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Resumen

Resumen

Espafia, y concretamente la Region de Murcia tienen una potente industria
agricola, siendo grandes productoras y exportadoras de diversas frutas y verduras.
Las especies de la familia Brassicaceae tienen una gran importancia agricola,
econémica y nutricional. Centrandonos en el brécoli (Brassica oleracea L. var.
italica), en los ultimos afios se ha incrementado mucho su demanda, ya que posee
muchas propiedades beneficiosas para la salud. Tiene un alto contenido en fibra,
vitaminas y minerales. Ademas, es una fuente rica en glucosinolatos (GSL) y
compuestos fenolicos, los cuales se han descrito por su papel preventivo en muchas
enfermedades, como el cancer, la diabetes y diversas patologias con un

componente inflamatorio.

En concreto, Espafia es la cuarta productora de brécoli a nivel mundial y la
Region de Murcia exporta el 70 % de todo el brocoli exportado por Espafa. Las
plantaciones de brdcoli generan una gran cantidad de subproductos, ya que solo el
25 % de la biomasa total corresponde a partes comestibles y comercializables. El
resto de biomasa, hojas y raices a priori sin valor comercial, es una fuente excelente
de multitud de compuestos bioactivos como por ejemplo proteinas, lipidos,
vitaminas, compuestos antioxidantes, GSL o isotiocianatos (ITCs). Uno de los
compuestos bioactivos del brécoli més estudiados es el sulforafano (SFN), el cual
ha sido ampliamente investigado por su potente actividad antioxidante y
anticancerigena. Aunque su uso clinico real es limitado debido a su baja estabilidad
y biodisponibilidad. En este sentido, el uso de nanotransportadores podria
solucionar los problemas relacionados con la estabilidad. Recientemente, los
nanotransportadores de origen natural, como pueden ser las vesiculas de
membrana derivadas de plantas, estdn recibiendo una gran atencion por su
potencial para ser empleadas para transportar y liberar de forma controlada y
dirigida compuestos bioactivos. Esto tiene un gran interés principalmente en la
industria farmaceéutica. Este aspecto ha sido de especial relevancia ya que la
biocompatibilidad y la aplicacion de vesiculas vegetales en la industria

farmacéutica apenas se habia investigado hasta ahora.
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Resumen

Por otro lado, la gran cantidad de residuos y subproductos derivados de la
agricultura, suponen un problema severo en Europa en el siglo XXI. En concreto,
se ha estimado que 30 % de los productos destinados a la alimentacion se
convierten en residuos. Esto, se une a diversos factores que agravan la situacion
como el incremento de la demanda de materias primas, la escasez global de
recursos y el impacto en el cambio climatico que tiene el manejo de todos los
desperdicios. De esta forma, para hacer frente a esta situacion, en los ultimos afios
se esta promoviendo un nuevo modelo econdmico mas sostenible basado en la
economia circular. La Comision Europea establece que “una economia circular
tiene como objetivo mantener el valor de los productos, materiales y recursos
durante el mayor tiempo posible devolviéndolos al ciclo de produccion al final de
su uso, al tiempo que se busca minimizar la generacion de desechos”. Asi, el
aprovechamiento de los subproductos derivados de la agricultura busca
implementar este modelo econémico. Dado que la mayoria de los subproductos
tienen caracteristicas nutricionales, funcionales, y nutraceuticas muy interesantes,

se ha explorado las posibilidades de su uso para las industrias biotecnoldgicas.

Teniendo en consideracion estas premisas, esta Tesis Doctoral tiene como
objetivo principal el estudio de las vesiculas de membrana obtenidas de
subproductos del brocoli para desarrollar e implementar su uso como
nanotransportadores de compuestos bioactivos en aplicaciones de la industria
cosmética o farmacéutica relacionada con la piel. Para alcanzar este objetivo

global, se han desarrollado tres objetivos especificos, que son los siguientes:

I.  Determinar el potencial de las vesiculas de membrana extraidas del brécoli
para penetrar en las capas internas de la piel y evaluar su capacidad para
liberar y suministrar a células de piel los compuestos encapsulados en ellas.
Asi como determinar la estabilidad de las vesiculas en una formula
cosmetica real (Capitulo I).

Il.  Investigar la capacidad de las vesiculas de membrana de brécoli para
encapsular el compuesto bioactivo SFN y evaluar su actividad en una linea

celular de cancer de piel (Capitulo I1).



Resumen

1. Determinar el potencial antiinflamatorio de las vesiculas de membrana de
brocoli y de encapsulados con SFN en un modelo celular in vitro de
macrofagos humanos tanto en condiciones normales como en condiciones

inflamatorias (Capitulo I11).

Dado que, durante los ultimos afios, las vesiculas de membrana de origen
natural han centrado el foco de muchas investigaciones debido a su naturaleza
proteo-lipidica, su tamafio, biocompatibilidad y biodegradabilidad; en esta tesis se
exploro la posibilidad de utilizar vesiculas de plantas, un aspecto no muy estudiado
hasta ahora. Una vez que se tuvieron diferentes tipos de vesiculas de membrana de
brécoli aisladas, se pasé a evaluar el potencial de las mismas para encapsular
compuestos y emplearlas en aplicaciones cosméticas y terapéuticas. De forma que,
en el primer capitulo de esta tesis investigamos el uso de vesiculas de membrana
plasmatica de raices aisladas de plantas de brécoli como nanotransportadores. Para
ello se determind la eficiencia de encapsulacion y la integridad de las vesiculas.
Ademas, se estudid la liberacion de la carga de las vesiculas en queratinocitos y la
penetrabilidad a través de la piel. Los resultados muestran que las vesiculas de
brécoli presentaron alta estabilidad en relacion a su contenido proteico, y alta
eficiencia de encapsulacion. Por otro lado, se demostré la interaccion entre las
vesiculas y los queratinocitos mediante la liberacion de un compuesto fluorescente
en las celulas y mediante la deteccion de proteinas vegetales en la membrana
plasmética de los queratinocitos. Esto demostrd las interacciones entre las
membranas celulares de especies de reinos bioldgicos distintos (vegetal y animal).
Ademas, las vesiculas de brocoli penetraron y liberaron el compuesto encapsulado
en las capas internas de la piel. Asi, este sistema obtenido a partir de membranas
vegetales se propone como adecuado para su uso en administracion transdérmica

de farmacos o compuestos bioactivos.

Posteriormente, se plantearon estudios para investigar el uso de vesiculas
obtenidas de hojas de brocoli para encapsular un compuesto bioactivo como es el
SFN, el cual tiene propiedades antioxidantes y anticancerigenas. En primer lugar

y abordado en el segundo capitulo, se estudié el poder anticancerigeno de



Resumen

encapsulados de SFN en las vesiculas de brécoli. Se llevo a cabo un analisis
fisicoquimico para caracterizar las vesiculas a través de diferentes enfoques:
dispersion dindmica de luz, microscopia electronica de transmision, andlisis de la
permeabilidad osmotica y analisis protedmico. Para testar el poder
anticancerigeno, se aplicaron diferentes concentraciones de vesiculas con y sin el
SFN en una linea celular de melanoma durante 24 h para estudiar la citotoxicidad
y la expresion génica. Cuando se aplico el SFN encapsulado en las vesiculas, se
observd una disminucién en la proliferacion de las células y se produjo una
reduccion de la expresion génica de marcadores asociados a cancer y un aumento
de AQP3. Por otro lado, se estudio el metabolismo del SFN dentro de las células y
se determind una mayor cantidad se SFN en el interior de las células cuando se
aplicaba de forma encapsulada. Los resultados mostraron que el SFN encapsulado
fue mejor absorbido por las células de melanoma proporcionando productos de

metabolismo.

Para continuar profundizando en las posibles aplicaciones que pueden tener las
vesiculas de membrana obtenidas del brécoli, en el tercer capitulo se investigd
sobre un aspecto farmacéutico en relacion con la inflamacién. Esta es una
patologia clave en el desarrollo de varias enfermedades con una mortalidad
considerable y, por lo tanto, con alto interés en su investigacion. Para ello, se
determinaron los mecanismos de actuacion de los encapsulados de SFN en una
linea celular de macréfagos, dado el interés creciente para encontrar nuevos
farmacos antiinflamatorios no toxicos. Primeramente, se realizé un modelado in
vitro de la liberacion del SFN encapsulado en las vesiculas y los resultados
obtenidos mostraron que se producia una liberacién en dos fases, una mas rapida
y otra més lenta, lo que se relaciond con que parte del SFN podia interaccionar con
las proteinas transmembrana, como las acuaporinas (AQPSs). Determinandose
mediante un estudio de “blind docking” la posible interaccion especifica del SFN
con una acuaporina de plantas a través de los motivos NPA conservados de la
misma. En cuanto a los ensayos celulares realizados en un modelo celular de
macrofagos humanos en condiciones normales e inflamatorias, se demostré la

accién antiinflamatoria de las vesiculas cargadas de SFN, ya que se observo una
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disminucion de las interleucinas cruciales para el desarrollo de la inflamacion
(TNF-a, IL-1B e IL-6). Ademas, estos resultados también mostraron que las
vesiculas por si mismas tenian propiedades antiinflamatorias, abriendo la
posibilidad de nuevas lineas de investigacion para estudiarlas no solo como
transportadores, sino también como compuestos bioactivos y farmacos en si

mismos.
Asi, los resultados obtenidos en esta Tesis Doctoral concluyeron lo siguiente:

I. Las vesiculas de membrana plasmatica de raices de brdcoli mostraron una
alta eficiencia de encapsulacion empleando dos tintes como compuestos
modelo y presentaron una buena estabilidad en condiciones in vitro y en
una formula cosmética real durante un afio, manteniendo una cantidad de
proteina suficiente y una funcionalidad adecuada.

Il.  Las vesiculas de membrana plasmatica de raices de brocoli liberaron un
compuesto fluorescente encapsulado en queratinocitos humanos in vitro en
cultivo celular y en las capas internas de un disco de piel de cerdo, siendo
por tanto capaces de cruzar la barrera impermeable superficial de la piel
(estrato corneo).

I1l.  La aplicacién en cultivos celulares (una linea celular de queratinocitos
humanos) de vesiculas de membrana plasmatica derivadas de raices de
brdcoli permitieron mostrar interacciones entre las membranas celulares
vegetales y humanas, destacando el papel de las AQPs de las vesiculas de
brécoli en esta interaccion.

IV. Las vesiculas de fraccion microsomal de hojas de brécoli son eficientes para
encapsular el compuesto bioactivo sulforafano (SFN), el isotiocianato méas
importante del brdcoli. Tras la encapsulacion, las propiedades de las
vesiculas no cambiaron, manteniendo el tamafio, la polidispersidad, el
potencial Z y la permeabilidad osmotica al agua. Ademas, el SFN no altero
su bioactividad en ensayos in vitro tras la encapsulacion.

V. Lacaracterizacion de la composicion de las vesiculas obtenidas de fraccion

microsomal de hojas de brdcoli reveld que contienen compuestos bioactivos
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VIII.

XI.

Resumen

como ITCs e indoles (sulforafano (SFN), erucina, iberina o indol-3-carbinol
(13C)), y proteinas asociadas con actividad antioxidante, lo que es
importante en la bioactividad propia de las vesiculas.

El SFN encapsulado en vesiculas de membrana derivadas de hojas de
brécoli mostr6 una elevada actividad de inhibicion del desarrollo de
melanocitos (linea celular SK-MEL-28) cuando se aplico durante 24 h en
cultivo celular y desencadend un aumento del gen p53, que da lugar a una
proteina supresora de tumores.

El SFN, tanto en forma libre como encapsulada, y las vesiculas de
membrana de hojas de brdcoli aumentaron la expresion del gen AQP3
(acuaporina 3, que se encuentra en la capa de células basales de la
epidermis) cuando se aplico durante 24 horas en un cultivo de células de
melanoma. La AQP3 fue sefialada como un marcador importante en el
cancer.

Al comparar la aplicacion de SFN no encapsulado y encapsulado en
vesiculas de membrana de hojas de brécoli en un cultivo de células de
melanoma se vio una mejor entrega de SFN en las células cuando el
compuesto se aplicé en la forma encapsulada.

Las vesiculas de la fraccion microsomal de las hojas de brdcoli se
estandarizaron mediante filtracion y se obtuvo un tamafio homogéneo de
unos 200 nm, que no cambio6 cuando se encapsul6 el SFN.

Mediante un ensayo de liberacion in vitro se determino que la liberacion de
SFN encapsulado en vesiculas de membrana de hojas de brocoli ocurre en
dos fases. En primer lugar, el SFN se liberé mas rdpidamente, posiblemente
através de lamembrana lipidica, y después de forma maés lenta y controlada,
lo que podria ser causado por la interaccion con las proteinas de la
membrana.

Mediante un estudio in silico se determinoé una interaccion especifica entre
el SFN y las acuaporinas PIP de plantas presentes en las vesiculas de

membrana a través de los motivos conservados NPA de las AQPs.
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Resumen

Las vesiculas de membrana de hojas de brocoli con SFN encapsulado
mostraron un importante potencial antiinflamatorio en un modelo in vitro
de macrofagos humanos debido a la inhibicién de los niveles de citocinas

inflamatorias TNF-a, IL-6 e IL-1f con citotoxicidad muy baja.
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Spain and specifically the Region of Murcia have a powerful agricultural
industry, being large producers and exporters of various fruits and vegetables.
Species from the Brassicaceae family have great agricultural, economic, and
nutritional importance. Focusing on broccoli (Brassica oleracea L. var. italica),
its demand has increased a lot in recent years, as it has many health beneficial
properties. Broccoli has high fibre content, vitamins, and minerals. Besides, it is
also a rich source of glucosinolates (GSL) and phenolic compounds, which have
been described for their preventive role in several diseases such as cancer, diabetes,

and other pathologies with an inflammatory component.

Specifically, Spain is the fourth largest producer of broccoli in the world, and
the Region of Murcia exports 70 % of all the broccoli exported by Spain. Broccoli
crops produce a large amount of by-products, as only 25 % of the total biomass
corresponds to the edible and marketable parts. The remaining biomass, leaves and
roots, a priori of no commercial value, are an excellent source of a multitude of
bioactive compounds such as proteins, lipids, vitamins, antioxidant compounds,
GSL, or isothiocyanates (ITCs). One of the most studied bioactive compounds in
broccoli is sulforaphane (SFN), which has been extensively studied for its potent
antioxidant and anticarcinogenic activity. However, its actual clinical use is limited
due to their low stability and bioavailability. In this sense, the use of nanocarriers
could solve stability-related problems. Recently, nanocarriers from natural sources
such as plant-derived membrane vesicles are receiving a great deal of attention for
their potential to be used to transport and release bioactive compounds in a
controlled and targeted manner. This is of great interest mainly in the
pharmaceutical industry. This aspect has been of special relevance since the
biocompatibility and application of plant-derived vesicles in the pharmaceutical

industry had hardly been investigated until now.
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On the other hand, the large amount of waste and by-products from agriculture
is a severe problem in Europe in the 21st century. Specifically, it has been
estimated that about 30 % of food products become waste. This is combined with
a number of factors that aggravate the situation, such as the increased demand for
raw materials, the global scarcity of resources, and the climate impact of waste
management. In order to address this situation, a new and more sustainable
economic model based on the circular economy has been promoted in recent years.
European Commission states that “a circular economy aims to maintain the value
of products, materials, and resources for as long as possible by returning them
into the product cycle at the end of their use, while minimising the generation of
waste”. Thus, the exploitation of by-products derived from agriculture seeks to
implement this economic model. Since most by-products have very interesting
nutritional, functional, and nutraceutical characteristics, the possibilities of their

use in biotechnological industries have been explored.

Taking these premises into consideration, the main objective of this Doctoral
Thesis is the study of membrane vesicles obtained from broccoli by-products in
order to develop and implement their use as nanocarriers of bioactive compounds
in applications for the cosmetic or pharmaceutical industry related to the skin. To
achieve this overall objective, three specific objectives have been developed,

which are as follows:

I.  To elucidate the potential of membrane vesicles extracted from broccoli to
penetrate the inner layers of the skin and evaluate their ability to release and
deliver encapsulated compounds to skin cells. As well as to determine the

stability of the vesicles in a real cosmetic formulation (Chapter ).

I[l.  To elucidate the capacity of membrane vesicles from broccoli to
encapsulate the bioactive compound SFN and evaluate their activity in a

skin cancer cell line (Chapter I1).
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[1l.  To determine the anti-inflammatory potential of broccoli membrane
vesicles and encapsulation with SFN in a human-macrophage-like in vitro

cell model under both normal and inflammatory conditions (Chapter 111).

Since in recent years, membrane vesicles of natural origin have been the focus
of many investigations due to their proteo-lipid nature, size, biocompatibility, and
biodegradability; this thesis explored the possibility of using plant vesicles in an
applied form, an aspect that has not widely been studied. Once different types of
broccoli membrane vesicles were isolated and characterised, the potential of these
vesicles to encapsulate compounds for cosmetic and therapeutic applications was

evaluated.

In the first chapter of this thesis, we investigated the use of isolated plasma
membrane vesicles from roots of broccoli plants as nanocarriers. For that,
entrapment efficiency and integrity of vesicles were determined. In addition, the
release of vesicle cargo in keratinocytes and penetrability through the skin were
studied. The results showed that broccoli vesicles presented high stability in
relation to their protein content, and high entrapment efficiency. Furthermore, the
interaction between vesicles and keratinocytes was demonstrated by releasing a
fluorescent compound into the cells and by detecting plant proteins in the plasma
membrane of keratinocytes. These proved interactions between cell membranes of
species from different biological kingdoms (plant and animal). Besides, broccoli
vesicles penetrated and released the encapsulated compound into the inner layers
of the skin. Thus, this system obtained from plant membranes is proposed as

suitable for using in the transdermal delivery of drugs or bioactive compounds.

Subsequently, studies were proposed to investigate the use of vesicles obtained
from broccoli leaves to encapsulate a bioactive compound such as SFN, which has
antioxidant and anticarcinogenic properties. Firstly, in the second chapter the anti-
cancer activity of SFN encapsulated in broccoli vesicles was studied. A
physicochemical analysis was carried out to characterise membrane vesicles
through different approaches: dynamic light scattering, transmission electron

microscopy, water permeability analysis, and proteomic study. To test the anti-
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cancer activity, different concentrations of vesicles with and without SFN were
applied to a melanoma cell line for 24 h to study cytotoxicity and gene expression.
When encapsulated SFN was applied, a decrease in cell proliferation was
observed, and there was a reduction in gene expression of cancer-associated
markers and an increase in AQP3. On the other hand, the metabolism of SFN inside
the cells was studied and a higher amount of SFN inside the cells was determined
when it was applied in an encapsulated form. The results showed that encapsulated
SFN was better absorbed by melanoma cells resulting in products of SFN

metabolism and a reduction of molecular cancer markers.

To further explore the possible applications of membrane vesicles obtained
from broccoli, the third chapter it was investigated a pharmaceutical aspect related
to inflammation. Inflammation is a key pathology in developing several diseases
with considerable mortality, and therefore it has a high research interest. To this
end, the action mechanisms of SFN encapsulates in a macrophage cell line were
determined, given the growing interest in finding new non-toxic anti-inflammatory
drugs to treat inflammation. First, in vitro modelling of encapsulated SFN release
from vesicles was carried out, and obtained results showed that there was a two-
phase release, one faster and one slower, this last, related to a part of SFN that
could interact with transmembrane proteins, such as AQPs. A blind docking study
determined the possible specific interaction of SFN with a plant aguaporin through
its conserved NPA motifs. Cellular assays performed in a human macrophage cell
model under normal and inflammatory conditions demonstrated the anti-
inflammatory action of SFN-loaded vesicles, as a decrease in interleukins crucial
for the development of inflammation (TNF-a, IL-1pB, and IL-6) was observed.
Furthermore, these results also showed that vesicles themselves had anti-
inflammatory properties, opening up the possibility of new research lines to study

them not only as transporters but also as bioactive compounds and drugs.
Hence, the results obtained in this Doctoral Thesis concluded the following:

l. Broccoli root plasma membrane vesicles showed high entrapment

efficiency using two dyes as model compounds, and showed good stability
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under in vitro conditions and in a real cosmetic formulation for one year,

maintaining enough amount of protein for adequate functionality.

Broccoli root plasma membrane vesicles encapsulating a fluorescent dye,
released it to both cell culture human keratinocytes and in the inner layers
of a pig skin disc. Thus, the vesicles were able to cross the PM of
keratinocyte and the impermeable surface barrier of the skin (stratum

corneum).

The application of broccoli-derived membrane vesicles in cell cultures (a
human keratinocyte cell line) allowed to show interactions between plant
and human cell membranes, highlighting the role of AQPs in this contact.
Crossover interactions between both kingdoms leading open many lines of

investigation and numerous potential applications.

Microsomal fraction vesicles from broccoli leaves are very efficient in
encapsulating the bioactive compound sulforaphane (SFN), being the most
important isothiocyanate in broccoli. After encapsulation the properties of
vesicles did not change, maintaining size, polydispersity, Z-potential, and
osmotic water permeability. Furthermore, SFN did not alter its bioactivity

In vitro assays upon encapsulation.

Analysis of the composition of vesicles obtained from broccoli leaves
microsomal fraction revealed that they contain bioactive compounds such
as ITCs and indoles like sulforaphane (SFN), erucin, iberin or indole-3-
carbinol (I13C), and proteins associated with antioxidant activity, important
in self-activity of vesicles, and proteins related to binding activity, which

could be key in the fusion with target cells.

SFN encapsulated in broccoli membrane vesicles showed high inhibition
activity of melanocyte development when applied for 24 h in cell culture
and triggered an increase of the p53 antioncogene, which gives rise to a

tumour suppressor protein.
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SFN in both free and encapsulated form, and broccoli membrane vesicles,
up-regulated AQP3 (aquaporin 3 found in the basal cell layer of the
epidermis) gene expression when they were applied for 24 h in a melanoma

cell culture. AQP3 was pointed to as important marker in cancer.

Comparison of application of SFN non encapsulated and encapsulated SFN
in broccoli membrane vesicles to melanoma cell culture (cell line SK-MEL-
28) revealed better delivery of SFN into the cells when the compound was

applied in the encapsulated form.

Microsomal fraction vesicles from broccoli leaves were standardized
through filtration and a homogeneous size about 200 nm was obtained,

which did not change when SFN was encapsulated.

An in vitro release assay determined that the release of SFN encapsulated
in broccoli membrane vesicles occurred in two phases. First, SFN was
released more rapidly, possibly through lipid membrane, and then in a
slower and more controlled manner, which could be due to interaction with

membrane proteins.

An in silico study determined a specific interaction between SFN and plant
PIP aquaporins present in membrane vesicles via the conserved NPA motifs
of aquaporins, which may enhance stabilization of the compound in the

vesicles.

The anti-inflammatory potential of SFN-loaded broccoli membrane
vesicles in a human macrophage-like cell model in vitro (differentiated HL-
60 cells) due to a significant inhibition of the inflammatory cytokines TNF-

a, IL-6, and IL-1B levels with very low cytotoxicity.
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1. Revaluation of agricultural by-products

The waste of products destined for the food industry is a severe problem in
Europe in the 21st century. Around 30 % of products for human consumption
become waste, and in the case of fruits and vegetables, the waste rises to 46 %
(Caldeiraetal., 2019). In addition to the products directly intended for food, a large
amount of waste without any value in the food market is generated in agriculture,
such as leaves, stems, or roots from crops, which further increase the waste
generated by the agricultural industry. In recent years to aim this situation, a more
sustainable economic model known as the circular economy has been promoted.
According to the European Commission, “a circular economy aims to maintain
the value of products, materials, and resources for as long as possible by returning
them into the product cycle at the end of their use, while minimising the generation
of waste”. The reasons for developing such an economy model are the increased
demand for raw materials, the global scarcity of resources, and the climate impact

of waste management.

The term bioeconomy has been established for economic processes with a
biologic base. This economic system consists of integrating agriculture, health and
industry models; under the premise of reducing the carbon footprint, using
alternative fuels, and giving added value to the waste. In this context, the
management of waste generated during agricultural production entails an
environmental problem. Although, taking advantage of these wastes is possible
due to the nutritional, functional, and nutraceutical characteristics of most

agricultural waste (Fernandez-Ochoa et al., 2021).

From agricultural by-products can be purified biomolecules such as proteins,
lipids, vitamins, fibres, antioxidants, glucosinolates (GSL), and others with
significant potential and numerous biotechnological applications. Thus, the aim is

to reduce the amount of waste and implement the concept of bioeconomy.
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1.1. Importance of broccoli crops by-products

Plants belonging to the family Brassicaceae were the first domesticated plants,
and their origin dates back to 2500 BC. Specifically, the origin of Brassica
oleracea L. var. italica (broccoli) (Figure 1A) is located in the Middle East (Minor
Asia, Lebanon, and Syria), and its cultivation spread throughout Europe (Spain,
France, Greek, Denmark, and England) from the XVI century. Although, it was
not until the last century that broccoli became popular in various countries.
Specifically, in Spain large scale broccoli cultivation began in the early 1970s.
Currently, Spain is the fourth-largest broccoli producer worldwide after China,
India, and EEUU. In our country, especially in the Region of Murcia, broccoli has
become the horticultural crop that has increased the most, being Murcia the main
broccoli exporter in Spain. Region of Murcia exported 69.85% of all broccoli
exported by Spain in 2018 («Proexport», 2018), and the latest published data
showed a total production of 251,268 tons, which represents 45.56% of all the
broccoli produced in Spain («Ministerio de Agricultura, Pesca y Alimentacién»,
2021) (Figure 1B). Thus, broccoli crops are an important piece in the agricultural
economy of our region.

Species from the Brassicaceae family have importance from both agronomic
and economic points of view. In addition to producing vegetables, Brassica species
are used to obtain oils, condiments, and animal food. Besides, different studies
have shown that brassicas could be used for phytoremediation due to their high
tolerance to heavy metals (Rizwan et al., 2018), and also, some species of the
Brassica genus have a possible application in the manufacture of biofuels (Fatima
et al., 2021).

From a nutritional point of view, Brassica species have several highlights.
Specifically, the demand for broccoli cultivation is due to its beneficial properties
and its high nutritional value. Broccoli is basically made up of water and fibre, and
is suitable in weight loss diets due to its low caloric content. Besides, broccoli is a
source of a large number of vitamins (A, C, E, B1, and K) and minerals (Ca, Mg,
Na, K, F, Zn, and Se), which are essential in the formation of collagen, bones, or

white and red blood cells (Jeffery et al., 2003; Moreno et al., 2006). Also, many
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bioactive compounds are present in broccoli, which are metabolites and chemical
compounds from the secondary metabolism of plants as GSL and phenolic
compounds. These compounds have properties such as the antioxidant capacity to
prevent some diseases such as different types of cancer, diabetes, or inflammatory
iliness, in addition, to increasing infection resistance or regulating the correct

development of the nervous system (Jeffery and Araya, 2009).
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Figure 1. Brassica oleracea L. var. italica (broccoli) crops (A). Map of Spain of
production of broccoli (tons) by regions (B).
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1.2. Biotechnological applications of broccoli crops by-
products

Broccoli crops represent a great agronomical by-products source because
marketable production is only 25% of total biomass (Fink et al., 1999). The
remaining 75% are by-products, mainly leaves, stems and roots, a priori without
economic and commercial value. However, following the established path based
on the circular economy, different uses have been found to take advantage of
agricultural residues from broccoli, such as obtaining bioactive ingredients or
vesicles from plant membranes for use as nanocarriers (Dominguez-Perles et al.,
2010; Martinez Ballesta et al., 2016). These components could benefit the drug,

cosmetic, and food industries.

1.2.1. Bioactive compounds in broccoli

Broccoli is a source of nutraceutical compounds, both broccoli florets (edible
part) and by-products have similar chemical composition (Drabinska et al., 2018).
Therefore, the use of broccoli by-products is a viable way to obtain these
nutraceutical compounds without the need to use the edible and commercial part
of broccoli crops. Among all bioactive compounds present in broccoli plants could
be highlighted: GSLs and isothiocyanates (ITCs), and phenolic compounds, along
with flavonoids, are the most important group due to their abundance in the diet

and their health benefits as their antioxidant capacity. (Panche et al., 2016).

Thus, bioactive compounds can be obtained from different broccoli by-
products to be used in different fields. In this sense there are two approaches. For
medical applications, pure compounds are needed and this implies more complex
and expensive purification processes. But applications can be found in which
extracts can be used as complex mixtures of different compounds, whose
purification is more affordable. So that, in one way or another broccoli crops by-
products can be used to the fullest. Consequently, these extracts could be used in

applications related to both cosmetic and food industry.

26



Introduction

1.2.1.1. Glucosinolates

GSL are sulfurized compounds from secondary metabolism that plant use
principally as defence against biotic (herbivory, fungal, bacterial and/or viral
infection) and abiotic stresses (salinity, temperature, UV or metals). In fact, plants
increase the production of GSL under these unfavourable conditions (Zaghdoud et
al., 2012; Martinez-Ballesta et al., 2013; Cocetta et al., 2018).

Regarding chemical structure, GSL are anions composed of a f-thioglucose, a
sulfonated oxima and a side chain derived from amino acids. Based on this amino
acid, GSL are classified in three groups: aliphatics (derived from Ala, Leu, lle, Met
or Val), aromatics (Phe or Tyr), and indolics (Trp) (Wittstock and Halkier, 2002).
The total number of identified GSL is between 88 and 137, since 88 have been
successfully characterized by modern and accurate methods (NMR and MS), and
49 structures have been partially identified (Blazevi¢ et al., 2020). In broccoli 13
different types of GSL have been found (Wang et al., 2012) and glucoraphanin
(GRA) (Figure 2A) is the most abundant GSL, normally constituting 50% of the
total GSL (Jeffery et al., 2003).
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Figure 2. Structure of the glucosinolate glucoraphanin (A) and the isothiocyanate
sulforaphane (B).

A large number of epidemiological studies have linked Brassicas consumption
and specifically GSL with a reduced risk of certain illnesses, such as cancer,
diabetes, obesity or various pathologies with an inflammatory component.
However, it is currently known that most of the biological activity of GSL comes
from their breakdown products, ITCs.
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1.2.1.2. Isothiocyanates: sulforaphane

ITCs are hydrolysis products from GSL by action of the myrosinase (EC
3.2.3.1). Myrosinase in an enzyme which is stored in plant cells or separate
intracellular compartments of GSL, but against a damage this enzyme gets in touch
with GSL and myrosinase-catalysed GSL hydrolysis is initiated (Kelly et al.,
1998). Moreover, GSL could also been hydrolysed by the gastrointestinal tract
microflora, which is essential to obtain the health benefices from GSL ingested in
the diet through vegetables belonging to Brassicaceae family (Tian et al., 2018).
Each GSL gives a different and specific ITC. One of the most important ITC in
broccoli is sulforaphane (SFN) (Figure 2B), which is derived from GRA
hydrolysis.

Regarding their bioactivity in human, ITC have been widely studied due to
their powerful antioxidant and anticarcinogenic activity. Specifically, SFN has
been described for its relevant role both in the prevention and treatment of different
types of cancer, although most studies carried out with this compound in this sense
are preliminary and early stage assays (Quirante-Moya et al., 2020). Protective
function of SFN is due to its action in different mechanisms and pathways. SFN is
implicated in the activation of nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway, which on the one hand will induce phase Il enzymes important in the
protection against oxidative stress, and on the other hand, genes encoding enzymes
capable of inhibiting certain proinflammatory factors will be induced (Dinkova-
Kostova and Kostov, 2012) (Figure 3A). Also, SFN can strongly arrest cell cycle
in G2/M and induce apoptosis in different cancer cell lines (Cheng et al., 2016),
carry out an epigenetic regulation regarding histones and DNA methylations
(Fuentes et al., 2015), and inhibit angiogenesis and metastasis (Liu et al., 2017). In
addition, via Nrf2, SFN acts through modulation of nuclear factor kappa B (Nf-
kB), which is a transcription factor that regulates genes involved in immune and
inflammatory responses. SFN inhibits translocation of Nf-kB into the nucleus and
so SFN can ameliorate inflammation by inhibiting the Nf-kB signaling pathway
(Ruhee and Suzuki, 2020) (Figure 3B).
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In addition to cancer, the use of ITCs had been proposed to treat or prevent
other diseases, mainly all those with an inflammatory component such as diabetes,
obesity or endometriosis (Baenas et al., 2016; Garcia-lbafiez et al., 2020). As well
as it has been seen that the SFN and other ITC have protective effect against related

central nervous system diseases (Dinkova-Kostova and Kostov, 2012).
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Figure 3. Scheme of action of sulforaphane (SFN). SFN acts via Nrf2 (nuclear factor
erythroid 2-related factor 2) pathway (A), where a direct activation of phase Il enzymes
transcription is triggered by SFN action. SFN modifies cysteine residues of Keap (Kelch-
like ECH-associated protein) and Nrf2 is delivered and translocated into the nucleus,
where Nrf2 interacts with antioxidant response elements (ARE) to activate the
transcription machinery of genes encoding phase Il enzymes. In addition, SFN act via Nf-
kB (nuclear factor kappa B) (B), through inhibition of the translocation of transcription
factors (TF) into the nucleus, which under basal conditions are sequestrated into the
cytosol, but when pro-inflammatory ligands bind to its receptors, TF are able to
translocate into the nucleus and transcript several inflammatory mediators.

29




Introduction

1.2.2. Membrane vesicles

Membrane vesicles purified from different natural sources as plant material are
receiving considerable attention as nanocarriers for transporting and delivering
compounds into target cells. Various studies have shown cross-reactions and
similitudes between plants and animal membranes, which patents the possibility
of using plant vesicles to transport compounds to animal cells. In this sense,
broccoli by-products (root and leaves) are a suitable source to get membrane
vesicles for different biotechnological applications. Membrane vesicles are
composed mainly of lipids and proteins; many are transporters and channel
proteins. This type of proteins (transmembrane) may be involved in the stability
and delivery of entrapment molecules (Martinez Ballesta et al., 2016). Among
membrane proteins are aquaporins (AQPs), which are relevant in membrane
vesicles obtained from plant material. Due to their function as water transporter,
AQPs will be fundamental in the membrane permeability adjustment, the
maintenance of the osmolarity, and the hydration status of the membranes
(Martinez-Ballesta and Carvajal, 2016). These issues are explained in detail in
sections 3. “Plant-derived membrane vesicles” and 4. “Broccoli-derived

membrane vesicles: background ”.

2. Nanoencapsulation systems

Nanoencapsulation is a technology that entails the incorporation of substances
(active agents) at the nanoscale range (10 to 1000 nm) (Patra et al., 2018) (Figure
4) in vesicular structures to stabilize, protect, transport, and release encapsulated
compounds at the right time, in a safe manner, and usually at a specific target site.
These vesicular structures or nanocarriers, which can be of different types and
nature, have been highlighted for their potential to improve multiple
biotechnological applications in several fields: medicine, cosmetics, agriculture,
and food (Cano-Sarabia and Maspoch, 2015). The nanoencapsulation field is an

extensive area of research, and several aspects must be addressed. When choosing
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and studying nanoencapsulation systems, the essential characteristics are size,

entrapment efficiency, storage stability, and in vitro or in vivo release properties.
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Figure 4. Nanoscale diagram: from macro-materials to atoms. Nanodevices that are of
interest in nanotechnologies are at 1-1000 nm. Figure adapted from Al-Hakkani, (2020).

2.1. Interest in nanoencapsulation

The development of new and improved nanoencapsulation systems or drug
delivery systems (DDS) has aroused great interest in both industry and research.
The encapsulation of bioactive compounds with beneficial properties for human
health is relevant when drugs or cosmetics are being developed. On the one hand,
due to the in vivo and in vitro instability of many compounds with biotechnological
interest and, on the other hand, the difficulty of these compounds to cross

biological barriers.
2.1.1. A strategy for improving bioactive compound characteristics

Natural bioactive compounds generally have several health-promoting
properties and potent in vitro pharmacological activities. Although, the translation
of this activity into clinical or in vivo therapeutic effects is problematic. These
compounds are chemically unstable due to their poor water-solubility and
susceptibility to oxidative degradation (Pachuau et al., 2021). In addition, they

display rapid systemic clearance in vivo conditions, low oral absorption, and poor
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bioavailability, the last of the properties is one of the most important that bioactive
compounds need to exert any beneficial effects in vivo. Bioavailability is a process
that includes different phases: liberation, absorption, distribution, metabolism, and
elimination. Therefore, without this characteristic, the application of free bioactive
compounds is limited in drug formulation, cosmetic, or food industry. On the other
hand, environmental factors (temperature, pH, light, oxygen, and enzymes) also
contribute to the degradation in vitro and in vivo of these bioactive compounds
(Pachuau et al., 2021). Some very studied natural compounds by their beneficial
properties, such as curcumin, quercetin, or SFN, presented the problems mentioned
above (Anand et al., 2007; Cai et al., 2013; Zambrano et al., 2019). As regard SFN,
it has a short half-life of 2 h in vivo conditions (Hu et al., 2004), is degraded in an
agueous medium at 50 — 100 °C aggravated by a rise in pH (Jin et al., 1999), and

Is rapid clearance and metabolism which affect its bioavailability (Do et al., 2010).

Therefore, encapsulation is a viable alternative to stabilize compounds in vitro,
preserve their quality, improve bioavailability, or enhance their application in
cosmetic, food, or drug formulations. Thus, previous studies have revealed
encapsulation as an effective method to protect molecules like SFN from
degradation. Different types of nanocarriers have been explored as delivery
systems for SFN to address this objective, such as albumin microspheres, polymers
(gelatin, gum arabic, or pectins), and micelles (Yuanfeng et al., 2021).
Improvements have been shown when SFN is encapsulated compared to when it
is in a free form. Some of these improvements are: 20% increase when stored at
high temperatures (Tian et al., 2015), alginate based microspheres enhanced
stability of SFN at pH 7.4 (Wang et al., 2011), SFN encapsulated in BSA based
microspheres enhanced tumour inhibition in vivo compared to free SFN (Do et al.,
2010), and magnetic microspheres increased tumour growth inhibition when SFN

was encapsulated compared to the free SFN (Enriquez et al., 2013).
2.1.2. A strategy for overcoming biological barriers

Encapsulation of bioactive compounds not only may improve the properties

mentioned above but also is an alternative to facilitate bioactive compounds across
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biological barriers, which are necessary components that protect the body from
invading pathogens or foreign material, and maintaining homeostasis. Bioactive
compounds have a priori a positive effect, but they are strange elements for the
organism, and these compounds will not cross biological barriers easily. Active
agents may cross the biological system, entering the blood circulation and reaching
the target site to exert their biologic effects. Thus, nanoencapsulation of bioactive
agents is, therefore, an alternative to bypass restrictions offered by biological
barriers, including the immune system, biological hydrogels, cell trafficking
pathways, and tissue barriers (Finbloom et al., 2020); with a special focus on the

latter, which is explained in more detail below.

- The immune system will recognise drugs/bioactive compounds as foreign
substances after their application and an immune response will be triggered.
Phagocytes will internalize drugs and provoke rapid particle clearance and low
treatment efficacy. Two alternatives are proposed to prevent this: the design of
carriers with immune-evasive properties (Huynh et al., 2010), and the design of
carriers to either activate or suppress the immune system for a given application.
For example, nanoparticles (NPs) for immunostimulation have been employed
against cancer and infections, whereas immunosuppressor NPs have been
employed for inflammatory disorders like rheumatoid arthritis or diabetes (Feng et
al., 2019).

- Biological hydrogels are throughout the body. Drugs to reach the target
sites must navigate in hydrogels, which limit the penetration of particles and,
therefore, an effective drug delivery. The most studied biological hydrogels are
mucus (Lai et al., 2009) and bacteria hydrogels (Gupta et al., 2019), so hydrogels
are biologic barriers and drug targets. In the design of drug carriers, a decision
must be made between mucoadhesion and mucus penetration. Regarding
materials, mucus-penetrating carriers have been developed with silica, polymers,
and liposomes. Carriers with characteristics to cross these types of barriers are

desirable for oral drug delivery applications (Fox et al., 2015).
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- The last barriers that drugs have to cross until exert their functions are the
cellular trafficking and cell uptake (Finbloom et al., 2020). Several DDS have
been design to improve the PM passage and to avoid endolysosomal sequestration.
In this sense, enormous efforts are being done for developing nanocarriers with a
modified surface to inducing cytosolic uptake of NPs. For example, surface of
DDS modified with cell-penetrating peptides can permeabilise cell membranes and
improve the transport of encapsulated drug or intact NPs into the cytosol (Farkhani
etal., 2014).

Tissues barriers: skin

Tissue barriers are the most widespread biological barriers to drug delivery to
the target site. These barriers are characterized by their composition based on
closely and packed cells, which limit drug penetration into the blood flow
inhibiting on the one hand paracellular transport between cells and on the other
hand transcytosis across the cell (Gonzélez-Mariscal et al., 2005). There are
different tissues barriers, but the most important and studied in drug delivery are
blood-brain barrier (BBB), enterocytes and skin. BBB is a structure that limits the
entry of small molecules into the healthy brain and achieving the local delivery of
drugs into the brain is difficult. Therefore, developing DDS have been used to

improve the low brain drug bioavailability (Terstappen et al., 2021).

As for the skin, it is the largest (1.8 m? and 16 % of the total body mass) and
most exposed organ of the body. Therefore, it serves as the first defence against
external factors such as UV radiation, microorganisms and chemicals. Thus, the
skin is one of the most difficult barriers that drugs and DDS have to cross.
(Krishnan and Mitragotri, 2020).

Skin is composed of two primary layers, epidermis and dermis, and other
sublayers (Figure 5), which have different components such as ephitelium,

mesenchymal, glandular, and neurovascular.

34



Introduction

s
&
Transcelullar &
route

Hair follicle _Intercelullar
route " route

} Stratum corneum
) @ J }Viable epiermis

|
A

[S¥ereie 016

£

q

&3
T

— Dermis

Figure 5. Illustration of skin structure and the three possible penetration pathways (1,
transcellular route; 2, hair follicle route; 3, intercellular route) for applied active
ingredient into and through skin.

Stratum corneum is the most superficial layer of the epidermis and therefore
of the entire skin. This layer has a thickness of 10-20 um and are made up
of corneocytes (terminal differenced keratinocytes composed of cross-
linked keratin) surrounded by lipid (ceramides, cholesterol, and free fatty
acids) organized in lamellar crystalline bilayers. Corneocytes together lipids
form a network that absorb water and control the penetration of molecules
through the skin (Heisig et al., 1996).

Viable epidermis beneath stratum corneum is 50-100 pum thick, and are
composed of several cell types: keratinocytes at different maturation stages,
melanocytes, Merkel cells, and Langerhans cells. In addition, in this layer

Is where most dermatological disorders occur.

The next layer is the dermis which contains collagen, elastin, lymphatic
vessels, sensory nerves, sebaceous glands, and hair follicles. This layer has
a thickness of 0.1-0.4 cm and its main role is to provide nutrition to the
epidermis and act as a structural support for the entire skin (Krishnan and
Mitragotri, 2020; Tiwari et al., 2022).
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2.2. Applications of nanoencapsulation systems

The study of NPs and DDS has raised the interest in applying them in different

fields like biomedicine, cosmetic, agriculture, and food industry (Figure 6).
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Figure 6. Main applications of nanoencapsulation systems and classification.

v' Biomedicine

Advances in nanotechnology have allowed the development of useful recourses
in different areas of medicine. Biosensors composed of gold or iron-based NPs
have been developed to improve disease diagnosis (Martina et al., 2005).
Regarding therapy, NPs have great relevance in tissue regeneration (Heo et al.,
2014) and treatments against cancer by hyperthermia (Alonso et al., 2016).
Although the application based on NPs most developed in biomedicine is the drug
administration (small molecule drugs, proteins, and DNA/RNA). Thus, using NPs
have allowed the control of administration pathways, toxicity, and drug dispersion
in the organism (Mitchell et al., 2021).
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v Cosmetic
Nanotechnology has been incorporated into the cosmetic formulations, and
nanoscale size ingredients have been used in cosmetic products for dermatological,

dental, and hair care applications (Aziz et al., 2019).

v Food

The use of NPs in the food industry is focused on enhancing the nutritional
value, sensory response, and shelf life of food products. Besides, encapsulation of
active compounds (nutraceuticals or preservatives) used in food increase their
bioavailability and stability, and protect them from environmental degradation
agents (Assadpour and Mahdi Jafari, 2019).

v Agriculture
Although compared to the medical area, the use of NPs in agriculture is less

developed, promising results are being achieved in recent years (Rios et al., 2019;
Rios et al., 2020). The main objectives for NPs in agriculture are increasing the
crop production and reducing the environmental impact of extensive crops by
diminishing evaporation and leaching of harmful substances such as of herbicides,
fungicides, and insecticides (Duhan et al., 2017). Some potential application of
NPs in agriculture are delivery fertilizers, micronutrients supply, nanofungicides,
nanoherbicides and biosensors. The last is very promising since could help in the
efficient use of essential resources in agriculture like nutrients, water or

agrochemicals (Singh, 2021).

2.2.1. Nanoencapsulation in treatment of skin disorders

Skin disorders could be divided in different categories depending on the
severity. On the one hand, less severe skin disorders can be treated from a cosmetic
approach. Cosmetics has been defined as “particles intended to be applied onto
human bodies or any part thereof for cleansing, beautifying, promoting
attractiveness, or altering the appearance” (FDA, 2016). In addition, between
pharmaceuticals and cosmetics are cosmeceuticals, which is a niche where the
products have bioactive compounds to treat various disorders such as skin dryness,
skin aging, hair damage, pigmentation, acne, broken blood vessels, etc. Thus is,
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cosmeceuticals have a dual purpose: (1) providing esthetical effects, and (2)

treating dermatological disorders.

In this area, the use of NPs has three functions, acting as nanocarriers, active
substances, or modifiers of the characteristics of the final products (appearance or
rheology). Nanoencapsulation provides to cosmetic formulations different
improved characteristics such as deeper skin penetration, major UV protection,
longer-lasting effects, enhanced anti-aging effect, or increased colour (Aziz et al.,
2019).

On the other hand, acute disorders such as diseases with an inflammatory
component (psoriasis, atopic dermatitis, or rosacea) or different skin cancer types,
which are treated from a medical approach (Lee et al., 2021). Skin cancers are one
of the most extended cancers in human, particularly in the white population, with
over a million cases detected each year (Leiter et al., 2020). Generally, two types
of skin cancers can be described, melanoma skin cancer (MSC) that originate from
melanocytes and non-melanoma skin cancer (NMSC) that originate from
epidermal-derived cells (Simdes et al., 2015). Malignant melanoma is deadliest
skin cancer and its incidence has increased over the past years. Different changes
in lifestyle are related to this increase, but mainly an increased exposure to UV
radiation has been observed as one of the main responsible factors (Leiter et al.,
2020). The future in the treatment of these disorders is focused on achieving less
side effects and doing the treatment in a local form. Nanoencapsulation is therefore

at the centre of the development of new treatments.

2.3. Administration routes

Taking into account the final applications and the biological barriers that the
DDS have to cross to reach the target site, different routes of administration can

be proposed, which are listed in Table 1.
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Table 1. Different administration routes of drug delivery systems.
Name of route Way of administration
Oral Drug is administered through mouth
Parenteral
o Intramuscular Drug is administered into the skeletal muscles
o Subcutaneous Drug is given under the skin
o Intravenous Drug is directly given in the veins
Transdermal Drug is administered in the dermal region
Topical Drug is applied over the skin

Administration of drugs, both free or encapsulated in DDS, through skin have

some

advantages over other routes of administration. Among the advantages are

the following:

v
v

v
v

Systemic side effects are avoided and are generally few and localized.
Elimination of the risk of digestion/degradation of drugs in the
gastrointestinal tract.

A rapid metabolism, enzymatic degradation and clearance of blood
circulation are prevented.

Easy application and suitable for self-medication.

Drug delivery into a specific site.

After transdermal or topical delivery of drugs, there are three possible pathways

to reach the target, which are transcellular, intercellular, and hair follicles (Figure
5) (Aziz et al., 2019).

Transcellular penetration involving a delivery of drugs through layers of

lipids and corneocytes to de living cells.

The hair follicles path serves as penetration medium since follicles have a

dense network of blood capillaries. In addition, they act as reservoir of drugs
applied onto skin.

Finally, the intercellular pathway occurs when active compounds pass

through stratum corneum via the lipid layers that are surrounded by

keratinized cells.
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Once described the possible pathways of drug administration through skin and
the existing difficulties for drugs to cross the SC, various methods have been
proposed to enhance the skin permeability such as chemical permeation
enhancement, permeation enhancement by physical means, or biomolecule-
mediated enhancement (i.e. peptide cell penetration enhancer). Although the most
promising and less invasive method is the enhancement of drug delivery by

nanoencapsulation systems (Yang et al., 2017).

2.4. Types of nanoencapsulation systems

A general classification of NPs or DDS is based on the nature of the materials.
Hence, NPs are divided into organic and inorganic, and within each type, there are

different sub-classifications that are explained below (Figure 6).

2.4.1. Inorganic nanocarriers

There are different types of inorganic NPs such as silica-based NPs, carbon-
based NPs and the most popular type, metallic NPs. Inorganic nanocarriers have
some disadvantages, as toxicity derived from the synthesis process and the
generation of reactive oxygen species (ROS) in the target cells of the final
application (Soenen et al., 2011). In this sense, obtaining nanocarriers from natural
sources, which would be more environmentally and economically friendly, is the
path that is currently being promoted and sought. In the last years, green synthesis
procedures have been developed to get metallic NPs from biological resources
such as plants, fungi, bacteria, yeast, and human cells (Mohanpuria et al., 2008).
Recently, an eco-friendly and low-cost method to synthetize silver NPs from fresh
leaves of Acacia melanoxylon has been described to use them as dopamine and
H20, sensor (Shashanka and Kumara Swamy, 2020). One of the most studied
metallic based-NPs are gold-NPs, since they have a lot of potential applications,
especially in medicine field: destruction of tumours by localized hyperthermia,
radiotherapy for cancer or in conjugation with proteins are used as inmunosensors
(Elahi et al., 2018). Besides silver or gold NPs, other commonly synthesized

metallic NPs are iron, iron oxide, zinc, titanium, aluminium, cadmium, and lead.
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These type of NPs have potential uses in biotechnology, specifically in
preconcentration of the targeted analytes, drug/gene delivery, diagnostic imaging,
and biosensors for diagnosis (Rout et al., 2018). Besides, metallic NPs can be
modified with chemical groups which facilitate the conjugation with ligands,

drugs, or antibodies.

Although the possibility of obtaining these NPs through eco-friendly processes
has promoted their production and use, there is some controversy with in vitro and
in vivo toxicities of these elements (Rout et al., 2018). Therefore, alternatives to

inorganic NPs are necessary.

2.4.2. Organic nanocarriers

Organic nanocarriers are particles composed of lipids, proteins or polymers in
a diameter from 10 to 1000 nm. Currently there is an increasing interest in
developing therapies or finding drugs from natural sources, and this is being seen
in the same way in the area of nanotechnology and specifically nanocarriers.
Organic nanocarriers stand out for their high biocompatibility, their great capacity
of encapsulation as well as for their versatility to encapsulate both compounds of
hydrophilic and lipophilic character. Organic NPs include liposomes, micelles,
protein/peptide-based NPs, lipid-protein NPs (proteoliposomes), dendrimers,

microemulsions and niosomes.

2.4.2.1. Liposomes and proteoliposomes

The most popular organic NPs are liposomes, which were discovered in 1965
(Bangham et al., 1965). First, liposomes were described as good models for the in
vitro study of biological membranes. Later, considering the properties of
liposomes, possible uses of these lipid vesicles in biotechnological applications
began to be considered, for example as drug delivery and encapsulation systems.
Liposomes are spherical vesicles with an aqueous core (hydrophilic character)
surrounded by one or more lipid bilayers (hydrophobic character) of

phospholipids, which are formed by two hydrophobic hydrocarbon chain of fatty
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acids join to a hydrophilic polar head, which are in contact to aqueous core and

outside (membrane surface).

Regarding types of liposomes, these are classified based on different criteria,
but the most common classification is referred to the size and the number of bilayer
(Figure 7):

o Small unilamellar vesicles (SUV): liposomes made up of a single bilayer
with a diameter of 20 to 80 nm.

o Large unilamellar vesicles (LUV): liposomes made up of a single bilayer
with a diameter of 80 to 1000 nm.

o Multilamellar vesicles (MLV): liposomes made up of two or more bilayers

with a diameter of 400 nm to several pum.

SUV
20 - 80 nm

LUV
80 - 1000 nm

~\

-

MLV
> 400 nm

Unilamellar liposomes

Multilamellar liposomes

Figure 7. Liposomes classification according to the size and the number of bilayers.

Because liposomes are consider amphipathic structures, since they have both
lipid and aqueous phases, have the advantage of encapsulating both lipophilic and
water-soluble compounds; hydrophilic molecules are encapsulated in the aqueous
core, while lipophilic compounds are entrapped into lipid bilayer (Carugo et al.,
2016). This type of vesicle was the first DDS used in medical and cosmetic
applications with the main objective of improving the in vitro and in vivo properties
of encapsulated substances (protein, drug, RNA, DNA, or bioactive extract)
(Lasic, 1997).
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The similarity of liposomes with cell membranes due to their characteristic
bilayer structure gives this type of nanocarrier great compatibility and permeability
to cross biological barriers (skin, mucosal membranes, BBB or enterocytes),
interact with target cells and delivery encapsulated compounds. Interaction
between liposomes and eukaryotic cells is produced through different
mechanisms:  fusion, endocytosis  (clathrin ~ or  caveolae-mediated),
macropynocitosis, phagocytosis, absorption, or lipid exchange (Gonzalez Gomez
and Hosseinidoust, 2020).

The use of liposomes to encapsulate and transport bioactive molecules have

different advantages (Allahou et al., 2021), which are summarized below:

v" Liposomes can carry both hydrophilic and lipophilic substances, as well as
negatively and positively charged molecules.

v’ Protection and stabilization of encapsulated substances from hostile
environment regarding their bioactivity and beneficial properties, extending
their half-life in vitro during storage, and in vivo at the final organism.

v" Provide direct contact of drug with target cell and allow a site-specific drug
delivery.

v" Liposomes can provide a sustained drug release.

v’ Liposomes are biodegradable and biocompatible.

Even though liposomes are the most used system to transport active
ingredients, they have some limitations (Allahou et al., 2021), which are

summarized in;

x The production of liposomes is economically expensive.

x Phospholipids are more instable than other membrane components because
they are sensible to oxidation and hydrolysis-like reactions, which reduce
the half-life.

x There are some leakage and fusion of encapsulated molecules, and
aggregation phenomena are possible.

x Liposomes can be less stables.
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Therefore, new formulations to use as DDS are being investigated. To modify
conventional liposomes with the objective of improve their characteristics is very
common, for example add polyethylene glycol (PEG), which is one of additives
most used for modifying liposome surface and obtain some desirable properties as
prolonged circulation times or better in vitro target binding (Mitchell et al., 2021).
Liposomes can be also modified by adding proteins, known as proteoliposomes.
This type of vesicles has gained relevance not only in studies about interactions
between lipids with proteins but as systems for use in biotechnological applications
as nanocarriers, as well as in of nanosensors and vaccines area (Tenchov et al.,
2021; Estephan et al., 2022).

Proteoliposomes have the advantages of liposomes, but also the added value of
proteoliposomes is the presence of functional proteins, which contribute to
improve some properties such as an efficient intracellular delivery, increased
targeting, or improved circulation (Lu et al., 2018). In addition, the protein-lipid
interactions simulating the native environment membranes provide an additional
stability to vesicle system (Martinez Ballesta et al., 2016; Seneviratne et al., 2018).
However, proteoliposomes have the same disadvantage of liposomes and others
such as standardized method is required for each specific proteins, and it is
necessary to verify the orientation and the functionality of proteins (Ciancaglini et
al., 2012).

2.4.2.2. Natural membrane vesicles

In addition to liposomes and proteoliposomes in vitro synthetized,
proteoliposome-like vesicles can be obtained from natural sources such as
mammals (cell cultures), plants, yeasts, or bacteria. These vesicles are another
alternative to use as DDS in therapy or cosmetic for delivering the drug to specific
cells and tissues (Wang et al., 2013), and as phospholipid structures can be
considered analogous to liposomes. In addition, since these vesicles are natural and

their origin is cellular are more biocompatible and safer (Nemati et al., 2022).

Natural membrane vesicles like exosomes from different sources are

structurally composed of lipids and proteins, and several components accumulated
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randomly from original cells such as bioactive compounds, nucleic acids, or
proteins (Figure 8) (Akuma et al., 2019).

Bioactive

compounds

Figure 8. Representative structure of natural membrane vesicles composed of integral
proteins and lipids containing bioactive compounds, proteins and nucleic acids.

3. Plant-derived membrane vesicles

Plant-derived membrane vesicles will stand out among the natural membrane

vesicles, since they are the main topic of this PhD thesis.

Membrane vesicles purified from non-toxic plants are proposed as new DDS
that aim to eliminate the problems associated with other existing DDS. In addition
to the composition and natural origin, they represent an opportunity to obtain
vesicles in bulk from economical plant sources. Different plant species have been
used as source of membrane vesicles such as ginger, grapefruit, grape, lemon,
apple, strawberry, broccoli, etc. (Wang et al., 2022). So, in recent years, many
efforts have been made on research applications of plant-derived vesicles, making

great advances in this regard (Figure 9).
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Figure 9. Number of publications about “plant-derived vesicles” and their
“biotechnological applications” in the last 20 years.

3.1. Composition and types of plant-derived membrane
vesicles

Plant-derived membrane vesicles can be characterized by their size,
morphology, and biochemical composition. The structural and physicochemical
characteristics of these membrane vesicles are different depending on source
material, growth condition of source plants, and type of purified membrane
(microsomal fraction (MF), plasma membrane (PM), membranes from different
organelles, etc.) (Figure 10). These membrane vesicles are biological membranes
and therefore are composed mainly of a complex mixture of lipids and membrane
proteins (superficial and integral), in addition to nucleic acids and different

metabolites in the interior (Figure 8).

Regarding size, they are generally larger than animal-derived membrane
vesicles. Plant membrane vesicles have a mean diameter between 30 and 600 nm,
and a negative Z-potential above -20 mV, with high stability (Ju et al., 2013; Wang
et al., 2014; Fujita et al., 2018). Following the previous criteria, these membrane
vesicles could be similar to LUV and MLV. Thus, this type of vesicles offers high
versatility, and it is possible to get vesicles of different compositions, which can
provide specific properties to the vesicles and adapt them to several applications

in therapy, cosmetics, food, or agriculture.
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These vesicles have some advantages with respect to the DDS described above.

v Plant-derived vesicles have a much lower cost than synthetic liposomes or
proteoliposomes, since a bulk extraction from economical plant sources is
possible.

v' Itis possible to get plant-derived vesicles from agriculture by-products (leaf
or roots), which would help to establish a circular economy, in which the
maximum use of materials and a reduction in waste are sought.

v These vesicles are biodegradable and biocompatible, a similarity in lipid-
protein composition to mammalian exosomes has been stabilised for some
plant membrane vesicles and therefore comprising low immunity (Ju et al.,
2013; Vaishnav et al., 2013).

v These vesicles can be modified and loaded with molecules and agents as

bioactive compounds, drugs, RNAs...

3.2. Isolation and characterization methods of plant
membrane vesicles

In procedures to isolate membrane vesicles is essential to separate accurately
them from plant tissues. Methods to isolate animal-derived exosomes are highly
standardized, but due to differences with plant-derived vesicles, the protocols have
to be adapted. In the last years, different methods have been developed and now
there is enough variety: differential ultracentrifugation, gradient density
centrifugation, PEG precipitation, size exclusion chromatography (SEC),
electrophoresis, and ultrafiltration membrane separation.

o Differential ultracentrifugation

Ultracentrifugation is the most used procedure to isolate plant-derived
membrane vesicles. This method consists of two main steps after crushing the raw
material: one centrifugation at low speed (about 10,000 g) for removing high
debris from plant tissues, where supernatant with vesicles is retained, and other
centrifugation to precipitate membrane vesicles at high centrifugal force (about
100,000 g). Ultracentrifugation have the advantages of vesicles obtained have a

high purity and the operations are simple. On the other hand, the complete process
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imply long time and a high cost, since specialized equipment is needed (Yang et
al., 2020).

o Gradient density centrifugation

Gradient centrifugation is a procedure that is usually coupled after differential
ultracentrifugation to obtain vesicles with higher purity. Sucrose at different
concentrations is normally used to generate the gradients. And, additional time to
process is required (about 1 to 5 h) (Yang et al., 2020).

o PEG precipitation

PEG precipitation method was proposed as ultracentrifugation requires high-
cost ultracentrifuges, although this method involves a simple and economical
operation, the yield is low and the isolated vesicles have low purity (Wang et al.,
2022).

o Size exclusion chromatography

This chromatography method is less used than method described above due to
a heavy workload and a long time are required. Nevertheless, it has been reported
that vesicles with less contamination with non-vesicular proteins and other
molecules are obtained compared to ultracentrifugation procedure (Gardiner et al.,
2016).

o Electrophoresis

Electrophoresis followed by dialysis seems to be a good option without many
drawbacks. After separation under the action of the electric field and dialysis bag,
vesicles obtained have similar characteristic to those obtained by
ultracentrifugation (Yang et al., 2020).

o Ultrafiltration

Ultrafiltration has exhibited great potential to use in combination with other
methods to obtain vesicles with high purity. Besides, it is fast and does not require

special equipment (Li et al., 2017).

All these methods present advantages and disadvantages. In different reports, it
has been shown that the most appropriate to purify membrane vesicles with
suitable properties is to employ different methods in a combined way (Gardiner et
al., 2016). Regarding physical characterization methods, dynamic light scattering
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(DLYS) technology and transmission electron microscopy (TEM) are widely used
for determining membrane characteristics. After the purification of membrane
vesicles, a physical characterization is essential to determine the stability and
authenticity of particles. In this sense, the following parameters are always

determined:

o Size and polydispersity index
o Z-potential

o Morphology

3.3. Bioactivity of plant membrane vesicles and their
application in human disorders

Plants have been widely studied for many years due to their beneficial
properties for human health. So, membrane vesicles obtained from plants have
been shown to retain part of these properties. Different works have demonstrated
the biological activity of edible plant-derived vesicles:

v Anti-inflammatory effect

v' Anticancer effect

v' Antibacterial and antifungal effects
v' Antioxidant effect

These effects are produced through different ways, such as interaction with the
intestinal microflora, gene regulation, gene silencing, acting on macrophages,
induction of apoptosis, etc. (Wang et al., 2014; Sundaram et al., 2019; Zhang et
al., 2021).

As regard possible applications of plant membrane vesicles, on the one hand
membrane vesicles can act as drug or bioactive compounds (Figure 10). Although
research in this area is recent, they have already been investigated to treat different
diseases. For example, vesicles from grapefruit (Wang et al., 2013; Wang et al.,

2014) and ginger (Teng et al., 2018) have been tested to treat colitis.
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Figure 10. Schematic representation about purification of plant vesicles from different
membrane classes and possible applications.

Colitis is a disease that causes pathological changes in the colon by immune
factors and has an important inflammatory factor (Ng et al., 2017). So, it has been
shown membrane vesicles from edible plants have an important role both in
prevention and treatment of this disease and different action mechanisms have
been described (Wang et al., 2022):

Regulation of intestinal macrophages.

Promoting the proliferation of intestinal stem cells.

Regulation of intestinal immune environment homeostasis.

Modifying intestinal microflora.

On the other hand, membrane vesicles, as indicated above, can be used as DDS
for the treatment of diseases or in cosmetic applications (Figure 10). It has been
described that plant-derived membrane vesicles not only have good absorption in
the intestine, but also some of them can enter the BBB and thus can deliver small
molecular drug such as proteins, SiRNA, DNA expression vectors or

chemotherapeutic drugs (Wang et al., 2022).
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4. Broccoli-derived membrane vesicles: background

Cell membranes at protein and lipid level have been widely studied by our group
in broccoli plants (Lopez-Pérez et al., 2009; Casado-Vela et al., 2010; Chalbi et
al., 2015). Biochemical changes in PM of Brassica roots and leaves related with
the resistance to abiotic stress were reported and the modification of lipid
composition of PM was linked to regulation of permeability and protein function
(Chalbi et al., 2015). PM vesicles from Brassica oleracea were described by their
higher thermodynamic stability compared to PM from other plants such as
Brassica napus or Cakile maritima (Chalbi et al., 2015). Thus, the degree of
saturation of fatty acids, sterol composition, protein/lipid ratio, protein
composition and functionality were shown as important aspect to take into account
for the design of proteoliposomes in relation to the specific application and target
tissue. Therefore, the modulation of these parameters to obtain custom natural
proteoliposomes is a future field of research. To obtain natural proteoliposomes
with specific characteristics is possible by purification of vesicles from different
membrane fractions such as MF, PM, or even “lipids raft” (detergent resistant
membranes, DRMs) (Martinez Ballesta et al., 2016; Martinez Ballesta et al., 2018;
Yepes-Molina et al., 2020) (Figure 11).

Besides, different plant tissues can also be employed to obtain vesicles, which
IS an important factor since an economic point of view. Since, the use of
agricultural by-products, which have no value, representing an economic benefit
(Dominguez-Perles et al., 2010). Regarding raw material, in real field conditions,
obtaining roots of crops would entail extra work that would have to be taken into
account in the final costs and assess whether it is profitable. Thus, isolating
membrane vesicles from leaves is easier and cheaper. On the other hand, regarding
the different membrane fractions, the most economical and industrially scalable
would be MF vesicles, although other membrane fractions would have to be

considered depending on the final use.
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Figure 11. Schematic diagram of the protocol for isolating vesicles from different
membrane fractions: microsomal fraction (MF), plasma membrane (PM), and detergent
resistant membranes (DRMs) or “lipid raft”. Protocol according Yepes-Molina et al.,
(2020).

All membrane fraction mentioned above form vesicular structures of different
size (Figure 12), which plays a key role and determining the properties and
performance in biotechnological applications such as entrapment efficiency of
compounds, in vitro stability, interaction with target cells or penetration through
biological barrier as skin (Yu et al., 2020; Dolai et al., 2021). Besides, due to these
vesicles are lipid-protein membranes, osmotic water permeability (Ps)
determined in order to determine integrity and functionality of membrane vesicles.
In this sense, it was reported that PM vesicles had the highest Ps, followed by the
MF and after the DRMs vesicles (Figure 12) (Martinez Ballesta et al., 2018; Yepes-
Molina et al., 2020). These characteristics affect to vesicle surface and therefore
influence the release of the encapsulated compound and the interaction with the
surface of target cells. Recently, vesicle membrane fluidity has been shown to be

a key parameter for selectively targeting cancer cells (Bompard et al., 2020), since
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fluid liposomes interacting more with cancer cells compared to more rigid

liposomes.
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Figure 12. Physicochemical characterization of membrane vesicles. Transmission
electron microscopy images of microsomal fraction (MF) (A), plasma membrane (PM)
(B) and detergent resistant membrane (DRM) vesicles purified from broccoli (C). Scale
bar = 500 nm. Z-average (hm) and polydispersity index of MF, PM and DRMs (D).
Osmotic water permeability (P, um st) of MF, PM and DRMs. Data are means * SE (n
= 3-5). Distinct letters represent significant differences based on one-way ANOVA
followed by Tukey HSD test (P < 0.05). Data adapted from Martinez Ballesta et al.,
(2018) and Yepes-Molina et al., (2020).

Regarding proteins content in membranes, AQPs were revealed as key in the
stabilization of a bioactive compound (glucosinolate glucoraphanin) encapsulated
in membrane vesicles from broccoli (Martinez Ballesta et al., 2016). Besides,
water purification filters were made with AQP-reconstituted proteoliposomes, and
results obtained from nanofiltration assays showed that these vesicles were stable
under stirring shear and pressure (Sun et al., 2013). So, AQPs not only facility
water transport, but also have a role in membrane stabilization in vitro. AQPs are
key in plant adaptation to changing environmental conditions by modifying the
permeability of cell membranes, and in broccoli an increase in the level of AQPs

transcripts under salinity stress conditions has been reported (Muries et al., 2011).
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In this context, membrane vesicles isolated from Brassica species, which under
certain growing conditions are enriched in AQPs, have been obtained through a
patented method (PCT/ES2012/070366) (Carvajal et al., 2011) for its use in

biotechnological applications.

4.1. Aquaporins

4.1.1.  Structure, selectivity and location

AQPs are membrane proteins belonging to the mayor intrinsic protein
superfamily (MIP). These proteins appear in all organisms and their principal role
IS to act as water channels, although small neutral solutes or gases can be also
transported (Maurel et al., 1993; King et al., 2004; Finn and Cerda, 2015). These
proteins are assembled in tetramers, where each monomer have a molecular weight
of 25 — 30 kDa. Monomers consist of six transmembrane a-helices (H1-H6)
connected by five loops (A-E) with N and C termini located on the cytoplasmic
side of the membrane (Murata et al., 2000; Tornroth-Horsefield et al., 2006). This
structure forms a specific pore that results from two selectivity filters, which allow
exclusion of molecules passing through the pores: (1) The first one is a pair of
conserved domains formed by three residues Asn-Pro-Ala (NPA), (2) and the
second filter is the so-called ar/R (aromatic/arginine) region formed by two

aromatics residues and one arginine (Murata et al., 2000) (Figure 13).

Plant AQPs are usually classified in seven subfamilies: plasma membrane
intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), NOD26-like intrinsic
proteins (NIPs), small basic intrinsic proteins (SIPs), unknown intrinsic proteins
(XIPs), hybrid intrinsic proteins (HIPs) and GLpF-like intrinsic proteins (GIPs)
(Danielson and Johanson, 2008). Unlike this diversity found in plants, mammals
possess only 12 to 15 isoforms include in 12 subfamilies (AQP0-AQP12) (Finn
and Cerda, 2015). Comparing both animal and plant AQPs, phylogenetic studies
revealed certain proximity: AQP1 and PIP, AQP8 and TIP, AQP3 and NIP, and
AQP11 and SIP. This opens up a new paradigm of vertical transfer of four ancestral

MIP subfamilies (Soto et al., 2012) and supports recent studies about cross-
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reactions between plant and animal proteins and membranes (Ju et al., 2013;
Vaishnav et al., 2013).
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Figure 13. Structure of AQP monomer inserted in bilayer membrane with six a-helices
(H1-H6) connected by five loops (A-E) (A). 3D structure of a monomer (B) and tetramer
(C) of Spinacea oleracea SoPIP2;1 (structures obtained and modified from Protein Data
Bank — PDB (Tornroth-Horsefield et al., 2006)).

AQPs are important for water homeostasis in cells, organs and organisms, both
in mammals and plants. In plants, AQPs are essential in the transport of water
across plant, specifically short-distance transport via the transcellular route, which
requires water to cross cell membranes. Thus, AQPs act in the latter case by
modulating membrane permeability (Maurel et al., 2015). Regarding mammals,
water transport plays a function in cell migration, which could be key in the

development of numerous types of cancer. Thus, the focus is on AQPs to find
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targets for drug development strategies (Wang et al., 2015), and a cross research

between plants and mammals AQPs could be relevant or help in this purpose.

4.1.2. Aquaporins in membranes

Eukaryotic cells and most organelles are surrounding by a semipermeable
bilayer membrane, which in case PM is a selective barrier between cells and the
outer environment. Biological membranes consist of lipids and proteins that
establish chemical and physical communication both among cells and intracellular
compartments. Membrane proteins can be transmembrane/integral, peripheral or
lipid-anchored (Guidotti, 1972), and they respond to changes in the local
environment acting as receptor, transporter or channels, as would be the case of
AQPs. The response to external stimuli entails an activity regulation of the

membrane proteins.

AQPs activity is modulated by various regulation processes in order to control
the water and solute homeostasis. Permeability through AQPs can be modulated
by opening or closing (gating) or regulating membrane trafficking, since integral
membrane proteins are synthetized in the endoplasmic reticulum (ER) and reach
their final target membrane across the secretory pathway. In addition to the most
studied regulatory mechanisms such as gene expression, posttranslational
modifications, heterotetramerization, hormones, pH and cations (Ca?*) or chemical
agents (mercury or sodium azide) (Chaumont and Tyerman, 2014), in the
modulation AQPs activity is also key the composition of the lipid environment, as

well as the interaction with other proteins (Kai and Kaldenhoff, 2014).

4.1.2.1. Membrane nanodomains (“lipid rafts”)

Regarding distribution of proteins and lipids in membranes, new approaches
have appeared against the classic “fluid mosaic” model (homogeneous and
randomly distribution of membrane components) (Singer and Nicolson, 1972).
The new proposed models are based on the presence in membranes of called “lipid
raft”, which are nanodomains enriched in sterols/sphingolipids and in some

proteins (Anderson and Jacobson, 2002). In plants, raft nanodomains are being
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studied for 20 years (Peskan et al., 2000) and were related to detergent resistant
membranes (DRMs). Heterogeneity of membrane suggests an important role of

lipid composition in the activity of integral membrane proteins.

Protein composition in lipid raft is different from the rest of the membrane, and
proteins together with lipids form signalling platforms involved in several
biological functions: membrane trafficking, response against biotic and abiotic
stresses, signal transduction, endocytosis, and cell-cell interactions (Tapken and
Murphy, 2015). Regulation of these processes is possible because lipid raft
membranes carry out a temporal and spatial organization of specific proteins, such
as AQPs (Lefebvre et al., 2007; Minami et al., 2009; Belugin et al., 2011)
establishing an optimal arrangement and suitable proportions. Influence of sterols
and sphingolipids in distribution through PM and trafficking of PIP2;1 has been
established (Li et al., 2011), and an essential role in the regulation of AQPs

membrane functionality has been associated with lipids raft.

4.1.2.2. Mutual interactions between AQPs and lipids

Lipid-protein interactions underline the complexity of the biological membrane
and therefore the physical properties of membranes (fluidity, permeability or
viscosity) cannot just be related to lipid chemical composition. Thus, a role of
membrane proteins may be considered. Regarding AQPs, a strong interrelation
between membrane composition and AQPs activity have been reported in both
plant and animal cells (Lopez-Pérez et al., 2009; Tong et al., 2012). Sterols are
related with water permeability and fluidity of membranes and they have a direct
role on AQP functionality and trafficking across membranes. Lipid composition
regulation is essential in the response to stress. Thus, sitosterol is very efficient in
modulation of water permeability under salt stress and in addition, it is related to
AQP functionality (Lopez-Pérez et al., 2009; Basyuni et al., 2012). Furthermore,
sterols can regulate the permeability of gases, not just water, across membranes by
modulating AQP gas transport (Itel et al., 2012). Similar to sterols, phospholipids
composition are linked to membrane properties and AQP activity (Carvajal et al.,
1996; Martinez-Ballesta and Carvajal, 2016).
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4.1.2.3. Mutual interactions between AQPs and other proteins

AQPs interact not only with each other but also with other proteins, which
entails a regulation or post-translational modifications affecting gating and
subcellular locations (Chevalier and Chaumont, 2015), and following this research
line, about 400 proteins have been reported to interact with some PIPs isoforms
(Bellati et al., 2016). For example, SNARE proteins (soluble N-ethylmale-imide-
sensitive factor-attachment protein receptors) interact with PIPs in the trans-Golgi
network to regulate the AQPs trafficking, their activity, and abundance (Hachez et
al., 2014a); and a tryptophan-rich sensory protein (TSPO), which is induced under
abiotic stresses, interacts with PIP2;7 to regulate their abundance by autophagy
(Hachez et al., 2014b). All these interactions entail a modification of membranes

water permeability related with AQP activity.

4.2. Role of aquaporins in the in vitro stability of membrane
vesicles

4.2.1. Osmotic water permeability

The role of membrane proteins in vesicle stability, in particular AQPs, has been
further explored by Martinez Ballesta et al., (2018), where a study with membranes
from broccoli plants grown under both control and salt stress conditions were
performed. Since an increase in AQPs amount in PM was showed previously in
different broccoli cultivars under salt stress (Muries et al., 2013). The AQPs
function stability was characterized by measurements of P over time by stopped-
flow light scattering (Gerbeau et al., 2002), and obtained results showed a higher
stability of NaCl PM vesicles (Figure 14A). Although, Ps measurements are
correlated with the AQP activity, but not with the amount of AQPs, which could
not be functional (Alleva et al., 2006; Lopez-Pérez et al., 2009).

In relation to this, the lipid environment has been described being important
and to determine the ability to enclose AQPs and therefore, to supply a tuned
mechanism for adjusting and regulating both function and structure of membrane

proteins (Engelman, 2005). Several studies showed that modifications in the
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protein/lipid ratio of PM in Brassica species provided specific physical
characteristic to the membranes establishing a salt tolerance range linked to the
presence of membrane proteins (Chalbi et al., 2015). Besides, in an in vitro study,
the aquaporin Z (AgqpZ) was stabilized by lipids showing resistance to unfolding
(Laganowsky et al., 2014), which support the discussion about the importance of
the lipid environment in both protein function and stability. Thus, differences
caused by changes in lipid environment and in protein/lipid ratio due to salinity

stress could explain the higher stability in Ps values of NaCl PM vesicles.
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Figure 14. Stability of membrane vesicles during storage. Protein degradation and
decrease of the osmotic water permeability (Pr) over time (A). Coomassie stain and PIP1
and PIP1 acetylated (PIP1ac) homologues immunoblotting of plasma membrane (PM)
proteins purified from broccoli roots both control and 100 mM NaCl (B). Data adapted
from Martinez Ballesta et al., (2018).
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4.2.2. Post-translational modifications

On the other hand, post-translational modifications have been determined to be
significant for defining the final location or adequate function of proteins. One of
the most studied post-translational modification is the acetylation. N-terminal
acetylation in soluble mammalian and yeast proteins has been extensively studied,
although in plants and specifically in AQPs, this has been studied lesser extent.
The biological role of this modification has been related with target of membrane,
protein-protein interactions, alteration in proteostasis, increasing half-life of
proteins, and resistance for degradation in cells (Polevoda and Sherman, 2000;
Giglione et al., 2015). An increase in N-terminal acetylation in the methionine
(Met) of PIP1 subfamily AQP in vesicles from salt-treated broccoli plants was
shown (Figure 14B) and it was related to proteins stability by Martinez Ballesta et
al., (2018).

4.2.3. Secondary structures

Results from Fourier-transform infrared spectroscopy (FTIR) analysis carried
out by Martinez Ballesta et al., (2018) (Figure 15) showed both in control and NaCl
membrane vesicles a reduction of B-turns and B-sheet secondary structures with
the increase of temperature, which is due to a disruption of the structure of proteins
provoke protein denaturation. Nevertheless, it could be argued that NaCl treatment
would establish a more stable environment against temperature-induced
denaturation, probably this could be due to changes in lipid composition of PM as
a response to stress (Silva et al., 2007), protein expression or interaction between
proteins and lipids. Regarding lipids, the vibrational stretching mode of the CH>
group (3100-2800 cm?) provides information about the characteristics of the lipid
membrane. In previous studies it was reported that salinity stress leads to an
increase PM sterol content and membrane order, which provide more rigidity and
better efficacy in the regulation of permeability to water (Silva et al., 2007; Lopez-
Pérez et al., 2009; Silva et al., 2011; Basyuni et al., 2012). The obtained results in
this work regarding to CH, symmetric stretching band, showed NaCl membranes

were more ordered than control membranes (Martinez Ballesta et al., 2018). The
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displacement to a lower wavenumber in NaCl samples is related to a higher
trans/gauche lipid ratio, which implies more viscosity and therefore producing
more order membranes (Uematsu and Shimizu, 2021). This is in agreement with
previous reports in which it was suggests that salinity causes modifications of lipid

environment increasing the membrane rigidity (Liljenberg, 1992).
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Figure 15. Fourier-transform infrared spectroscopy (FTIR) of the Amide | band region
of control plasma membrane (PM) at 24 °C (a) and 70 °C (b), and NaCl PM at 24 °C (c)
and 70 °C (d) (A). p-sheet secondary structure (B), f-turns secondary structure (C),
unordered and unfolded structures (D), a-helix secondary structure (E) and CH>
symmetric stretching (F) of PM samples isolated from control plants (closed circles) and
from plants treated with 100 mM NaCl (open circles). Data adapted from Martinez
Ballesta et al., (2018).
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Justification and objectives

1. Justification

The use of encapsulation systems in different areas such as therapy, cosmetics,
food, or agriculture has been widespread in recent years. These systems improve
biotechnological applications, mainly when unstable compounds are used or when
an increase of penetrability and mobility want to be achieved. Bioactive
compounds from natural sources have very beneficial properties for human health.
However, most of these compounds are unstable, and their physicochemical
properties hinder their use in real applications and their industrial scale-up. The
encapsulation of bioactive compounds in vesicular systems acting as protectors
and vehicles for them was one way to overcome these drawbacks. On the one hand,
these vesicular systems protect compounds from degradation and increase their
stability. On the other hand, they can facilitate the penetration through biological
barriers (skin, mucosal membranes, BBB, or enterocytes) to reach target sites and
exert their function. There are numerous encapsulation systems with different
properties, but they also have particular limitations, such as high cost or toxicity.
It is therefore, necessary to develop new and more efficient encapsulation systems.

In addition, using agricultural by-products is a way to reduce waste and take
advantage of resources, contributing to the development of a circular economy. In
this sense, our research group as a result of previous studies, in which the effect of
abiotic stresses at cell membrane level in broccoli plants was studied, raised the
possibility that these membranes might have the potential to use as encapsulation
systems. Thus, a new line of research emerged, which was opened with the patent
entitled “Method for obtaining plasma membrane vesicles extracted from plants
enriched in membrane transport proteins, and uses thereof” (Patent EP2716280).

As a consequence of the above, and in order to advance in the emerged research
line about membrane vesicles from plants, this PhD thesis was raised, and the

following main and specific objectives were set.
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2. Objectives

The main_objective of this PhD thesis is to advance the development of

membrane vesicles from Brassica oleracea L. var. italica (broccoli), specifically
from by-products, for use them as nanocarrier and drugs in biotechnological

applications related to cosmetics or pharmaceuticals application.

In order to reach the general aim, three specific objectives were proposed

matching with the three chapters in which the thesis has been structured (Figure
16).

1. To elucidate the potential of membrane vesicles extracted from broccoli to
penetrate the inner layers of the skin and evaluate their ability to release and
deliver encapsulated compounds to skin cells. As well as to determine the

stability of the vesicles in a real cosmetic formulation (Chapter 1).

2. To elucidate the capacity of membrane vesicles from broccoli to
encapsulate the bioactive compound SFN and their application in a skin

cancer cell line (Chapter I1).

3. To determine the anti-inflammatory potential of broccoli membrane
vesicles and encapsulation with SFN in a human-macrophage-like in vitro

cell model under both normal and inflammatory conditions (Chapter 111).
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Broccoli membrane vesicles as carriers
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Figure 16. Scheme of the thesis structure. The main aspects studied are shown for
each chapter with “Broccoli membrane vesicles as carriers” as the central axis of
this thesis.
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Chapter |

Plant plasma membrane vesicles
Interaction with keratinocytes reveals
their potential as carriers







Results

Chapter I: Plant plasma membrane vesicles interaction
with keratinocytes reveals their potential as carriers

Lucia Yepes-Molina, Maria Carmen Martinez-Ballesta and Micaela
Carvajal.

Journal of Advanced Research, 23 February 2021 | doi.org/10.1016/j.jare.2020.02.004

During the last few years, membrane vesicles (as exovesicles) have emerged as
potential nanocarriers for therapeutic applications. They are receiving attention
due to their proteo-lipid nature, size, biocompatibility, and biodegradability. In this
work, we investigated the potential use of isolated root plasma membrane vesicles
from broccoli plants as nanocarriers. For that, the entrapment efficiency and
integrity of the vesicles were determined. Also, the delivery of keratinocytes and
penetrability through skin were studied. The results show that the broccoli vesicles
had high stability, in relation to their proteins, and high entrapment efficiency.
Also, the interaction between the vesicles and keratinocytes was proven by the
delivery of an encapsulated fluorescent product into cells and by the detection of
plant proteins in the keratinocyte plasma membrane, showing the interactions
between the membranes of two species of distinct biological kingdoms. Therefore,
these results, together with the capacity of brassica vesicles to cross the skin layers,
detected by fluorescent penetration, enable us to propose a type of nanocarrier

obtained from natural plant membranes for use in transdermal delivery.
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Results

Chapter I1: Nanoencapsulation of sulforaphane in broccoli
membrane vesicles and their in vitro antiproliferative
activity

Lucia Yepes-Molina and Micaela Carvajal.
Pharmaceutical biology, 7 October 2021 | doi.org/10.1080/13880209.2021.1992450

The development of nanocarriers of plant origin, such as plant cell membranes,
has recently been investigated. Also, plant bioactive compounds as sulforaphane
(SFN) from broccoli have recognized antioxidant or anticancer properties. To
investigate the capacity of membrane vesicles from broccoli (BM-vesicles) to
encapsulate SFN and their application in the cancer cell line. Physicochemical
analysis was carried out to characterize BM-vesicles through different approaches:
dynamic light scattering, transmission electron microscopy, stopped-flow analysis,
and proteomic analysis. They were applied at different concentrations (BM-
vesicles at 0.04—0.00315% of protein and SFN at 5, 25, and 100 mM) in SK-MEL-
28 cells during 24 h for studying cytotoxicity and gene expression. The entrapment
efficiency was 41%. The anticancer activity tested in cells showed a decrease in
proliferation when SFN in BM-vesicles was utilized. Expression patterns when
SFN was applied in an encapsulated form showed a reduction of cancer markers
and an increase of AQP3. Also, the metabolism of SFN occurred inside of cells,
and higher SFN penetrated when it was encapsulated. The results showed that
encapsulated SFN was better absorbed by melanoma cells providing metabolism
products and a reduction of cancer molecular markers. Also AQP3 was pointed to
as an important marker since it appeared to play a key role in homeostasis due to
the importance of water transport in biological processes. As conclusion, these
results indicate that SFN and SFN encapsulated in BM-vesicles have a high
activity for the inhibition of melanocyte development. Therefore, BM-vesicles

could serve as nanocarriers for drugs.
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Results

Chapter I1l: Membrane vesicles for nanoencapsulated
sulforaphane increased their anti-inflammatory role on an
in vitro human macrophage model

Lucia Yepes-Molina, Maria Isabel Pérez-Jiménez, Maria Martinez-Esparza,
José A. Teruel, Antonio J. Ruiz-Alcaraz, Pilar Garcia-Penarrubia and
Micaela Carvajal.

Int. Journal of Molecular Sciences, 9 February 2022 | doi.org/10.3390/ijms23041940

At present, there is a growing interest in finding new non-toxic anti-
inflammatory drugs to treat inflammation, which is a key pathology in the
development of several diseases with considerable mortality. Sulforaphane (SFN),
a bioactive compound derived from Brassica plants, was shown to be promising
due to its anti-inflammatory properties and great potential, though its actual
clinical use is limited due to its poor stability and bioavailability. In this sense, the
use of nanocarriers could solve stability-related problems. In the current study,
sulforaphane loaded into membrane vesicles derived from broccoli plants was
studied to determine the anti-inflammatory potential in a human-macrophage-like
in vitro cell model under both normal and inflammatory conditions. On the one
hand, the release of SFN from membrane vesicles was in vitro modelled, and two
release phases were stabilized, one faster and the other slower due to the interaction
between SFN and membrane proteins, such as AQPs. Furthermore, the anti-
inflammatory action of sulforaphane-loaded membrane vesicles was
demonstrated, as a decrease in interleukins crucial for the development of
inflammation, such as TNF-a, IL-1p and IL-6, was observed. Furthermore, these
results also showed that membrane vesicles by themselves had anti-inflammatory
properties, opening the possibility of new lines of research to study these vesicles,

not only as carriers but also as active compounds.
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General Discussion

This section aims to provide a general overview of the research undertaken in
this PhD Thesis, integrating all the results obtained in the different chapters and
discussing the prospects of this area of work as well as the possible applications
derived from this research. Therefore, this PhD thesis focused on developing new
encapsulation systems based on broccoli plants by-products and testing the
potential of the obtained membrane vesicles in cosmetic and therapy applications

through in vitro studies.

1. Profitability of using plants as source of drug delivery
systems

Broccoli, together with other Brassicas, is a crop widely spread in the Region
of Murcia, and a great amount of by-products are derived from their agricultural
exploitation. Finding an application for them is an objective to be pursued since
this would favour economic activity on the one hand and the environment on the
other (Dominguez-Perles et al., 2010). In this way, the available resources and
sustainable materials such as crop by-products offers a high profitability. These
materials can be harvested on a large scale and they can come from different
sources. In the case of crops such as broccoli, by-products are mainly inedible parts
such as roots and leaves (Dominguez-Perles et al., 2010). Both materials are
suitable for obtaining membrane vesicles. The research performed during this PhD
thesis began with vesicles obtained from broccoli roots, but they would be
problematic to get from a crop and consequently it would involve extra work, and
from an industrial and commercial point of view, this would increase the final cost
of vesicles production and limit the applications of the same due to the decrease in
the economic profit margin. For this reason, another part of the broccoli plant was
tested and subsequent trials of this thesis were conducted with membrane vesicles
from broccoli leaves, which are a large part by weight of the by-products of
broccoli crops, and unlike roots, leaves are easy to harvest and neither are an edible

part of broccoli plants. In addition, from non-edible parts, it is also possible to
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obtain vesicles from edible parts. Recently, several studies have been developed
with vesicles obtained from edible parts of plants such as ginger, grape, lemon,
grapefruit, carrot, and broccoli and cauliflower inflorescence (Kameli et al., 2021;
Garcia-lbarfiez et al., 2022; Wang et al., 2022). Although from these edible parts
good yield and vesicles with suitable properties to use for example in therapy
applications are obtained, it can be counterproductive in the sense that materials
are intended for human consumption. This problem would therefore not be present
whether non-edible by-products are used, as in our case. In addition, it is important
to highlight that this thesis addresses objectives framed within the European
bioeconomy strategy, which raise five goals: to ensure nutrition security, to
manage natural resources sustainably, to reduce dependence on non-renewable
resources, to adapt and limit climate change, and to create jobs strengthening

European competitiveness (Italian Government, 2019).

1.1. Advantages of plant-derived vesicles

The use of vesicular systems to encapsulate and protect compounds of interest
in several fields such as cosmetic, therapy, or food has been going on for many
years. In fact, liposomes were discovered in 1960, and in 1990 FDA approved a
drug based on this technology (Daraee et al., 2016). Since then, many
breakthroughs have been achieved in the development of improved drug delivery
systems (DDS), since liposomes showed from the beginning a relatively high
mechanical instability, as they show degradation and precipitation in short time
(Allahou et al., 2021). In this respect, searching new DDS is a potential research
area (Zhong et al., 2018), and specifically the search of DDS from natural sources
has been recently increased. In the last few years, several works carried out by our
group and others have drawn attention to the potential could have mammals and
plant-derived membrane vesicles as candidates for therapeutic, cosmeceuticals,
and drugs delivery applications in general (Ali et al., 2022). Due to their
therapeutic activity, safety, scalable productivity, and stable structure associated

with the presence of proteins together with lipids and the strong unions among
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them (Martinez Ballesta et al., 2016; Martinez Ballesta et al., 2018; Wang et al.,
2022).

Plant-derived vesicles from different species have been highlighted in several
studies not only by their low cytotoxicity and biodegradability compared to other
DDS (Nemati et al., 2022), but also by their biocompatibility and interaction with
human cells (Ju et al., 2013; Wang et al., 2013; Garaeva et al., 2021), which allow
the development of multitude of applications in therapy treating diseases such as
inflammation related disorders or cancer (Wang et al., 2022). Furthermore, plant-
derived membrane vesicles, unlike mammalian vesicles obtained from cell culture
supernatants or fluids such as plasma, saliva, urine or milk, present unique
advantages such as being undetected by the immune system, plants are free of

zoonotic or human pathogens and are innocuous (Dad et al., 2021).

Cytotoxicity of DDS is one of the most important characteristics to study in the
initial stages of drug or cosmetic development. Liposomes, the most similar DDS
to plant membrane vesicles and most widely studied, are defined by their low
toxicity, since they are generally composed of phospholipids. Previously, it has
been established that cytotoxicity is not only determined by the application dose,
but also the composition, size, charge, shape, and solubility (Roursgaard et al.,
2016). Toxicity induced by liposomes was determined at high doses of 0.1-1 mg
mL? for example in HepG2 cell culture (hepatic cell line) (Roursgaard et al.,
2016). Although in the same study, micelles displayed lower toxicity than
liposomes, maybe because of PEGylation avoids a strong recognition by immune
cells. This fact is interesting since it supports subsequent studies where the surface
of the vesicles is modified or natural vesicles with specific composition are sought
that make them less recognizable by the immune system and therefore less toxic
(Roursgaard et al., 2016).

Regarding plant membrane vesicles, numerous studies are recently being
carried out in which cytotoxicity is tested in different cell lines (Kim et al., 2020).
The low toxicity in cell cultures has been checked similar to liposomes, and in

addition it has also been determined that this toxicity will depend on the target
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tissue, for example, whether cells are normal or carcinogenic (Kim et al., 2020),
which is in accordance with results obtained in this thesis. Thus, in vitro toxicity
assays were carried out in two cellular models: human skin cancer cell model
(melanoma) (chapter 1) and human macrophage-like cell model (studied in both
homeostasis and inflammatory conditions) (chapter I11). At similar protein
concentrations, the membrane vesicles showed cytotoxicity of around 50% in
cancer cells, however, they did not show a high toxicity to same concentration in
macrophages. This relative high cytotoxicity in carcinogenic cells could be
interesting in cancer studies, since it is important a specific and targeted toxicity
for malignant cells. Hence, based on these results, different possibilities open up
to deepen the use of this type of membrane vesicles to treat cancer. Viewed in this
way, it is essential that plant membrane vesicles are innocuous in normal cells and
other previous works support it. Membrane vesicles isolated from other brassica
plants such as cauliflower and cabbage did not show a significant decrease in cell
survival rate when they were applied in HepG2 hepatocytes, HaCaT keratinocytes,
HDF fibroblast, and RAW264.7 macrophages (Yepes-Molina et al., 2021; You et
al., 2021; Garcia-lbafiez et al., 2022).

As regard biocompatibility between plant and human cells (Mu et al., 2014),
interaction among different kingdoms is bringing out and membrane vesicles could
be essential to study it. For example, plant-fungal interactions have been detected
through EVs but also between plants and mammals through feeding, which has
been the starting point to deepen this aspect, and to study the interaction between
membrane vesicles derived from plants and mammalian targets (Pérez-BermUdez
etal., 2017; Urzi et al., 2022). Thus, in this thesis an interaction between broccoli
membrane vesicles and human cells, specifically keratinocytes, has been
established. It was shown that AQPs from broccoli membrane vesicles remained
in keratinocytes membranes after application, revealing also a contribution of these
plant proteins in the cell swelling after the application of water to keratinocytes
cell culture (chapter I). Results from this research support the emerging interest
in determine the details about the cross-kingdom interaction. In addition to a

physical interaction at the level of both membranes, different works have already

88



General discussion

established that the interaction between plant material such as membrane vesicles
and mammalian targets can trigger genetic regulation mediated by miRNAs
contained in plant vesicles (Urzi et al., 2022). This fact is relevant since it could
be the basis for developing novel strategies in human therapies based on natural
resources. So, following this line of research, it would be interesting to delve into
what refers to the miRNASs containing in the membrane vesicles of broccoli, which
could be responsible, along with other secondary metabolites, for the self-

bioactivity of these vesicles, which is discussed later.

1.2. Applications of plant membrane vesicles

Plant membrane vesicles, like other NPs, have been proposed to be used as
DDS to encapsulate different types of compounds. Thus, encapsulation was mainly
proposed to cope with two general drawbacks: 1) the difficulty of compounds or
drugs to cross biological barriers and to reach the final target sites (Yang et al.,
2017), and 2) the in vitro and in vivo instability of bioactive compounds (Pachuau
etal., 2021).

Skin is the first biological barrier of organism, as it is the most external organ
exposed to the environment. Stratum corneum with 10-20 pm-thick is the
outermost skin layer, and is composed by packed and keratinized dead cells,
therefore stratum corneum represents the primary barrier to drug permeation
(Elias, 2005). Some drugs can pass through the skin without enhancement
mechanisms, but most will have difficulty doing so. It has been described that
drugs with low molecular weight and log P (logarithm of the octanol-water
partition coefficient of a molecule) between 0 and 5 must be able to cross this
barrier (Kanfer and Shargel, 2020). Even so, the list of drugs capable of crossing
the stratum corneum has been increased by using enhancers. One of the enhancers
most popular is the encapsulation in vesicular structures or NPs, which has been

used to improve the penetration of drugs into target tissues.

Thus, in this PhD thesis, we have proposed using broccoli membrane vesicles
to encapsulate drugs and improve permeability across biological barriers such as
the stratum corneum. Membrane vesicles were labelled with a fluorescent
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compound (unable to penetrate the inner layers of the skin), and it was shown that
broccoli membrane vesicles cross the stratum corneum and reach the inner layers
of the skin (chapter 1). Permeation seems to happen through transcellular route
along hair follicles, which has been considered the main path for NPs with sizes
between 70 and 500 nm (Yang et al., 2017; Carter et al., 2019), since the size of
our vesicles is about 350 nm. Besides, it has been established in studies carried out
with liposomes that size of vesicles has a significant influence on delivery of
compound into the skin and a diameter higher of 600 nm are not able to entry into
inner skin layer, but nanovesicles with a size around 300 nm are able to deliver

their encapsulated compounds into deep skin layers (Danaei et al., 2018).

As mentioned above, in addition to facilitating drugs to cross biological barriers
and increasing cell/tissue interactions, encapsulation of compounds is also
proposed to improve the physicochemical properties of them, such as increasing
drug stability and reducing adverse effects, leading to obtain more effective and
less toxic treatments (Frank et al., 2015). This is an important point, since many
bioactive compounds are generally unstable both in vitro and in vivo conditions,
and they are susceptible to oxidative degradation (Shishir et al., 2018). Therefore,
once broccoli membrane vesicles have been reported as suitable DDS in skin
therapies, the following assays were raised to encapsulate SFN in vesicles and
apply them in cell cultures in order to explore specific applications in skin
pathologies of broccoli membrane vesicles. SFN, the main ITC of broccoli plants
with multiple beneficial effects as anti-oxidant, anti-inflammatory and anti-
carcinogenic activity (Dinkova-Kostova and Kostov, 2012), has been the focus of
many clinical preliminary studies due to its great potential as health-promoting
compound (Quirante-Moya et al., 2020). However, its industrial scale up has
limitations since SFN is a very unstable compound (Van Eylen et al., 2007,
Zambrano et al., 2019). In order to improve SFN stability, encapsulation has been
proposed as a promising approach to increase the in vivo functionality and
bioavailability of SFN, since this technique protect bioactive compounds from
degradation associated to external conditions (Zambrano et al., 2019; Yuanfeng et
al., 2021).
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On the basis of the positive results obtained with other DDS, SFN was
encapsulated in broccoli membrane vesicles and efficacy of this encapsulation was
determined by applied studies to check the anti-carcinogenic (chapter I1) and anti-
inflammatory effects (chapter I11) of encapsulated SFN compared to free SFN.
These preliminary studies in cell culture mainly revealed that encapsulation of
SFN in plant membrane vesicles is feasible, as the properties of SFN are
maintained in the encapsulation systems. Therefore, further studies could be
conducted to advance and achieve future clinical applications with SFN or similar

bioactive compounds encapsulated in plant-derived vesicles.

Although in two different cell models (melanoma and macrophages), the
studies can be related to each other since both were investigated under two
premises: 1) the anti-inflammatory activity of SFN by inhibiting the NF-xB
signaling pathway, which activate inflammatory mediators such as IL-6, IL-1p,
and TNF-a (Dinkova-Kostova and Kostov, 2012; Ruhee and Suzuki, 2020), and
2) the inflammatory component of many skin diseases, including cancer such as
melanoma, the most dangerous skin cancer, and another based on a chronic
inflammation (psoriasis, atopic dermatitis, or rosacea) (Lee et al., 2021), in which
macrophages have a critical role in initiation, maintenance, and resolution of the
inflammatory process (Fujiwara and Kobayashi, 2005). Skin is home to abundant
populations of cells including macrophages (Ho and Kupper, 2019), which related
to cancer progression are principal components by facilitating invasion,
Immunosuppression, metastasis, and angiogenesis (Poh and Ernst, 2018).
Specifically, macrophages are a key element in the melanomagenesis in skin

melanoma (Pieniazek et al., 2018).

In our results, we observed that the changes caused by SFN in the cell markers
studied (p53, BAX, AQP3, TNF-a, IL-6, and IL-1B) (chapter Il and I11) did not
show important differences between encapsulated and free SFN. However, the fact
that cell assays are generally performed in the short term, specifically these at 24
h points to the encapsulation advantages would be determine in the long-term

experiments (more than 48 h) (Zanotto-Filho et al., 2013). Therefore in the
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following investigation stage scaling from in vitro cell culture assays and
extending studies to animal experiments should be planned to test encapsulation

system in the long-term (Frank et al., 2015).

We tested our vesicles to encapsulate SFN, and in these preliminary assays,
interesting results were obtained. As well as other works from our group support
and extend these results showing membrane vesicles derived from cauliflower are
suitable for encapsulating and stabilizing plant extracts, for example, from
pomegranate, Bimi®, or red cabbage (Garcia-lbariez et al., 2021; Yepes-Molina et
al., 2021; Garcia-lbafiez et al., 2022). In addition, other works unrelated to our
investigations have shown that different vesicles or NPs derived from plants are
suitable for encapsulating various types of compounds, both hydrophobic and
hydrophilic, and facilitating their release in a targeted manner to the target site. For
that, it is necessary to cross biological barriers as skin and encapsulation also
improving this fact. Among encapsulated compounds there are chemotherapeutic
agents, proteins, and genetic material such as short interfering RNA or DNA

expression vectors (Wang et al., 2013).

2. Self-bioactivity of plant membrane vesicles

Furthermore, derived from the studies carried out in this thesis with SFN
encapsulations, interesting results were obtained about the effect of broccoli
membrane vesicles by themselves. For example, the cytotoxic effects in cancer
cells as resumed above or the modulation of BAX, AQP3, TNF-a, IL-1p, and IL-
6 levels. Plant-derived vesicles are mainly composed of lipids and proteins. But
they also have associated biomolecules in their lumen and surface, and some of
them have bioactivity such as ITCs and phenolic compounds, or nucleic acids as
miRNA, which are able to modulate gene expression in human target cells (Urzi
et al., 2022). Thus, plant-derived vesicles can be used both as DDS and drugs.
Therapeutic effects of plants have been studied in depth for many years, and some
of these effects remain in vesicles derived from different plant tissues (Nemati et
al., 2022). The results obtained in this thesis related to the bioactivity of broccoli

membrane vesicles are supported by other studies done with NPs derived from
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edible plants (grapes, ginger, grapefruit, citrus, or carrot), in which anti-cancerous
and anti-inflammatory properties were revealed (Ju et al., 2013; Wang et al., 2014;
Raimondo et al., 2015). Hence, anti-inflammatory activity of plant membrane
vesicles could be attributed to ITC, phenolic compounds, some lipids and miRNAs
(Zhang et al., 2022). For example, lipids of vesicles from broccoli induced
CD11and inhibit gut inflammation (Deng et al., 2017), miRNAs (miR159a and
miR156¢) containing in nuts derived vesicles showed anti-inflammatory effects by
dampen TNF-a signalling (Aquilano et al., 2019), and vesicles from grapefruit,

ginger and carrot trigger activation of Nrf2 in macrophages (Mu et al., 2014).

Additionally, the possibility of modulating vesicles characteristics is an
advantage when using them as a drug. Thus, depending on species, tissues, and
plant growth conditions, for example, if plants grown under stresses, membrane
vesicles with different compositions in lipids, proteins, and associated bioactive
compounds could be obtained (Chalbi et al., 2015; Yepes-Molina et al., 2020). On
the one hand, lipid composition has a direct effect on the biological function of
plant membrane vesicles, and a specific lipid profile provides to vesicles detailed
functional advantages (Liu et al., 2020), being key in mitogenesis, fission
processes, modulation of the intestinal microbiota, and membrane fusion. For
example, the presence of phosphatidic acid (PA) and phosphatidylcholine (PC) in
vesicles derived from ginger was significant in migration from the intestine and
uptake by intestinal bacteria (Chen et al., 2019). Although advances have been
made regarding the lipid characterization of plant membrane vesicles, a better
understanding of the structure and composition of the entire variety of lipids is
required, since lipids have been analysed as a whole. However, the individual role
of each type of lipid has not yet been elucidated. Besides, while in the study of
plant membrane vesicles mainly phospholipids are analysed, making advanced in
fatty acids research could be interesting, so these are key in parameters as
membrane rigidity or fluidity, which might be affect to encapsulation and delivery
of compounds, and fusion of vesicles with target cells (Bompard et al., 2020). On
the other hand, as in the proteomic characterisation of vesicles, a similar scenario

occurs with lipids, groups of proteins predominantly found in plant-derived
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vesicles have been identified as proteins involved in metabolic signaling, cellular
transport, or secretory pathways, highlighting annexins, actins, AQPs, clathrins, or
heat shock proteins (Nemati et al., 2022). Focusing on AQPs, a correlation between
these transmembrane proteins and vesicle stability has been established (Martinez
Ballesta et al., 2018), although more investigation is required to advance the
mechanisms of action. So, integrating both proteomic and lipidomic complete
analysis, may be key for developing therapeutic strategies based on this type of

vesicles.

The results obtained here, together with those in the literature on therapeutic
and cosmetic applications of plant-derived membrane vesicles, such as anti-
inflammatory and anticancer potential, validate their deserved attention in the
fields of biomedicine and cosmeceuticals. Although the research on plant-derived
membrane vesicles from an applied point of view is recent, some clinical studies
are already underway. For example, there are studies with vesicles derived from
ginger, aloe, or grapes to treat colon cancer, insulin-related conditions, chronic
inflammation, or oral mucositis (Nemati et al., 2022). Therefore, investigation
carried out in this thesis is at a point with multiple possibilities, and several work

lines are open after this PhD thesis.

3. Physicochemical properties of plant membrane
vesicles will determine their potential use

Different factors must be considered to use membrane vesicles as DDS since
physicochemical properties have got a high impact on the systemic activities and
molecular biology of DDS. The most significant parameters are size,
polydispersity, and Z-potential (surface charge) (Raval et al., 2018). It is possible
to modulate the size of the membrane vesicles obtained from plants, mainly
depending on the purified membrane fraction. Open the possibility that vesicles
with different properties were obtained from the same source. Sizes from 200 to
500 nm were determined depending on whether vesicles were from MF, PM, or
DRMs (Martinez Ballesta et al., 2018; Yepes-Molina et al., 2020) (chapter | and

I1). Although, adjusting their sizes by filtration techniques is possible once these
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fractions are purified (chapter I11). Thus, in assays carried out on macrophages,
MF vesicles with an average size of 200 nm were used. Regarding, Z-potential,
membrane vesicles had a negative charge of around -30 mV. A surface with a
negative charge is appropriate for topical DDS, which is in line with mentioned
above regarding the use of vesicles in skin therapies by transdermal drug delivery.
Different studies have shown negatively charge liposomes are more efficient in
drug penetration through skin compared to positively charge and neutral charge
liposomes (Sinico et al., 2005; Gillet et al., 2011).

Z-potential is also a value that offers information about dispersion stability.
Values higher than +25 mV and lower than -25 mV are a reference for stability, as
repulsive forces between particles avoid aggregation (Vallar et al., 1999). The
stability and integrity of vesicles should be determined from their production to
their application to determine the shelf-life of the final products containing DDS.
Previously, broccoli membrane vesicle integrity and functionality were determined
through water transport capacity, mainly carried out by the AQPs, whose presence
in lipid membranes was related to in vitro vesicles stability (Martinez Ballesta et
al., 2018). As mentioned above, vesicles that include proteins tend to be more
stable because the covalent bonds between lipids and proteins give them stability
(Seneviratne et al., 2018). Post-translational modifications of proteins such as
acetylation regulate protein stability as well as interaction with other proteins and
macromolecules (Mittal and Saluja, 2015; Zecha et al., 2022). This could be related
to membrane vesicles stability, so an increase in acetylation of AQPs was related
to higher stability of vesicles over time (Martinez Ballesta et al., 2018). In addition,
proteins in natural membrane vesicles are also anchor points for encapsulated
substances. For example, in a previous study carried out by our group, AQPs in
PM vesicles were shown as potential stabilizers of glucoraphanin (GRA), and
specific interactions between the alkane chain of GRA and two protein residues
were shown (Martinez Ballesta et al., 2016). In a similar way, interactions between
residues of conserved motif NPA of AQPs and the bioactive compound SFN were
shown in this thesis (chapter I11). Besides, as an approximation to real application

and to estimate the shelf-life, membrane vesicles were added to a cosmetic
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formula. After one year, a high percentage of integral and functional vesicles

remained in the cream (chapter 1).

The physicochemical characteristics of the vesicles, such as their size, will
determine the entry pathway to the target cells/tissues and establish the most
appropriate administration route for cosmetic or therapeutic application. In this
respect, advanced research about the interaction between broccoli membrane
vesicles and human cells and the delivery to the target of the encapsulated
compound in vesicles was not carried out in this thesis. Although the fusion
between plant and human membranes in the study carried out with human
keratinocytes is proposed (chapter I). At this point, we must establish future

objectives to confirm our hypothesis.

In addition to membrane fusion, there are other vesicle internalization and
delivery types, such as clathrin-mediated endocytosis, caveolae-mediated
endocytosis, and macropinocytosis (Mulcahy et al., 2014). In a study with
membrane vesicles from Aloe vera, the different routes of vesicle internalization
were quantitatively analysed. The results showed that vesicles enter cells by three
pathways: membrane fusion and clathrin- and caveolae-mediated endocytosis
(Kim et al.,, 2021). Based on these results, we could hypothesize a similar
behaviour of our broccoli membrane vesicles since both are derived from plants.
Although, vesicle size and cellular type of target must be considered, and the
percentage of each route could change. In the case of macrophages, phagocytosis
(another type of endocytosis) could be the majority pathway. Phagocytosis consists
of the internalization of opsonized particles, which is carried out by specialized
cells such as macrophages (Luu and Maurel, 2013). In addition to the most studied

mechanisms, others are beginning to be considered.

For example, endocytosis in which lipid rafts are involved (Mulcahy et al.,
2014), the interaction with the proteins located in the raft domains will be essential,
where a specific composition of lipids and proteins appears. Lipid rafts contribute
to viral particle uptake by cells through glycoprotein binding and adjusting the
properties of the membrane (Teissier and Pécheur, 2007; Mulcahy et al., 2014).
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Thus, knowing the receptors in these domains can lead to the design of membrane
vesicles to be uptaken by specific cells. Generally, in the bibliography, there is no
agreement regarding the mechanisms of internalization of vesicles or the
encapsulated compounds by the target cells. Based on all current results, the most
probable way is that different mechanisms are triggered simultaneously. However,
one can predominate over another depending on the characteristics of vesicles

(size, heterogeneity, or lipid-protein composition) and the nature of target cells.

Finally, the last question to be addressed is the possible routes of administration
of membrane vesicles as a drug in therapy or cosmetic application. For the
administration of liposomes, systems more similar to our membrane vesicles and
already approved in some applications have been tested several routes: parenteral,
transdermal, oral/nasal inhalation, and ocular (Maja et al., 2020). Until now, the
parenteral route is the prevalent one for clinically approved treatments (Solomon
etal., 2017). Although, the other options have also been explored. The transdermal
route for drug delivery has the advantage over other routes of administration in
that the gastrointestinal tract is avoided (Gillet et al., 2011). Encapsulated drugs
are applied to the skin locally to penetrate the skin and exert a systemic effect. This
route of administration has been used to apply treatments against inflammation,
which is one of the focuses of this thesis, in diseases such as rheumatoid arthritis
and psoriasis (Xi et al., 2013; Chaudhary et al., 2014). As stated above, our
vesicular system based on broccoli membrane vesicles would be suitable to apply
through a transdermal route since they were characterized for their capacity to
cross the stratum corneum and deliver the encapsulated compounds into the inner

skin layers (chapter I).

Regarding the oral route of drug administration, the degradation of compounds
in the gastrointestinal tract should be a problem. Recently several studies have
shown that this route could also be an effective and safe way to administrate
encapsulated compounds. Plant-derived membrane vesicles resist the acidic
environment in the stomach and are absorbed in the intestinal tract (Wang et al.,

2022). Recently it has been reported that bioactive compounds derived from plants
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and encapsulated in cauliflower membrane vesicles could exert their function after

gastrointestinal digestion (Garcia-lbariez et al., 2021; Garcia-lbafiez et al., 2022).

4. Concluding remarks

In summary, plant-derived membrane vesicles can be obtained in large
amounts and are cost-effective way; beside, they are biocompatible with
mammalian cells and therefore safe as effective vesicles, which could act as both
therapeutic drugs and delivery systems. At the beginning of this thesis, little was
known about the possibilities of plant-derived membrane vesicles in
biotechnological applications, and only a few works had been published in this
area. Nevertheless, in the last five years, great advances have been made in this
sense, and many studies have been carried out with vesicles obtained from various
plant sources such as carrot, grape, grapefruit, ginger, nut, lemon, etc. So, the great

potential to use these vesicles in therapy, cosmetics, or food has been confirmed.

Thus, membrane vesicles obtained from broccoli by-products in this thesis will
have great potential for drug delivery or as drug by themself in the treatment of
diseases and cosmetic applications in the near future. Broccoli membrane vesicles
could be incorporated as a complementary or main component of cosmetic
formulations or drugs for topical application in order to treat disorders related to
inflammation and oxidative stress, such as diseases or skin disorders (psoriasis,
acne, melanoma, etc.), since they are stable in a real cream formula, and are
capable of crossing the stratum corneum. In addition, the ability of these vesicles
to encapsulate compounds with high interest due to their bioactivity, such as SFN,
and to release their content in both normal and tumour cells has been shown. On
the other hand, in this thesis it has been revealed the self-activity of broccoli
derived membrane vesicles to modulate different inflammatory related mediators
both in human melanoma cells and human macrophages. Although as these are
vesicles purified from natural sources and composed of a complex mixture of
lipids, proteins, and others, it is challenging to establish specifically what their

bioactivities are due to. In vitro stability of membrane vesicles was related to the
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presence of transmembrane proteins such as AQPs, which have also been shown
to act in the stabilisation of encapsulated compounds, and thus to play a role in the
controlled release of compounds. In addition, proteins with an antioxidant profile
and ITCs have been detected in broccoli vesicles. Following this line of work, it
would be interesting to consider in the future carrying out precise characterisations
of the systems in terms of proteins, lipids, nucleic acids, and other associated
bioactive compounds in order to elucidate specific mechanisms of action and to be

able to design precise therapeutic strategies.
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Conclusions

From the results obtained in the different chapters of this PhD thesis and

regarding the specific objectives established, the following conclusion can be

drawn:

Objective 1: To elucidate the potential of membrane vesicles extracted from

broccoli to penetrate the inner layers of the skin and evaluate their ability to

release and deliver compounds encapsulated in them to skin cells. As well as to

determine the stability of the vesicles in a real cosmetic formulation (Chapter I).

Broccoli root plasma membrane vesicles showed high entrapment
efficiency using two dyes as model compounds, and showed stability under
in vitro conditions and in a real cosmetic formulation for one year,

maintaining enough amount of protein for adequate functionality.

Broccoli root plasma membrane vesicles encapsulating a fluorescent dye,
released it to both cell culture human keratinocytes and in the inner layers
of a pig skin disc. Thus, the vesicles were able to cross the PM of
keratinocyte and the impermeable surface barrier of the skin (stratum

corneum).

The application of broccoli root plasma membrane vesicles in cell cultures
(a human keratinocyte cell line) allowed to show interactions between plant
and human cell membranes, highlighting the role of aquaporins in this
contact. Crossover interactions between both kingdoms leading open many

lines of investigation and numerous potential applications.

Objective 2: to investigate the capacity of membrane vesicles from broccoli to

encapsulate the bioactive compound SFN and their application in a skin cancer

cell line (Chapter I1).

V.

Microsomal fraction vesicles from broccoli leaves are very efficient in
encapsulating the bioactive compound sulforaphane (SFN), being the most
important isothiocyanate (ITC) in broccoli. After encapsulation the
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VII.

VIII.

Conclusions

properties of vesicles did not change, maintaining size, polydispersity, Z-
potential, and osmotic water permeability. Furthermore, SFN did not alter

its bioactivity in vitro assays upon encapsulation.

Analysis of the composition of vesicles obtained from broccoli leaves
microsomal fraction revealed that they contain bioactive compounds such
as ITCs and indoles like SFN, erucin, iberin or indole-3-carbinol (13C), and
proteins associated with antioxidant activity, important in self-activity of
vesicles, and proteins related to binding activity, which could be key in the

fusion with target cells.

SFN encapsulated in broccoli membrane vesicles showed high inhibition
activity of melanocyte development when applied for 24 h in cell culture
and triggered an increase of the p53 antioncogene, which gives rise to a

tumour suppressor protein.

SFN in both free and encapsulated form, and broccoli membrane vesicles,
up-regulated AQP3 (aquaporin 3 found in the basal cell layer of the
epidermis) gene expression when they were applied for 24 h in a melanoma

cell culture. AQP3 was pointed to as important marker in cancer.

Comparison of application of SFN non encapsulated and encapsulated SFN
in broccoli membrane vesicles to melanoma cell culture (cell line SK-MEL-
28) revealed better delivery of SFN into the cells when the compound was

applied in the encapsulated form.

Objective 3: to determine the anti-inflammatory potential of broccoli

membrane vesicles and encapsulated SFN in a human macrophage-like in vitro

cell model under both normal and inflammatory conditions (Chapter IlI).

IX.

Microsomal fraction vesicles from broccoli leaves were standardized
through filtration and a homogeneous size about 200 nm was obtained,

which did not change when SFN was encapsulated.
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XI.

XII.

Conclusions

An in vitro release assay determined that the delivery of SFN encapsulated
in broccoli membrane vesicles occurred in two phases. First, SFN was
released more rapidly, possibly through lipid membrane, and then in a
slower and more controlled manner, which could be due to interaction with

membrane proteins.

An in silico study determined a specific interaction between SFN and plant
PIP aquaporins present in membrane vesicles via the conserved NPA motifs
of aquaporins, which may enhance stabilization of the compound in the

vesicles.

The anti-inflammatory potential of SFN-loaded broccoli membrane
vesicles in a human macrophage-like cell model in vitro (differentiated HL -
60 cells) due to a significant inhibition of the inflammatory cytokines TNF-

a, IL-6, and IL-1p levels with very low cytotoxicity.
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