADE 15703 SANTIAGO DE COMPOSTELA
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Secretaria Xeral Técnica Tel: 881 546425; ceic@sergas.es

DITAME DO COMITE DE ETICA DA INVESTIGACION DE SANTIAGO-LUGO

Juan Manuel Vazquez Lago, Secretario do Comité de Etica da Investigacion de
Santiago-Lugo

CERTIFICA:

Que este Comité avaliou na sta reunion do dia 20/01/2015 o estudo:

Titulo: Disefio de nanovacunas terapéuticas basadas en péptidos: aplicacién al
tratamiento de enfermedades autoinmunes

Promotor: Africa Gonzélez Fernandez, Maria Josefa Alonso Fernandez, Rubén Varela
Calvifo

Tipo de estudo: Outros

Version:

Codigo do Promotor:

Codigo de Rexistro: 2014/543

E, tomando en consideracion as seguintes cuestions:

- A pertinencia do estudo, tendo en conta o coflecemento dispofible, asi coma os
requisitos legais aplicables, e en particular a Lei 14/2007, de investigacion
biomédica, o Real Decreto 1716/2011, de 18 de novembro, polo que se establecen os
requisitos basicos de autorizacion e funcionamento dos biobancos con fins de
investigacion biomédica e do tratamento das mostras bioldxicas de orixe humana, e
se regula o funcionamento e organizacion do Rexistro Nacional de Biobancos para
investigacion biomédica, a ORDE SAS/3470/2009, de 16 de decembro, pola que se
publican as Directrices sobre estudos Posautorizaciéon de Tipo Observacional para
medicamentos de uso humano, e a Circular n° 07/2004, investigacions clinicas con
produtos sanitarios.

- A idoneidade do protocolo en relacion cos obxectivos do estudo, xustificacion dos
riscos e molestias previsibles para o suxeito, asi coma os beneficios esperados.

- Os principios éticos da Declaracion de Helsinki vixente.

- Os Procedementos Normalizados de Traballo do Comité.

Emite un INFORME FAVORABLE para a realizacion do estudo polo/a
investigador/a do centro:

Centros Investigadores Principais

Universidade de Vigo Africa Gonzalez Fernandez

Maria Josefa Alonso Fernandez
Rubén Varela Calvino

Univerisdade de Santiago de Compostela

En Santiago de Compostela, a 20 de xaneiro de 2015
O secretario

juan.manuel.

Juan M. Vazquez Lago
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GOBIERNO DEL PRINCIPADO DE ASTURIAS

CONSEJERIA DE DESARROLLO RURAL Y RECURSOS NATURALES

RESOLUCION de 4 de diciembre de 2018, de
la Consejeria de Desarrollo Rural y Recursos
Naturales, sobre autorizaciéon de proyectos
de investigacion que utilicen animales de
experimentacion.

PROAE 32/2018

Servicio de Sanidad y Produccién Animal
UNIVERSIDAD DE OVIEDO

CIF: Q33180011

RESOLUCION

ANTECEDENTES DE HECHO

Primero.- Con fecha 9 de octubre de 2018, JOSE RAMON OBESO SUAREZ en
representacion del BIOTERIO DE LA UNIVERSIDAD DE OVIEDO, presentd solicitud de
autorizacién para la utilizacidn de animales en el siguiente proyecto de experimentacién “TEST
DE TOLERANCIA OCULAR PARA NANOSISTEMAS DE LIBERACION CONTROLADA Y
PARA SUSTANCIAS CON POTENCIAL TERAPEUTICO”, constando como investigador
principal D. IGNACIO ALCALDE DOMINGUEZ y como investigador responsable de los
procedimientos con animales D. IGNACIO ALCALDE DOMINGUEZ.

Junto con la solicitud, aporta la propuesta del proyecto, el resumen no técnico e informe del
comité ético y de evaluacion del proyecto por el drgano habilitado.

Segundo.- El lugar donde se desarrollara el proyecto se encuentra autorizado como
establecimiento usuario y estd inscrito en el Registro de Explotaciones Ganaderas con el
nimero ES330440003591.

Tercero.- Con fecha 9 de octubre de 2018, el Comité de Etica del centro emite un informe
favorable, conforme al RD 53/2013 de 1 de febrero, por el que se establecen las normas
bésicas aplicables para la proteccion de los animales utilizados en experimentacidn y otros fines
cientificos, incluyendo la docencia.

Cuarto.- Con fecha 9 de octubre de 2018, el Comité Etico de Experimentacion animal de LA
UNIVERSIDAD DE OVIEDO, drgano habilitado, emite informe de evaluacion favorable del
proyecto, indicando que el proyecto cuyos datos y evaluacién se proporcionan han sido
evaluados con un nivel de detalle apropiados y que la evaluacion ha consistido en verificar que
el proyecto cumple los requisitos especificados en el articulo 34 del RD 53/2013 de 1 de febrero
y que, tanto el investigador responsable del proyecto como las personas encargadas de la
realizacion del mismo tienen capacitacion para ello.

Quinto.- Una vez revisada la solicitud y la documentacion presentada, la Jefa del Servicio de
Sanidad y Produccion Animal elevé con fecha 29 de noviembre de 2018 una propuesta de
resolucion de autorizacion de proyectos de investigacidn que utilicen animales de
experimentacion.

FUNDAMENTOS DE DERECHO
Primero.- El articulo 25 del Real Decreto 53/2013, de 1 de febrero, por el que se establecen
las normas basicas aplicables para la proteccién de los animales utilizados en experimentacion y

otros fines cientificos, incluyendo la docencia, dispone:

“2. Los procedimientos solo se podran realizar si estan incluidos dentro del marco de un
proyecto autorizado de acuerdo con la seccién 22 de este capitulo.
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3. Los procedimientos deberan realizarse de forma que se evite a los animales cualquier dolor,
sufrimiento, angustia o dafo duradero que sean innecesarios.

4. Los procedimientos se realizaran en centros usuarios autorizados, salvo autorizacion del
6rgano competente, previa justificacion cientifica de la necesidad o conveniencia de que se
realicen fuera de dichos centros.

5. Los procedimientos U(nicamente podrdn ser realizados por personas capacitadas o
autorizadas de forma temporal en las condiciones establecidas en el articulo 15.3 bajo
supervision responsable”.

Asimismo, el articulo 31 del citado Real Decreto, situado en su seccidn 22, regula la tipologia de
proyectos con arreglo a la siguiente clasificacion:

“1. Proyectos de tipo I: Aquellos proyectos en los que se den simultaneamente las tres
circunstancias siguientes:

a) Implican exclusivamente procedimientos clasificados como «sin recuperacion», «leves» o
«moderados».

b) No utilizan primates.

c) Se realizan para cumplir requisitos legales o reglamentarios, o con fines de produccién o
diagndstico por métodos establecidos.

Los proyectos tipo I podran ser tramitados por un procedimiento simplificado y no ser
sometidos a evaluacion retrospectiva.

2. Proyectos de tipo II: Aquellos proyectos en los que se den simultdneamente las
circunstancias siguientes:

a) Implican exclusivamente procedimientos clasificados como «sin recuperacion», «leves» o
«moderados».
b) No utilizan primates.

Los proyectos tipo II quedaran sujetos al procedimiento de autorizacion y podran no ser
sometidos a evaluacion retrospectiva.

3. Proyectos de tipo III: Los proyectos diferentes de los tipos I o II. Sin perjuicio de las
autorizaciones adicionales a las que puedan estar condicionados determinados proyectos, todos
los proyectos tipo III quedaran sujetos al procedimiento de autorizacion y serédn sometidos
posteriormente a una evaluacion retrospectiva”.

Segundo.- El proyecto para el que se solicita la autorizacién ha de ser considerado dentro del
tipo II, puesto que implica procedimientos clasificados como “moderados”:
ADMINISTRACION DE FARMACOS O PRODUCTOS EXPERIMENTALES, y no utiliza
primates.

El establecimiento donde se desarrollara tiene la correspondiente autorizacion.
Los informes emitidos al respecto son favorables, por lo que, cumpliendo con los requisitos
previstos, ha de procederse a su autorizacion y no debe someterse a evaluaciéon
retrospectiva.

RESUELVO
Primero.- Autorizar al BIOTERIO DE LA UNIVERSIDAD DE OVIEDO, el proyecto
denominado: "TEST DE TOLERANCIA OCULAR PARA NANOSISTEMAS DE LIBERACION

CONTROLADA Y PARA SUSTANCIAS CON POTENCIAL TE!-‘{APEUTICO" en el que consta
como investigador principal D. IGNACIO ALCALDE DOMINGUEZ y como investigador
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responsable de los procedimientos con animales D. IGNACIO ALCALDE DOMINGUEZ.

Esta autorizacién tendrd una validez que se corresponderd con la duracién prevista en su
memoria, con un maximo de cinco afios, siempre y cuando no se produzca una modificacidn
relevante en dicho proyecto, en cuyo caso seria necesario efectuar una nueva solicitud de
autorizacion a la autoridad competente.

Segundo.- Asignar el cddigo de autorizacion: PROAE 32/2018
Tercero.- Ordenar la notificacion de la presente Resolucién al interesado.

Cuarto.- La presente resolucién pone fin a la via administrativa y contra ella cabe interponer
recurso contencioso-administrativo ante la Sala de lo Contencioso-Administrativo del Tribunal
Superior de Justicia del Principado de Asturias en el plazo de dos meses, contados desde el dia
siguiente al de su notificacién, de acuerdo con lo establecido en los articulos 10 y 46 de la Ley
29/1998, de 13 de julio, reguladora de la Jurisdiccién Contencioso—Administrativa, sin perjuicio
de la posibilidad de previa interposicion del recurso potestativo de reposicion ante el mismo
érgano que dictd el acto, en el plazo de un mes contado desde el dia siguiente al de su
notificacion, no pudiendo simultanearse ambos recursos, conforme a lo establecido en el
articulo 28 de la Ley del Principado de Asturias 2/1995, de 13 de marzo, sobre Régimen Juridico
de la Administracién y en el articulo 123 de la Ley 39/2015, de 1 de octubre, del Procedimiento
Administrativo ComUn de las Administraciones Publicas. No obstante, los interesados podran
ejercitar, en su caso, cualquier otro recurso que estimen procedente.

LA CONSEJERA

Marfa Jests Alvarez Gonzalez
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GOBIERNO DEL PRINCIPADO DE ASTURIAS

CONSEJERIA DE MEDIO RURAL Y COHESION TERRITORIAL

RESOLUCION de 2 de febrero de 2021, de la
Consejeria de Medio Rural y Cohesion
Territorial, sobre autorizacion de proyectos
de investigacion que utilicen animales de
experimentacion.

PROAE 01/2021

Servicio de Sanidad y Produccién Animal

UNIVERSIDAD DE OVIEDO
CIF: Q33180011

RESOLUCION

ANTECEDENTES DE HECHO

Primero.- Con fecha 11 de enero de 2021, JOSE RAMON OBESO SUAREZ en
representacion del BIOTERIO DE LA UNIVERSIDAD DE OVIEDO, presentd solicitud de
autorizacion para la utilizacion de animales en el siguiente proyecto de experimentaci'én
"ENSAYOS DE BIODISTRIBUCION PARA NANOSISTEN!AS DE LIBERACION
CONTROLADA Y PARA SUSTANCIAS CON POTEI"ICIAL TERAPEUTICO"”, constando como
investigador principal D. IGNACIO ALCALDE DOMINGUEZ y como investigador responsable
de los procedimientos con animales D. IGNACIO ALCALDE DOMINGUEZ.

Junto con la solicitud, aporta la propuesta del proyecto, el resumen no técnico e informe del
comité ético y de evaluacion del proyecto por el érgano habilitado.

Segundo.- El lugar donde se desarrollard el proyecto se encuentra autorizado como
establecimiento usuario y estd inscrito en el Registro de Explotaciones Ganaderas con el
nimero ES330440003591.

Tercero.- Con fecha 11 de enero de 2021, el Comité de Etica del centro emite un informe
favorable, conforme al RD 53/2013 de 1 de febrero, por el que se establecen las normas
basicas aplicables para la proteccion de los animales utilizados en experimentacion y otros fines
cientificos, incluyendo la docencia.

Cuarto.- Con fecha 11 de enero de 2021, el Comité Etico de Experimentacion animal de LA
UNIVERSIDAD DE OVIEDO, drgano habilitado, emite informe de evaluacion favorable del
proyecto, indicando que el proyecto cuyos datos y evaluacion se proporcionan han sido
evaluados con un nivel de detalle apropiados y que la evaluacion ha consistido en verificar que
el proyecto cumple los requisitos especificados en el articulo 34 del RD 53/2013 de 1 de febrero
y que, tanto el investigador responsable del proyecto como las personas encargadas de la
realizacion del mismo tienen capacitacién para ello.

Quinto.- Una vez revisada la solicitud y la documentacién presentada, la Jefa del Servicio de
Sanidad y Produccion Animal elevo con fecha 25 de enero de 2021 una propuesta de
resolucion de autorizacion de proyectos de investigacion que utilicen animales de
experimentacion.

FUNDAMENTOS DE DERECHO
Primero.- El articulo 25 del Real Decreto 53/2013, de 1 de febrero, por el que se establecen
las normas basicas aplicables para la proteccion de los animales utilizados en experimentacion y

otros fines cientificos, incluyendo la docencia, dispone:

“2. Los procedimientos solo se podrén realizar si estan incluidos dentro del marco de un
proyecto autorizado de acuerdo con la seccién 22 de este capitulo.
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3. Los procedimientos deberan realizarse de forma que se evite a los animales cualquier dolor,
sufrimiento, angustia o dafio duradero que sean innecesarios.

4. Los procedimientos se realizardn en centros usuarios autorizados, salvo autorizacion del
organo competente, previa justificacion cientifica de la necesidad o conveniencia de que se
realicen fuera de dichos centros.

5. Los procedimientos U(nicamente podran ser realizados por personas capacitadas o
autorizadas de forma temporal en las condiciones establecidas en el articulo 15.3 bajo
supervision responsable”.

Asimismo, el articulo 31 del citado Real Decreto, situado en su seccion 22, regula la tipologia de
proyectos con arreglo a la siguiente clasificacion:

“1. Proyectos de tipo I: Aquellos proyectos en los que se den simultdneamente las tres
circunstancias siguientes:

a) Implican exclusivamente procedimientos clasificados como «sin recuperacion», «leves» o
«moderados».

b) No utilizan primates.

c) Se realizan para cumplir requisitos legales o reglamentarios, o con fines de produccion o
diagndstico por métodos establecidos.

Los proyectos tipo I podrén ser tramitados por un procedimiento simplificado y no ser
sometidos a evaluacion retrospectiva.

2. Proyectos de tipo II: Aquellos proyectos en los que se den simultdneamente las
circunstancias siguientes:

a) Implican exclusivamente procedimientos clasificados como «sin recuperacion», «leves» o
«moderados».
b) No utilizan primates.

Los proyectos tipo II quedaran sujetos al procedimiento de autorizacién y podran no ser
sometidos a evaluacion retrospectiva.

3. Proyectos de tipo III: Los proyectos diferentes de los tipos I o II. Sin perjuicio de las
autorizaciones adicionales a las que puedan estar condicionados determinados proyectos, todos
los proyectos tipo III quedaran sujetos al procedimiento de autorizacion y serén sometidos
posteriormente a una evaluacion retrospectiva”.

Segundo.- El proyecto para el que se solicita la autorizacion ha de ser considerado dentro del
tipo II, puesto que implica procedimientos clasificados como “leves”: ADMINISTRACION
DE FARMACOS O PRODUCTOS EXPERIMENTALES y ADMINISTRACION DE
ANESTESIA, y no utiliza primates.

El establecimiento donde se desarrollara tiene la correspondiente autorizacion.
Los informes emitidos al respecto son favorables, por lo que, cumpliendo con los requisitos
previstos, ha de procederse a su autorizacion y no debe someterse a evaluacién
retrospectiva.

RESUELVO
Primero.- Autorizar al BIOTERIO DE LA UNIVERSIDAD DE OVIEDO, el proyecto
denominado: “ENSAYOS DE BIODISTRIBUCION PARA NANOSISTEMAS DE

LIBERACION CONTROLADA Y PARA SUSTANCIAS CON POTENCIAL TEBAPEUTICO” en
el que consta como investigador principal D. IGNACIO ALCALDE DOMINGUEZ y como
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investigador responsable de los procedimientos con animales D. IGNACIO ALCALDE
DOMINGUEZ.

Esta autorizacion tendra una validez que se correspondera con la duracion prevista en su
memoria, con un maximo de cinco afios, siempre y cuando no se produzca una modificacion
relevante en dicho proyecto, en cuyo caso seria necesario efectuar una nueva solicitud de
autorizacion a la autoridad competente.

Segundo.- Asignar el cédigo de autorizaciéon: PROAE 01/2021
Tercero.- Ordenar la notificacion de la presente Resolucion al interesado.

Cuarto.- La presente resolucién pone fin a la via administrativa y contra la misma cabe
interponer recurso contencioso-administrativo ante el Juzgado Contencioso-Administrativo
competente en el plazo de dos meses contados desde el dia siguiente al de su notificacion, sin
perjuicio de la posibilidad de previa interposicion del recurso potestativo de reposicion ante el
mismo drgano que dictd el acto en el plazo de un mes contado desde el dia siguiente al de su
notificacion, no pudiendo simultanearse ambos recursos, conforme a lo establecido en el
articulo 28 de la Ley del Principado de Asturias 2/1995, de 13 de marzo, sobre Régimen Juridico
de la Administracion del Principado de Asturias, y en el articulo 123 de la Ley 39/2015, de 1 de
octubre, del Procedimiento Administrativo Comin de las Administraciones Pdblicas, y sin
perjuicio de que los interesados puedan ejercitar cualquier otro que estimen oportuno.

(1 2
Alejandrw

234



GOBIERNO DEL PRINCIPADO DE ASTURIAS Comité de Etica de la In gacion del Princip
Asturias

CONSEJERIA DE SALUD Hospital Universitario Central de Asturias

Direccién General de Calidad, N-1, 8319
Transformacion y Gestion del
Conocimiento Avda. de Roma, s/n

33011 Oviedo

Oviedo a jueves, 23 de marzo de 2020

El Comité de Efica de la Investigacion con Medicamentos del
Principado de Asturias ha evaluado el Proyecto n° 2020.050, fitulado:
"OBTENCION DE ORGANOS Y TEJIDOS HUMANOS EN EL LABORATORIO
UTILES EN INVESTIGACION BIOMEDICA PARA REDUCIR O ANULAR
COMPLETAMENTE LA EXPERIMENTACION CON ANIMALES", Investigador
Principal, Dr. ALVARO MEANA INFIESTA. Instituto Universitario Fernandez-
Vega { Universidad de Oviedo .

El Comité ha tomado el acuerdo de considerar que el citado
Ensayo reGne las condiciones éticas necesarias para poder redlizarse v,
en consecuencia, emite su autorizacion.

Le recuerdo que deberd guardar la maxima confidencialidad de
los datos utilizados en este Proyecto; les aconsejomos que el
Consentimiento Informado se firme por duplicado y que el Investigador
guarde una copia en el archivo.

Le saluda atentamente.

Fdo: MAURICIO TELENTI ASENSIO

Secretario/a del Comité de Etica e la mvestigacién
) CONSEJERIA
del Principado de Asfurias® DE SANIDAD
COMITE DE ETICA
DE LA INVESTIGACION
CON MEDICAMENTOS DEL
PRINCIPADO DE ASTURIAS

235

Ethical issues



SANDRA ROBLA ALVAREZ

,“E’, XUNTA DE GALICIA Avda. do Camifio Francés, 10, Baixo AGACAL B I I c I B
+ 2 15703§am\ago de Compostela Axencia Ga;ega
.i“ CONSELLERIA DO MEDIO RURAL A Cordia da Calidade Alimentaria j

Certificado de capacitacion en materia de proteccion de animais utilizados, criados ou subministrados
con fins de experimentacion e otros fins cientificos, incluindo a docencia conforme coa Orde
ECC/566/2015 de 20 de marzo.

Certificado de capacitacion en materia de proteccion de animales utilizados, criados o suministrados con fines
de experimentacion y otros fines cientificos, incluyendo la docencia conforme con la Orden ECC/566/2015 de 20
de marzo.

1. IDENTIFICACION

11. Apelidos / Apettidos / Surname:

ROBLA ALVAREZ
12.Nome /Nombre /First names: DNI jpNi/ Identity card number:
SANDRA
13. Categoria/Categoria/Category: llbll 14. Especies/Especies/Species: 15. Valido ata/ vétido hasta/expires:
ROEDORES 11/06/2028
2. N° DO CERTIFICADO / N°DEL CERTIFICADO / CERTIFICATE NUMBER
B527

3.0RGANISMO QUE EXPIDE O CERTIFICADO / ORGANISMO QUE EXPIDE EL CERTIFICADO / BODY ISSUING THE CERTIFICATE:

<
o
% 31.Nome e enderezo do organismo que expide o certificado /Nombre y direccidn del organismo que expide el certificado / Name and address of the body issuing the
certificate:
>_< -,
g’ & CONSELLERIA DO MEDIO RURAL — XUNTA DE GALICIA
I '; AXENCIA GALEGA DA CALIDADE ALIMENTARIA
R Avda. Do Camifio Francés, 10 baixo
m:ﬁ@ 15781 Santiago de Compostela
gﬁg A Corufia (Espafia)
aeq Taler ; ) F : c lectréni 7 its
% g 3.2.Teléfono / Tetsfono / Telephone: 3.3.Fax/ Fax/Fax: 3.4.Correo electrdnico / Currev electronico / Email:
-§~ ® 981546 654 981546 651 formacion.cmrm@xunta.es
zg.g 3.5.Data / Fecha / Date: 3.6.Lugar / Lugar/ Place:
22/02/2021 Santiago de Compostela

3.7.Nome e sinatura / Nombre y firma / Name and signature
3.8.Selo / Sello / Stamp

Asdo.: Xiana Maria Perales Arroyo
Xefe do Departamento de Formacién
(asinado dixitalmente)

Verificacion: https://sede. xunta.gal/cve

% Xacobeo 2021

[=]4%3[=] CVE: mVtica5S01

236



Ethical issues

CONSELLERIADO MEDIORURAL  A'Coruiie e Saled i

XUNTA DE GALICIA Auda_do Camifio Francés, 10, Baixo AGACAL
15703 Santiago de Compostela Axencia Galega j I C I

Certificado de capacitacion en materia de proteccion de animais utilizados, criados ou
subministrados con fins de experimentacion e otros fins cientificos, incluindo a docencia conforme
coa Orde ECC/566/2015 de 20 de marzo.

Certificado de capacitacion en materia de proteccion de animales utilizados, criados o suministrados con
fines de experimentacion y otros fines cientificos, incluyendo la docencia conforme con la Orden
ECC/566/2015 de 20 de marzo.

1. IDENTIFICACION

1.1. Apelidos / Apetiidos / Surniame:

ROBLA ALVAREZ
12.Nome /Nombre / First names: DNI /N1 / Identity card number:
SANDRA
1.3. Categoria/Categoria/Category: llc " 1.4. Especies/Especies/Species: 15. Valido ata/ vatido hasta/expires:
ROEDORES 11/06/2028
2. N° DO CERTIFICADO / N°DEL CERTIFICADO / CERTIFICATE NUMBER
C564

3.0RGANISMO QUE EXPIDE O CERTIFICADO / ORGANISMO QUE EXPIDE EL CERTIFICADO / BODY ISSUING THE CERTIFICATE:

21.Nome e enderezo do organismo que expide o certificado / Nombre y direccion del organismo que expide el certificado / Name and address of the body issuing

< tne certificate:

4

g CONSELLERIA DO MEDIO RURAL — XUNTA DE GALICIA

% AXENCIA GALEGA DA CALIDADE ALIMENTARIA

< Avda. Do Camifio Francés, 10 baixo

Q 5 15781 Santiago de Compostela

g% A Coruna (Espafia)

% T

@Z;g 3.2.Teléfono j Teléfono / Telephone: 3.3.Fax/ Fax/Fax: 3.4.Correo electrénico / Correo electrénico / Email:
Ef% 981546 654 981546 651 formacion.cmrm@xunta.es
Up

§§ g 35Data/ Fecha / Date: 3.6.Lugar /tugar/ Place:

P § 22/02/2021 Santiago de Compostela

1]

3.7.Nome e sinatura / Nombre y firma / Name and signature

Asdo.: Xiana Maria Perales Arroyo
Xefe do Departamento de Formacion
(asinado dixitalmente)

Verificacion: httpsi/sede.xunta.gal'cve

% Xacobeo 2021

WH[m] CVE: RSLtNnXws7

237






PERMISSIONS






Chapter I/ Capitulo |

Purification of hollow sporopollenin microcapsules from sunflower and chamomile pollen
grains

Jose Manuel Ageitos, Sandra Robla, Lorena Valverde-Fraga, Marcos Garcia-Fuentes, and
Noemi Csaba (2021). "Purification of Hollow Sporopollenin Microcapsules from Sunflower
and Chamomile Pollen Grains™ Polymers 13, no. 13: 2094.

DOI: https://doi.org/10.3390/polym13132094

ISSN: 20734360

Elsevier

Chemistry (miscellaneous) (Q1); Polymers and Plastics (Q1)
Impact score: 4.80

H- index: 89

©@®

Attribution 4.0 International (CC BY 4.0)

© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license
(https:/icreativecommons.org/licenses/by/4.0/).

241


https://doi.org/10.3390/polym13132094

Chapter 111/ Capitulo 111

A ready-to-use dry powder formulation based on protamine nanocarriers for pulmonary
drug delivery

Sandra Robla, Rubén Varela Calvifio, Rita Ambrus & Noemi Csaba (2023). A ready-to-use dry
powder formulation based on protamine nanocarriers for pulmonary drug delivery. European
Journal of Pharmaceutical Sciences; 185:106442.

DOI: https://doi.org/10.1016/j.ejps.2023.106442

ISSN: 18790720, 09280987
MDPI

Pharmaceutical Science (Q1)
Impact score: 4.94

H- index: 144

A ready-to-use dry powder formulation based on protamine nanocarriers for pulmonary drug delivery
mﬂx"'.:ﬁg';"‘l Author: Sandra Robla,Rubén Varela Calvifio,Rita Ambrus,Noemi Csaba
AT Publication: European Journal of Pharmaceutical Sciences
Publisher: Elsevier

\ Date: 1 June 2023
© 2023 The Authors. Published by Elsevier B.V.

Creative Commons

This is an open access article distributed under the terms of the Creative Commons CC-BY license, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited

You are not required to obtain permission to reuse this article.

To request permission for a type of use not listed, please contact Elsevier Global Rights Department.

Are you the author of this Elsevier journal article?

242


https://doi.org/10.1016/j.ejps.2023.106442

CAMPUS

UNIVERSIDADE CAMPUS DE EXCELENCIA INTERNACIONAL
DE SANTIAGO
DE COMPOSTELA

The goal of this thesis is the design of a platform that combines
the benefits of nanotechnology and the capacity of pollen
grains to be anchored to the mucosa, to obtain a multi-step
delivery system that can be tailor-made for diverse biomedical
applications, by different administration routes and for the
delivery of different nanoencapsulated therapeutics.
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