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Abstract

ABSTRACT

Nanotechnology offers the possibility of combining materials with different
properties to create advanced functional materials with applications in many
fields. Biomedicine requires new materials that can overcome current problems;
for example improving the efficacy of drugs while reducing the side effects, the
sensitivity of sensors, or enhancing the quality of in vivo imaging, etc. The
fabrication of a selective system for biomedical applications is a complex task

and it requires a lot of investigation before a final product reaches the market.

This PhD thesis is focused on the development of new nanomaterials with
enhanced properties that could be applied in biomedicine and are composed by
multiple components, assembled in the nanoscale. To achieve this, the
processes begin with the synthesis and characterization of each component.
Next, the combination and nanoengineering of all the moieties is carefully
realized and characterized, ending up with the application of the

nanotechnology-based materials.

This thesis is organized according to the learning process followed for the
production of hybrid multifunctional nanomaterials. We started preparing
organic nanoparticles with a core-shell structure based on biocompatible
polymers. The inorganic nanoparticles provided additional functionalities to the
nanosystems. We synthesized iron oxide (Fe3z04) and gold (Au) nanoparticles to
provide magnetic and optical properties. To improve stability and dispersion of
inorganic nanoparticles in aqueous media, and also to give them additional
properties it is necessary to functionalize their surface with various moieties
which is not a trivial process. Silica coating of inorganic nanoparticles has
demonstrated to be an adequate method to solve these problems. We proved
that the method works with two examples: i) by functionalizing upconversion
nanoparticles (NaYF4:Yb,Er) with single strands of DNA with the aim to prepare
a highly sensitive DNA sensor; ii) by functionalizing upconversion nanoparticles
(NaYF4:Yb,Tm) with a photodegradable ortho-nitrobenzyl alcohol derivate which

released the attached doxorubicin after the exposure to NIR light.
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In the first chapter of this work, we pretend to enhance the solubility in water
of highly hydrophobic anticancer drugs by means of amphiphilic star shaped
block copolymers, based on biocompatible components. These
macromolecules were synthesized using branched poly(e-caprolactone) as
hydrophobic core and branched poly(ethyleneglycol) as hydrophilic corona. The
structure of this macromolecule, based on two well differentiated blocks,
conferred amphiphilic behavior to the whole system that acted as driving force
for its self-assembling in aqueous media. Depending on the polymer
concentration, it was possible to obtain different architectures. The TEM
micrographs permitted to follow the evolution of the system from single vesicles
toward necklace entanglements. In addition, the proposed star shaped block
copolymer presented good solubilizing properties that were used to disperse in
agueous solution the insoluble chlorine-carbazole derivate molecule. The
amphiphilic star shaped block copolymer was used as drug nano-carrier,
proving the suitability of the self-assembled nanostructures for encapsulating
hydrophobic molecules within the hydrophobic core while the hydrophilic shell

stabilizes the whole system.

In the second chapter, we developed a theranostic system based on
Fe;O,@Au nanoparticles encapsulated within star-shaped block copolymers.
For that, we produced Fe3O,@Au nanoparticles by using a two-step
solvothermal route that employed Fe3O, nanoparticles as seeds for the Au
deposition. Although this protocol leads to highly monodisperse and
reproducible Fe;O4,@Au nanoparticles it was necessary to perform a systematic
study in order to improve the yield and to obtain a tunable Au shell thickness
that would provide different SPR absorption. We demonstrated that the
Au:Fe30,4 ratio is a key parameter that, contrary to what could be expected,
does not influence the Au shell thickness. However, this parameter should be
optimized because it strongly influences the yield. When the Au:Fez0O4 ratio was
low, there were plenty of uncoated FeszO, nanoparticles, whereas when the
Au:Fe30,4 ratio was high, there were pure Au nanoparticles together with the
desired FesO,@Au nanoparticles. Furthermore we demonstrated that the Au
shell thickness could be tuned by varying the reaction temperature. The as

synthesized Fe;O,@Au nanoparticles were successfully transferred to aqueous
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solution using the star shaped amphiphilic block copolymer, which yielded a
nano-assembled multifunctional hybrid material: The Fe;0.@Au nanoparticles
could serve as contrast agent for multimodal MRI/CT imaging and the
amphiphilic star shaped block copolymer would stabilize the whole system. This
system could also serve as a theranostic tool by exploiting the photothermal

effect of the Au nanoshell, releasing the drug upon an external stimulus.

In the third chapter of this thesis, we boarded the fabrication of a synthetic
tool that can be used to create multifunctional materials with nanometric
architecture. Herewith, we performed a parametric study of a silica coating
technique that permits to cover single inorganic nanoparticles with a nanometric
control of the shell. The silica coating permitted to co-encapsulate water soluble
molecules within the silica shell, leading to multifunctional hybrid materials. In
addition, we demonstrate that this methodology can be applied with inorganic
nanoparticles of different nature, such as iron oxide, gold, silver, quantum-dots
and upconversion nanoparticles. The silica coating provides agueous-solubility,
cytocompatibility and stability to the inorganic nanoparticles, but it also provides
an excellent platform for surface functionalization. The chemistry on the silica
shell permits to introduce almost any type of functional group in the surface of
the nanoparticles, which opens the possibility to anchor molecules such as
enzymes, vitamins, DNA or other functional and specific molecules such as
polymers, photoactive molecules or drugs. By combining the inner properties of
inorganic nanoparticles and the possibilities that offer the silica as the coating
material it is possible to create nanoengineered materials with a remarkable
homogeneity that can be employed in very different applications, depending on
their surface functionalization. In this thesis, this colloidal chemistry for the
modification of the surface, has been studied with folic acid, poly(ethylene
glycol), DNA and a doxorubicin-photoactive molecule, over silica coated
inorganic nanoparticles. The resulting hybrid nanomaterials were tested for

different applications in further studies.

In the fourth chapter we present a DNA biosensor based on the
fluorescence resonance energy transfer (FRET) between silica coated
upconversion nanoparticles and graphene oxide (GO). This biosensor was

constituted by monodisperse B-NaYF,:Yb,Er nanoparticles with a mean
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diameter of 29.1 + 2.2 nm were synthesized and coated with a SiO, shell of 11
nm and subsequently grafted with single strands of DNA. When these DNA-
functionalized NaYF.:Yb,Er@SiO, nanoparticles were in the proximity of the
GO surface, the n—n stacking interaction between the nucleobases of the DNA
and the sp? carbons of the GO induced a FRET fluorescence quenching due to
the overlap of the fluorescence emission of the B-NaYF4:Yb,Er@SiO, and the
absorption spectrum of GO. By contrast, in the presence of the complementary
DNA strands, the hybridization led to double-stranded DNA that did not interact
with the GO surface, and thus the pB-NaYF4Yb,Er@SiO, nanoparticles
remained unquenched and fluorescent. The high sensitivity and specificity of
this sensor introduces a new method for the detection of DNA with a detection
limit of 5 pM. In addition to the low detection limit, these biosensors were highly
specific due to the selectivity of the DNA base pairing rules. The characteristics
of the upconversion emission provide a high signal-to-noise ratio and avoid
photobleaching and blinking effects, rendering a robust and reproducible

biosensor.

In chapter five we present another interesting application of the surface
chemistry carried out on the silica coatings, which was to release drugs upon an
external activation. In this work, we present a stimuli responsive drug delivery
system, which is able to release the anticancer drug Doxorubicin when exposed
to a NIR-light stimulus. The proposed system is based on upconversion
fluorescence nanoparticles of B-NaYF4:Yb,Tm@SiO, with a mean diameter of
52 + 2.5 nm that absorb the NIR light and emit UV light. The UV emission
initiates the photodegradation of the light sensitive ortho-nitrobenzyl alcohol
molecules attached on the surface of the nanoparticles, which act as linkers for
the attachment of the Doxorubicin. The photodegradation triggers the drug
release, rendering a NIR light dependent drug delivery system. The system was
tested in vitro with HelLa cells and showed great potential for biomedical
applications, where it is crucial to deliver the drug in a specific tissue with a
remote activation. We demonstrated that the NIR-light stimulus as well as the
upconverted UV emission did not show any reduction in the cell viability. In
addition, the Doxorubicin-loaded B-NaYF;:Yb, Tm@SiO, nanopatrticles did not

show a significant cytotoxic effect without the NIR-light stimulus, whereas the

4
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same particles provoked a concentration dependent cytotoxicity, comparable to
that of free Doxorubicin. This effective NIR-light responsive drug delivery
system could be very useful for administering highly toxic drugs, since the side

effects would be importantly reduced.

Keywords: Nanoparticles, Star shaped block copolymer, core@shell,
biocompatible, self-assembling, multifunctional, Fe;O,@Au, hybrid material,
silica coating, surface functionalization, DNA biosensor, upconversion,
graphene oxide, FRET, NIR light responsive, phototriggered drug release,

Doxorubicin.






Resumen

RESUMEN

La nanotecnologia ofrece la posibilidad de combinar diferentes materiales
con distintas propiedades para crear materiales funcionales avanzados, con
aplicaciones en distintos campos. La biomedicina requiere de nuevos
materiales que sean capaces de solventar problemas actuales, por ejemplo la
mejora de la eficacia de tratamientos con farmacos junto a la reduccién de los
efectos secundarios, el aumento de la sensibilidad de los sensores, la mejora
de la calidad de las imagenes in vivo para diagnaostico, etc. La fabricacion de un
sistema especifico de aplicacion en biomedicina es una tarea compleja y
requiere de mucha investigacion antes de que el producto final alcance el

mercado.

Esta tesis doctoral se centra en el desarrollo de nuevos nanomateriales con
propiedades mejoradas que podrian ser aplicados en biomedicina y que estan
compuestos por varios componentes, ensamblados de forma especifica a
escala nanométrica. Para lograr esto, el proceso comienza con la sintesis y
caracterizacion de cada componente. Posteriormente, se realiza la
combinaciéon y la nano-ingenieria de todas estas partes y se analiza con
detalle, para terminar con la aplicacién de estos materiales basados en la

nanotecnologia.

Esta tesis se organiza en base al proceso de aprendizaje llevado a cabo
para la produccién de nanomateriales hibridos multifuncionales. Empezamos
preparando nanoparticulas organicas con estructura tipo nucleo-corteza
basadas en polimeros biocompatibles. Las nanoparticulas inorganicas dotaban
a los nanosistemas con propiedades adicionales. Sintentizamos nanoparticulas
de 6xido de hierro (Fe3O4) y oro (Au) para dotar a los sistemas de propiedades
magnéticas y Opticas. Para mejorar la estabilidad coloidal de las dispersiones
de nanoparticulas inorganicas en medios acuosos, y también para dotar de
propiedades adicionales es necesario funcionalizar la superficie de dichas
nanoparticulas con distintas subunidades lo cual no es un proceso sencillo. El

recubrimiento con silice de nanoparticulas inorganicas ha demostrado ser un
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método adecuado para solucionar estos problemas. Demostramos que el
método es util con dos ejemplos: i) mediante la funcionalizacion de
nanoparticulas de upconversion (NaYF4:Yb,Er) con cadenas de hebra simple
de ADN con el objetivo de preparar un sensor altamente sensible de ADN; ii)
mediante la funcionalizacion de nanoparticulas de upconversion
(NaYF4:Yb,Tm) con una molécula fotodegradable basada en un derivado del
orto-nitrobencil alcohol que liberaba la doxorrubicina anclada tras la exposicion

a luz en el infrarrojo cercano (NIR).

En el primer capitulo de este trabajo, pretendemos aumentar la solubilidad
en medios acuosos de principios activos antitumorales altamente hidrofébicos
por medio de copolimeros anfifilicos estructurados en forma de estrella. Estas
moléculas se han sintetizado utilizando poli(e-caprolactona) ramificada como
nacleo hidrofébico y poli(etilén glicol) ramificado como corteza hidrofilica. La
composicion de esta macromolécula, basada en dos bloques bien
diferenciados, dota de caracter anfifilico al sistema lo cual actia como fuerza
impulsora para su auto-ensamblado en medios acuosos. Dependiendo de la
concentracion de polimero ha sido posible obtener distintas estructuras en las
particulas resultantes. Las fotografias de microscopia electrénica de
transmision permitieron hacer el seguimiento de la evolucién del sistema desde
vesiculas sencillas hasta macroestructuras en forma de collar de perlas.
Ademas, el copolimero en forma de estrella que se propone ha mostrado
buenas propiedades solubilizantes que se emplearon para dispersar en medio
acuoso un derivado insoluble de cloro-carbazol. Asi, el copolimero anfifilico en
forma de estrella fue usado como un nano-transportador de farmacos,
demostrando la capacidad de las estructuras auto-ensambladas para
encapsular sustancias hidrofobicas en su ndcleo hidrofobico, mientras que la

corteza hidrofilica es capaz de estabilizar todo el sistema.

En el segundo capitulo, hemos desarrollado un sistema terandstico basado
en nanoparticulas de Fez0O,@Au encapsuladas en el copolimero anfifilico en
forma de estrella. Para ello, producimos nanoparticulas de Fe;O,@Au por
medio de una ruta solvo-termal realizada en dos pasos que emplea
nanoparticulas de Fe3;O, como semillas para que se produzca la deposicion de

una capa de Au. Aunque este método produce nanoparticulas de Fe3;O,@Au
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muy monodispersas y de forma muy reproducible, era necesario realizar un
estudio sistematico del proceso para aumentar el rendimiento y tener un mejor
entendimiento del proceso, lo que permitiria modificar el espesor de la capa de
Au permitiendo asi modular las propiedades O6pticas del conjunto.
Demostramos que el ratio entre precursor de oro y nanoparticulas de 6xido de
hierro (ratio Au:Fe30,4) es un parametro clave que, al contrario de lo que cabria
esperar, no tiene ninguna influencia sobre el grosor de la capa de oro que se
deposita. Sin embargo, este parametro debe ser optimizado porque afecta
enormemente al rendimiento de la sintesis: Cuando el ratio Au:Fe3z04 empleado
fue bajo se encontraron muchas nanoparticulas de Fe3O, sin recubrir, mientras
que cuando el ratio Au:Fe304 empleado fue alto se encontraron nanoparticulas
de Au puras, sin nicleo magnético, junto a las nanoparticulas de Fe3O,@Au
deseadas. Ademas, demostramos que el grosor de la corteza de Au puede ser
modificado mediante el control de la temperatura de reaccion. Las
nanoparticulas de Fe;O,@Au fueron transferidas con éxito a medio acuoso
mediante la combinacién con el copolimero anfifilico en estrella, creando asi un
material hibrido nano-ensamblado y multifuncional con aplicacion potencial en
biomedicina: las nanoparticulas de Fe;O,@Au estabilizadas en medio acuoso
podrian ser utilizadas como agentes de contraste de imagen multimodal
MRI/CT basados en resonancia magnética de (MRI) y tomografia
computarizada (CT). Este sistema podria ser util también como herramienta
terandstica, explotando el efecto fototérmico de la nanocorteza de Au para

liberar principio activo en respuesta a un estimulo externo.

En el tercer capitulo de esta tesis, estudiamos la fabricacion de una
herramienta de sintesis que puede ser empleada para crear materiales
multifuncionales con estructuracion nanométrica. Realizamos un estudio
paramétrico de la técnica de recubrimiento con silice que permite recubrir de
forma individualizada nanoparticulas inorganicas permitiendo un ajuste preciso
a nivel nanométrico del espesor de la corteza de silice. El recubrimiento con
silice permitié co-encapsular moléculas solubles en agua dentro de la capa de
silice, dando Ilugar a materiales hibridos multifuncionales. Ademas,
demostramos que este meétodo puede ser empleado con nanoparticulas

inorganicas de distinta naturaleza, tales como Oxido de hierro, oro, plata,

9
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quantum-dots y nanoparticulas de upconversion. El recubrimiento con silice
dota al sistema de solubilidad en medio acuoso, citocompatibilidad, y la
estabilidad coloidal a las nanoparticulas inorganicas, pero ademas la silice es
una plataforma ideal para la funcionalizacién en superficie. La quimica sobre la
capa de silice permite introducir practicamente cualquier tipo de grupo funcional
en la superficie de las nanoparticulas, lo cual abre la posibilidad de anclar
moléculas como enzimas, vitaminas, ADN u otros grupos funcionales mas
especificos como polimeros, moléculas fotoactivas o principios activos.
Mediante la combinacién de las propiedades inherentes a las nanoparticulas
inorganicas y las posibilidades que ofrece la silice como material de
recubrimiento es posible crear materiales ensamblados en la nanoescala con
una alta homogeneidad que pueden ser empleados en distintas aplicaciones,
dependiendo de la funcionalizacion en superficie. En esta tesis, los procesos de
quimica coloidal para la funcionalizacion en superficie de nanoparticulas
inorganicas recubiertas con silice se han estudiado con el anclaje de moléculas
tales como acido félico, poli(etilenglicol), ADN y una molécula fotoactiva
anclada a su vez a doxorrubicina. Los nanomateriales hibridos resultantes

fueron estudiados para diferentes aplicaciones en estudios posteriores.

En el cuarto capitulo presentamos un sensor de ADN basado en el
fendmeno de transferencia de energia por resonancia de fluorescencia (FRET)
entre nanoparticulas de NaYF,4:Yb,Er y 6xido de grafeno (GO). Se sintetizaron
nanoparticulas monodispersas de NaYF4:Yb,Er con un diametro medio de 29.1
+ 2.2 nm y se recubrieron con una capa de silice de 11 nm, que permitid el
anclaje de cadenas de ADN monocatenarias, es decir, de hebra simple
(ssDNA). Cuando estas nanoparticulas NaYF4Yb,Er@SiO, funcionalizadas
con ssDNA se encuentran proximas a la superficie del GO, las interacciones de
apilamiento tipo n-m entre las bases nitrogenadas del ADN y los carbonos sp?
del GO inducen la amortiguacion de fluorescencia por FRET debido a la
superposicién entre la emision de fluorescencia de las nanoparticulas de
NaYF4:Yb,Er@SiO, y la absorcién del GO. Por el contrario, en presencia de
hebras de ADN complementarias se produce el proceso de hibridacion que da
lugar a la doble hebra de ADN (dsDNA) en la superficie de las nanoparticulas,

gue no interacciona con la superficie del GO y por tanto las nanoparticulas de
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NaYF4:Yb,Er@SiO, mantienen su fluorescencia sin amortiguacion. La alta
sensibilidad y especificidad es este sensor introduce un nuevo método de
deteccion de ADN con un limite de deteccion de 5 pM. Ademas de esto, este
tipo de sensores son altamente especificos debido a las normas de hibridacion
entre las bases nitrogenadas del ADN. Las caracteristicas de la emision de
fluorescencia por conversion ascendente permiten que exista una relacion
sefal/ruido excelente, que no haya pérdida de fluorescencia por fotoblanqueo
ni efectos de intermitencia en la emision (conocidos como parpadeo, “blinking”),

lo cual provee al sensor de una gran reproducibilidad y fiabilidad.

En el capitulo cinco se presenta otra interesante aplicacion de la quimica
en superficie realizada sobre los recubrimientos de silice, que consiste en la
liberacion de un principio activo en respuesta a un estimulo externo. En este
trabajo se presenta un sistema de liberacion de farmacos capaz de responder a
estimulos externos, que permite liberar doxorrubicina cuando se estimula con
luz en el infrarrojo cercano (NIR). El sistema se basa en nanoparticulas de B-
NaYF4.Yb,Tm@SiO, con fluorescencia de conversidbn ascendente con un
diametro medio de 52 + 2.5 nm que son capaces de absorber luz NIR y emitir
luz ultravioleta (UV). La emision de fotones con longitud de onda
correspondiente al UV provoca la fotodegradacion de las moléculas
fotosensibles basadas en derivados del orto-nitrobencilalcohol ancladas en la
superficie de las nanoparticulas por un lado y al principio activo doxorrubicina
por otro. La fotodegradacién dispara la liberacion del farmaco, dando lugar a un
sistema de liberacion dependiente de luz NIR. Este sistema fue probado in vitro
con células HelLa y demostr6 un gran potencial para su aplicacion en
biomedicina, donde seria importante poder liberar un farmaco en un tejido
concreto activado de forma externa. Se demuestra que ni el estimulo con luz
NIR, ni la emision de fotones UV de las particulas provocaron una reduccion
significativa de la viabilidad celular. Ademés, las nanoparticulas de -
NaYF4:Yb,Tm@SiO, cargadas con doxorrubicina tampoco mostraron una
reduccion de la viabilidad celular en ausencia del estimulo de luz NIR, mientras
gue este mismo sistema mostrd una toxicidad celular importante en presencia
del estimulo de luz NIR. La actividad citotéxica mostrada por el sistema fue

dependiente de la concentracion y similar a la producida por la doxorrubicina
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libre. Este sistema de liberacion de farmaco en funcion de un estimulo de luz
NIR ha demostrado ser efectivo y podria ser muy util para la administracién de
principios activos altamente toxicos, ya que los efectos secundarios derivados

de su uso se reducirian de forma notable.

Palabras clave: Nanoparticulas, copolimero dibloque en estrella,
ndcleo@corteza, biocompatible, auto-ensamblado, multifuncional, Fe;O,@Au,
material hibrido, recubrimiento con silice, funcionalizacion superficial, biosensor
de ADN, fluorescencia de conversion ascendente, oxido de grafeno, FRET,
respuesta a luz NIR, liberacién de farmaco disparada por estimulo luminico,

Doxorrubicina.
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Work hypothesis

WORK HYPOTHESIS

The hypothesis of this work is that it is possible to control at the nanoscale level
the assembly of several components and the formation of structures. This
structuring would permit the development of novel functional materials with
enhanced properties that would be useful in the biomedical field for the
production of drug nanocarriers, multifunctional materials, biosensors and

stimuli responsive drug release systems.
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Hipdtesis de trabajo

HIPOTESIS DE TRABAJO

La hipdtesis de este trabajo es que es posible controlar el ensamblado
de varios componentes a escala nanométrica y la formacion de estructuras.
Dicha estructuracion permitiria la creacion de nuevos materiales funcionales
con propiedades mejoradas que podrian ser de utilidad en el campo de la
biomedicina para la fabricacibn de nano-transportadores de farmacos,
materiales multifuncionales, biosensores y sistemas de liberacion de farmacos

en respuesta a estimulos.
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Introduction

1. INTRODUCTION

“There is plenty of room at the bottom” said Richard Feynman at an American
Physical Society meeting in 1959*. Today we can say: “There is still space at
the bottom”. Feynman referred to the possibility of developing new materials by
manipulating the pieces at the molecular or atomic level, and was unnoticed
until 1980 when Erik Drexler published a work in the Journal Proceedings of the
National Academy of Sciences entitled: Molecular Engineering: An approach to
the development of general capabilities for molecular manipulation®. In this
work, Drexler theorized the idea of manipulating individual molecules to create
nanoscale assemblies. Few years later, the invention of the scanning tunneling
microscope, the discovery of the fullerenes in 1985 and the publication of the
book of Erik Drexler in 1986 entitled: Engines of Creation: The Coming Era of
Nanotechnology®, which cited Feynman, provoked the birth of Nanotechnology
as a complete research field. Today Nanotechnology is a broad interdisciplinary
field that has attracted tremendous attention. This has boosted the fundamental
knowledge, the chemical synthesis and the practical applications as well as the

manufacturing of nanomaterials.

The term “nanoscale” is generally referred to a scale between 1 and 100 nm. In
this length range the dominating forces over the system are different from the
bulk materials, even at the microscale. For example, the influence of gravity is
drastically reduced whereas the interfacial tension and van der Waals attraction
become dominant. New phenomena can occur in nanomaterials because
guantum mechanical effects dominate material properties at this scale. One
example is quantum confinement where the electronic properties of solids are
different with great reductions in particle size®. The optical properties of
nanoparticles, e.g. localized surface plasmon resonance in gold nanoparticles,
also become a function of the particle diameter. This effect does not come into
play by going from macroscopic to micrometer dimensions, but becomes

pronounced when the nanometer scale is reached.
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The creation of materials with new, different, or enhanced properties has been a
major research topic since nanotechnology emerged. Materials with structure in
the nanoscale often present unique properties because the combination of
several materials in a hierarchical manner provides multiple properties.
Concretely, the biomedical field has been highly influenced by this boost of
nanomaterials with new properties. The size of nanomaterials is similar to that
of most biological molecules and structures and therefore nanomaterials can be
useful for both in vivo and in vitro biomedical research and applications. The
rise of these nanomaterials evolved rapidly toward applications as
multiresponsive smart drug delivery systems; advanced contrast imaging and
dual-mode imaging; theranostics that combines in one therapeutic and
diagnostic capacity, etc. All these promising applications are included in the
research field called Nanomedicine, which seeks to deliver a valuable set of

research tools and clinically useful devices in the near future®®.

The manipulation of different materials at the nanoscale is totally different from
the one used at the micro and the macro-scales. As result, the production of
ordered nanostructured materials requires new tools that can act at the
molecular level. Chemical reactions, physical-chemical processes and
intermolecular forces provide the fundamental knowledge that permits the

rational design of functional materials.

This thesis covers the synthesis and characterization of different nanomaterials
for biomedical applications. In this work there is an extensive study about
synthetic and manipulation methods for the creation of advanced functional

materials.
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1.1 Polymers

A polymer is a macromolecule composed by many repeated subunits, known as
monomers. There are many different polymers with many different properties
and applications, ranging from natural polymers such as proteins or DNA to
synthetic polymers such as plastics. In this work we focus on synthetic polymers
with application in biomedicine. Inside this group, poly(e-caprolactone) (PCL)
and polyethylene glycol (PEG) stand out as hydrophobic and hydrophilic
polymers respectively, and both are considered biocompatible’.

More specifically, PCL is a semi-crystalline biodegradable polyester with a low
melting point that is synthesized by ring opening polymerization®. See scheme
1.1

Nucleophilic initiator O

(0]
» * J\HL/\/\/OUH *

Catalyst

caprolactone polycaprolactone

Scheme 1.1. Typical polymerization reaction of e-caprolactone

PCL can be degraded in physiological conditions by the hydrolysis of the ester
bonds and therefore is considered a biodegradable polymer®. This is reason
why PCL has attracted tremendous interest for its use in implantable devices.
The biocompatible character of the PCL has been highlighted since the Food
and Drug Administration (FDA) has approved the use of PCL in specific
applications in human body like surgical suture threads, drug delivery or

adhesion barriers®.

On the other hand, PEG is a polyether with many applications from industrial
manufacturing to medicine. PEG is usually synthesized by anionic

polymerization.
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Scheme 1.2. Typical polymerization reaction of ethylene glycol

PEG is referred to low molecular weight polymers or oligomers, while
polyethylene oxide (PEO) is used to refer to high molecular weight polymers
(>20 kDa).

PEG is a non ionic hydrophilic polymer which is recognized to be biocompatible,
since it has been extensively used in the pharmaceutical industry: PEG is
present in laxatives, lubricants, eye drops, etc. In addition, when PEG is
attached to proteins the clearance from bloodstream is decreased, and many
protein-based drugs are being administered with PEG (e.g. pegylated a-TNF in
the hepatitis therapy). The pegylation process provides enhanced solubility,
increases biological half-life and reduces the allergenic response to the drug
without decreasing the therapeutic efficacy™.

The combination of two polymers of different nature in one macromolecule is
referred as copolymer. When the two polymers present different solubility, the
resulting macromolecule is an amphiphilic copolymer, which has a potential
application in biomedicine as solubilizing agents for highly agueous insoluble
drugs. When an amphiphilic molecule is dispersed in water the system will tend
to minimize the interfacial tension and will evolve toward the formation of
micelles when a certain concentration is reached. This concentration is known
as critical micelle concentration (CMC) that is characteristic for a certain
surfactant, at fixed conditions of temperature and pressure and without
considering other surface active molecules or electrolytes. The CMC represents
a dynamic system in which the micelles are continuously exchanging molecules

between the structure and the media:
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Scheme 1.3. Mechanism of the formation of micelles when the concentration of
surfactant is above the CMC.

The amphiphilic copolymers are macromolecules with higher molecular weight
than the classical surfactants. When they are dispersed in the appropriate
media they can form supramolecular assemblies with different architectures,
which are generally recognized as polymersomes, polymeric micelles and
polymeric nanoparticles in the literature**, The minimum concentration of
polymer to form these structures is known as critical aggregation concentration
(CAC). The CAC is generally lower than the CMC of the classical surfactants,
and represents a dynamic equilibrium that is highly displaced to the right'*, as
represented in Scheme 1.4.

Hydrophobic block

/ Hydrophilic block
/N
AN _
— N

-—

Amphiphilic block Polymeric micelle
copolymers

Scheme 1.4. Representation of the formation of polymeric micelles.

The polymeric micelles present a very slow rate of disassembly that provides
high stability in solution, which is a major advantage for its use as drug carriers.
This stability would be maximum for polymeric micelles formed by a unique high
molecular weight amphiphilic molecule’®. The low CAC value of the polymeric
surfactants permits to have stable structures under diluted conditions, reducing
the amount of surfactant in pharmaceutical formulations*®. For this reason the

polymeric micelles are of great scientific interest as drug nanocatrriers.
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The encapsulation of highly water insoluble drugs within polymeric micelles of a
given nature depends on the relative weight ratio between the hydrophobic and
the hydrophilic blocks of the polymer:

Mw,
Mw,

ratio(w/w) =

Where Mw, is the total molecular weight of the hydrophobic block and Mw;, is
the total molecular weight of the hydrophilic block. For nonlinear amphiphilic
structures, the Mw; and the Mwy, should be calculated as the sum of all the

individual blocks in the molecule®’.

A high value of this relative ratio would permit the encapsulation of lipophilic
drugs inside the structure. However, the aqueous stability of the whole system
can be affected. For this reason, it is of key relevance to find the appropriate
balance that permits encapsulating a reasonable amount of drug and

maintaining the stability of the whole system®®.

The amphiphilic block copolymers composed by biocompatible components
with a biodegradable core could be used for the administration of highly
insoluble drugs in formulations that would have less quantity of surfactant and
would require a less frequent administration of the dose. All these features

could be of great interest in cancer therapy.
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1.2 Inorganic Nanoparticles

Materials often exhibit novel physical, chemical, electrical and optical properties
as their size approaches the nanometer scale. At this scale, quantum effects
dominate properties of materials, many of which are related with the
discreteness of energy, the wave-particle duality of light and matter, quantum
tunneling and uncertainty of measurements. These new properties open new

applications in catalysis, energy, analytical chemistry and electronics.

Furthermore, nanoparticles have a very high surface to volume ratio, which
provokes that large quantities of atoms are exposed to interactions with the
medium. This increases the surface tension, which would lead to a final
aggregation of the system. For this reason, the nanoparticles require a
stabilizing agent. Depending on the synthetic conditions and the dispersion
medium, there are basically two stabilization methods: electrostatic repulsion
(DLVO theory) and steric hindrance (Vold and Vincent theory)*®.

The electrostatic repulsion consists in the coating of the nanoparticles with
charged molecules (either negatively or positively charged) that prevent the
aggregation. In summary the DLVO theory states that the colloidal stability is
determined by the potential energy of the particles (V1), which accounts for the
potential energy of the attractive interaction due to van der Waals forces (Va)

and potential energy of the repulsive electrostatic interactions (Vg).
V; =V, +V;
The van der Waals potential for two surfaces can be calculated as:

__H
12722

A

For two spheres:

_H RR,
A Bx (R +R,)

Where H is the Hamaker constant, x is the distance between the particles and

R; and R the radius of the two interacting particles.
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The Hamaker constant H is given by the equation:
H = z°Cp,p,

Where p; and p, are the number of atoms per volume unit in two interacting

bodies and C is a constant for the interaction energy in the particle-particle pair.

The electrostatic repulsion free energy for two planar surfaces is given by:

_64keTp,y’
K

VR

Whereas for two spheres with radius R is given by:

3 647szTR,0°O;/2 o

2
K

VR

Where: kg is the Boltzmann constant, p., is the number density of atoms in the
bulk solution, « is related to the thickness of the diffuse electric double layer that
is also referred as the Debye screening length 1/x and y is the reduced surface

potential.
The reduced surface potential y is shown as:

y= tanh %
4KT

Where Z is the valence of the ion and vy is the potential on the surface.
The inverse of the Debye screening length « is given by:

1
222 2
KZ[Zipme J

&.&KgT

Where ¢, is the relative permittivity, g is the vacuum permittivity and p., is the

number density of ion “” in the bulk solution.
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By contrast, for those particles that are coated, the colloidal interactions are
governed by two terms, van der Waals and steric forces. The effect of the van
der Waals attractive interaction between particles coated with polymers was
initially described by Vold and Vincent and gave as result an attractive effect,
which can be enhanced as result of the nature of the polymer layer that
decorates the particles. In the case of the steric term, this can be attractive or
repulsive and thereby it can induce the flocculation of the samples or to provide
thermodynamic stability. The main governing parameter, which dictates the sign
of the steric interaction, is the affinity between the solvent and the tethered
chains, which has been described by Napper®. In this approximation, the steric
interaction potential is divided into two terms: the mixing osmotic contribution
AGnix, arising from the intimate mixing of the chain segments from two different
particles (in the interpenetration zone) and elastic contribution, which accounts
for the entropy loss due to the constriction of the polymer chains between the

rigid particle surfaces.

Veric = AGx +AG

steric elas

The particle destabilization begins in the interpenetration zone, and here the

steric interaction between two identical particles is as follows?:

AR x\ (1
Vo =k.T| 22 L2 | ==
steric B l:vm w ( 2) }(2 Z)

Where R is the particle radius, kg is the Boltzmann constant, T is the absolute
temperature, vy, is the volume of a solvent molecule, L is the length of the
polymer chains, x is the distance between patrticles, y is the Flory-Huggins
interaction parameter that represents the solvency of the medium for the chains
and the term ¢ is the average volume fraction of the segment in the grafted
layer. It is evident from the equation that the sign of Vseric depends on the value
of x parameter, since the expression within the brackets is always positive.
Thus, to stabilize the particles (positive Vsteric) the medium must be good for the
chains on the outer layer, that is, ¥y < 1/2. On the contrary, chains with poor

interaction with the solvent lead to attractive interactions (negative Vsteric).
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The steric hindrance has proved to be an efficient method for stabilizing
nanoparticles, although the most used molecules (surfactants) might limit the
final application of the nanoparticles®®. A novel approach is to stabilize the
nanoparticles with inert inorganic coatings within complex nanostructures such
as core@shell nanoparticles. This could preserve the original properties of the
nanoparticles and at the same time provide a stable environment and facilitate

the functionalization of the nanoparticles®.

The syntheses of inorganic nanoparticles require a controlled environment that
contains 1) the inorganic precursor, 2) the reagents such as reducing agents,
and 3) the stabilizing agents. There are several synthetic techniques for the
production of nanoparticles of different nature, size and shape. However most
of the synthetic protocols follow the nucleation theory of LaMer?* summarized in

Figure 1.1.
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Figure 1.1. LaMer diagram with the time separation between the nucleation,

growth and saturation stages in the synthesis of nanopatrticles.

The LaMer diagram states that the synthesis of nanoparticles should follow
three steps: In the first step, the concentration of the precursors (salts,
complexes, etc.) and reagents increase to reach the necessary concentration
for nucleation. The second step is the nucleation, in which the precursors
produce small nuclei of nanoparticles, which is concomitant with a reduction of

the concentration of the precursors. The third step consists in the growth of
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these nuclei, by the passive diffusion of the remaining precursors. This basic
diagram can explain several synthetic techniques like the seed mediated
growth, the heating up and hot-injection processes®.

When the concentration of a solute in a solvent exceeds its solubility a new
phase appears. In the case of homogeneous nucleation a solid phase nucleates
from a supersaturared solution. The Gibbs free energy of the supersaturated
solution is higher than that of a solution below saturation and can be reduced by
the nucleation of particles. This reduction of Gibbs free energy is the driving
force for both nucleation and growth. The change of Gibbs free energy per unit
of volume of the solid phase, AG,, is given by:

AG, =Xl 11+ )
a

\

Where a is the atomic volume, kg the Boltzmann constant, T the temperature

and o is the supersaturation, defined by:

Where C is the concentration of solute and Cy is the solubility.

At supersaturation (AG,=0) and below (AG,>0) no nucleation would occur.
When C > Cy, AG, is negative and nucleation occurs spontaneously. Assuming
that a spherical nucleus with a radius R is formed, the change of Gibbs free

energy or volume energy is given by:

Ap, = %ﬂR?’AGV

This energy reduction is counter balanced by the gain of surface energy which

accompanied the formation of the spherical particles, and is given by:
Aug = 4R%y

Where vy is the surface energy per unit area. The total free energy change for

the formation of the nucleus, AG, is given by:
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AG = Au, + A, = gﬂRsAGV +4R%y

The new formed nucleus is stable only when its radius exceeds a critical size
R*. A nucleus smaller than R* will dissolve whereas a nucleus larger than R* is

stable and continues to grow. The critical size R* is obtained by the condition:

dAG 0
drR
and is given by:
RF—_ 2V
AG,

Figure 1.2 represents the nucleation and growth process when R > R*

AG 4 Surface term

[ Ay =dm?y

AG = (4/3)r3AG, + 4nr2y

r

|

Volume term
™ A, = (4/3)TrPAG,

Figure 1.2. Representation of the free energy as a function of two terms: the
surface term and the volume term. Nucleation occurs when R is equal or higher
than R*.
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Ideally, monodisperse nanoparticles could be obtained by separating in time the
nucleation and growth steps. Polydisperse samples are obtained when the
nucleation process is long or there are multiple moments of nucleation within

the synthesis.
1.2.1 SuperParamagnetic Iron Oxide Nanoparticles (SPIONSs)

Iron oxide nanoparticles are crystals of Fe** and/or Fe** with 0% with a size
between 1 and 100 nm of diameter, generally with spherical or cubic shape.
The two main forms are magnetite (Fez0,4) and its oxidized form maghemite (y-
Fe,03)?°. The iron oxide nanoparticles are characteristic due to their
superparamagnetic behavior when the size is below 30 nm of diameter?’.

The SPIONs can be synthesized by different procedures, but the best results in
terms of yield and sample size distribution is generally obtained by three?: the

coprecipitation, the solvothermal and the thermal decomposition methods.

Coprecipitation method: Consists in mixing stoichometric mixtures of Fe" and
Fe®" ions, generally as chloride salts, in an aqueous solution at basic pH. This
synthesis is often referred as the Massart”® method and yields spherical iron
oxide nanoparticles of approximately 5-10 nm in size, relatively monodisperse.
The nanopatrticles are stabilized only by the surface charges, which often leads
to the aggregation of the sample when the pH of the media tends to 7. A variant
of this method consists in the reaction of Fe?" salts, generally sulfates, with
nitrate ions at elevated pH. This synthesis is known as the Sugimoto and
Matijevic®® method, and yields spherical or cubic iron oxide nanoparticles,
depending on the synthetic conditions, with a size distribution between 30 and
100 nm. The sample size distribution is generally high, with polydisperse
samples. The nanoparticles are stabilized by electrostatic repulsion due to the
surface charges and they have a strong tendency to aggregate. Both syntheses

yield highly crystalline structures with a strong magnetic response.
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Figure 1.3. TEM images of: Left: Iron oxide nanoparticles obtained by the
Massart method. Right: Iron oxide nanopatrticles obtained by the Sugimoto and

Matijevic method.

Solvothermal method: This method, also known as sol-gel method, consists in
the reaction of Fe?* and Fe® in a basic environment in a mixture of surfactants
such as sodium oleate and ethylene glycol®®. The mixture is heated in a
stainless steel autoclave and yields spherical structures of tunable size from 80
to 400 nm. The structures are composed by small iron oxide nanoparticles with
a pomegranate like aggregation. The stabilization is based on the surfactants
that are surrounding the structure that avoids the aggregation by direct steric
hindrance between the nanopatrticles. Therefore, the samples are fairly stable,

monodisperse and the high crystallinity provides a strong magnetic response.

b

Figure 1.4. a) TEM image of iron oxide nanoparticles obtained by the

solvothermal method and b) magnification of one patrticle.
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Thermal decomposition method: Consists in the reaction at elevated
temperature of organic iron complexes such as iron (lll) oleate, iron (lll)
acetylacetonate, iron (0) pentacarbonyl... etc, in a mixture of surfactants like
oleic acid, oleylamine, trioctylphosphine oxide... etc, dissolved in a non-
coordinating high boiling point solvent such as 1-octadecene, diphenylether,
tetracosane... etc. Depending on the reaction parameters and reagents, it is
possible to obtain extremely monodisperse spherical®* or cubic* iron oxide
nanoparticles with tunable size between 2 and 40 nm. The resulting iron oxide
nanoparticles are stabilized with the surfactants on their surface, which provides
a high stability due to the steric hindrance. The nanoparticles obtained by this
method are individual and remain stable and separated for several months
despite their small size. The nanoparticles possess good crystallinity and can
be readily dispersed in organic solvents such as hexane, toluene, chloroform,

etc.
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Figure 1.5. A) TEM image of spherical iron oxide nanoparticles synthesized by

thermal decomposition of iron (lll) oleate. Scale bar is 15 nm. B) TEM image of
cubic iron oxide nanoparticles synthesized by thermal decomposition of iron (111)

acetylacetonate.

The main characteristic of the iron oxide nanoparticles is their “magnetism”. The
colloquial sentence that says “magnetic nanoparticles” often refers to their
magnetic interaction with an external magnetic field. However, it is important to

differentiate the different types of magnetism, which are basically four:
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Diamagnetic materials: These materials create an induced magnetic field that
opposes to an external magnetic field, and therefore they are repelled by a
magnet. The diamagnetism is a property of all materials, but in the presence of
other forms of magnetism, it becomes negligible. Examples of diamagnetic
materials are water, wood, many organic compounds, mercury, bismuth,

pyrolytic carbon...

Ferromagnetic materials: These materials have intrinsic magnetic moment with
a random orientation of their magnetic domains. In the presence of an external
magnetic field, all the magnetic domains will align with the field, and therefore
they are attracted by a magnet. When the external magnetic field is removed,
the magnetic domains of ferromagnetic materials keep their orientation. In this
way, the ferromagnetic material shows intrinsic magnetism and becomes a
permanent magnet. The ferromagnetic materials can be demagnetized at the
Curie temperature. Examples of ferromagnetic materials are iron, nickel,

cobalt...

Paramagnetic materials: These materials have intrinsic magnetic moment with a
random orientation of their magnetic domains. In the presence of an external
magnetic field, all the magnetic domains will align with the field, and therefore
they are attracted by a magnet. When the external magnetic field is removed,
the magnetic domains can interact between them. This provokes that the
paramagnetic materials remain the magnetization for a period of time after the
external field is removed. However, when these interactions between the
magnetic domains disappear, the paramagnetic materials lose the
magnetization. Examples of paramagnetic materials are tungsten, aluminum,

and some transition metal complexes.

Superparamagnetic materials: Superparamagnetism occurs when
ferromagnetic materials reduce their size to a point in which the magnetic
domains are reduced to just one. In the nanoscale it is considered that each
nanoparticle possess a single magnetic domain. Under this scenario, the
magnetization can randomly flip direction under the influence of temperature. As
consequence, the magnetization of a sample containing the nanoparticles

appears to be in average zero. In the presence of an external magnetic field,
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the magnetic domains of the nanopatrticles will align with the field, and therefore
they are attracted by the magnet. However, when the external magnetic field is
removed, the magnetic domains flip with the temperature and therefore the
overall magnetization is averaged to zero again. The temperature required to
flip is under the Curie temperature, which is the main difference with the
ferromagnetic materials. The mean time between two flips is the Néel relaxation

time 1, given by the Néel-Arrhenius equation:

KV
T, =T, EXp T
B

Where 1, is the average time it takes for the nanoparticles magnetization to flip
due to the thermal fluctuation, 1o is a time characteristic of the material also
known as attempt period, K is the magnetic anisotropy energy density of the
nanoparticles, V is the volume of the nanoparticles, kg is the Boltzmann

constant and T the temperature.

The superparamagnetic nanoparticles show a high magnetic susceptibility but
the overall magnetic moment of a sample containing the nanoparticles is zero in
the absence of an external magnetic field. This behavior is typically
demonstrated by the narrow hysteresis loop in SQUID magnetization

measurements.
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Figure 1.6. Schematic representation curves obtained in SQUID magnetization

measurements for each type of magnetism behavior.

SPIONs have potential to be applied in biomedicine®® because magnetite and

maghemite are biocompatible, non-toxic and biodegradable®*, which makes
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them ideal for in vivo applications®. In addition, the superparamagnetic
behavior of the iron oxide nanoparticles prevents the aggregation after the

response to an external magnetic field*®.

Magnetic Resonance Imaging: The SPIONs can be used as contrast agents in
Magnetic Resonance Imaging (MRI). MRI is a medical imaging technique used
in radiology to investigate the anatomy and physiology of the body in both
health and disease by a non invasive methodology®’. MRI scanners use
magnetic fields and radio waves that are not harmful for health. For these
reasons MRI is widely used in hospitals as diagnostic tool. The MRI is based on
the *H nuclear magnetic resonance of the water molecules of the tissues in the
presence of an external magnetic field and the radiofrequency pulse excitation.
The different environments of the tissues provoke a different rate at which
excited atoms return to the equilibrium state, which renders the contrast
between the tissues. There are two types of possible contrast in MRI®®: The
spin-lattice relaxation that leads to the so called T;-weighted MRI contrast and
the spin-spin relaxation that leads the T,-weighted MRI contrast. The
superparamagnetic iron oxide nanoparticles reduce the T, signals by the
alteration of the proton relaxation in the tissue microenvironment. Therefore can
be used as contrast agents in T,-weighted MRI, which could be useful for

example in the detection of tumors.

Drug delivery: The SPIONs can also find application in targeted drug delivery
due to the magnetic responsiveness to external magnetic fields. Although this
idea has been around for many years with limited success, the potential of the
SPIONSs as targeted drug delivery vehicles is still very exciting®. The basic idea
was to administer drug loaded iron oxide nanoparticles, and magnetically arrest
them with an external magnetic field. Despite the difficulties, novel approaches
combine the superparamagnetic nanoparticles with other alternatives such as
active targeting®®, magnetic field gradients with implanted magnetic grids**, and
other drug release mechanisms like pH or temperature responsive materials*.
The magnetic targeted drug delivery is still a major research topic in cancer

therapy™®.
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Magnetic hyperthermia: This process consists in the application of a magnetic
field that alternates the direction with a specific frequency. When the SPIONs
are exposed to the alternating magnetic field, they generate heat that locally
increases the temperature*. This can be applied to tumor tissues and bacterial
infections, in which an increment of temperature to 44 °C will cause cell death.
The mechanism involved in the heat generation relies on the continuous
relaxation and orientation of the easy axis of the magnetic spin of the
nanoparticles. The magnetic hyperthermia is a promising tool in cancer therapy,

for which has entered in phase Il clinical trials in Europe.
1.2.2 Metal nanoparticles

Noble metal nanopatrticles have been extensively studied within the past years
due to their prominent optical resonance in the visible range and their sensitivity
to environmental changes. The most employed materials for developing metal
nanoparticles for biomedical applications are gold (Au NPs) and silver (Ag NPs).
The main characteristic of these nanoparticles is their optical properties due to

the localized surface plasmon resonance (LSPR)*.

The metal nanoparticles can be synthesized by different procedures that have a
strong influence on the final product because the optical properties are different
depending on the size and shape of the nanoparticles. The colloidal stability of
the nanoparticles requires a surfactant or stabilizing agent in solution. The most
employed methods are the organic phase synthesis involving a two phase
process (known as Brust method*®), or the single phase water based reduction
of a gold or silver salt by citrate (known as Turkevich method*’). The cetyl
trimethylammonium bromide (CTAB) is used as surfactant for seed mediated
growth of Au and Ag NPs that permits a good control over the size and the
shape of the product. In this method, the first step is the synthesis of small
uniform spherical nanoparticles known as seeds. These seeds are used as

templates for the addition of more precursors under mild conditions*®.

Colloidal solutions of metal nanoparticles exhibit intense color due to the
localized surface plasmon resonance, which occurs when the size of the
nanoparticle is smaller than the wavelength of light. For example, bulk gold has

a characteristic yellow color, caused by a reduction in reflectivity for light at the
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end of the spectrum whereas a solution containing spherical gold nanopatrticles
of 12 nm presents an intense deep red color caused by an intense absorption at
520 nm, which corresponds to the green light. The color of a colloidal solution
with metal nanoparticles depends on the resonance frequency of the
nanoparticles, which can vary due to the nature of the material, the size and the

shape®. See Figure 1.7.

Figure 1.7. Left: TEM micrographs of Au nanospheres and nanorods (a,b) and
Ag nanoprisms (c). Right: Pictures taken from colloidal dispersions of AuAg
alloy nanopatrticles with increasing Au concentration (d), Au nanorods with

increasing aspect ratio (e) and Ag nanoprisms with increasing lateral size (f)*°.

The LSPR was theoretically explained by Mie*°, who could solve the Maxwell’s
eqguation for metallic spheres with a size smaller than the wavelength of visible
light and gave the explanation for the red color of gold nanoparticles in solution.
The physical origin of the light absorption by metal nanoparticles is the coherent
oscillation of the electrons in the conduction band, induced by the interacting

electromagnetic field.
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The electromagnetic waves can propagate along the surface of the
nanoparticles along the interface between conducting and dielectric materials
over a broad range of frequencies®. Oscillation modes comprise an
electromagnetic field coupled to the oscillations of electrons in the conduction
bands are called surface plasmons. They are characterized by a strong field
enhancement at the interface that decays exponentially with the distance®?.
When the dimension of the conductor are reduced, boundary and surface
effects become dominant, and for this reason the optical properties of metal
nanoparticles are dominated by collective oscillation of conduction electrons®3.
An absorption band occurs when the frequency of an incident photon is
resonant with the collective oscillation of the electrons in the conduction band,
and this is the localized surface plasmon resonance. The resonance frequency
of the LSPR is strongly dependent on the size, shape, interparticle interactions,
dielectric properties of the environment and nature of the particles®.

Metal
E field sphere

Figure 1.8. Schematic representation of the LSPR in a metal sphere induced by

the electric field from an incident electromagnetic wave.

Noble metals such as copper, gold and silver have a remarkable plasmon
resonance in the UV-Vis light region, and the nanoparticles prepared with these
elements (pure and/or alloys) present an intense LSPR absorption band.

The LSPR provides two important characteristic to the colloidal solution of metal
nanoparticles: First, very intense optical properties that are very sensitive to
environmental changes and second, a high enhancement of the local electric

field near the surface of the nanoparticles.
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Metal nanoparticles find potential applications in many different fields, with

55-57 %859 In biomedicine, metal

relevance in physics and in chemistry
nanoparticles have had an enormous impact and attention®. Despite the
physical characteristics, gold is a highly stable material against oxidation and
corrosion and it reacts with very few compounds. In addition, gold nanoparticles
are easy to functionalize via the well known Au-S chemistry®’. For these
reasons, gold nanoparticles have been studied, among others, for the following

applications:

Immunogold labelling: Au nanoparticles possess a very high Z contrast in
electron microscopy. In addition, the surface of the Au NPs is easy to
functionalize. Gold nanoparticles are functionalized with a certain antibody and
the specific interaction with cells can be observed by electron microscopy.

Biosensors: Many different nanoconstructs use Au nanopatrticles for biosensors.
Some works are based on the high environmental dependence of the LSPR
absorption band to create optical biosensors®*®3. Other works use the electric
field enhancement that the Au nanopatrticles possess in their surface for the well

known Surface-Enhanced Raman Spectroscopy (SERS) detection®*®°.

Drug delivery: The strong absorption of photons can be translated into an
increment of the local temperature. Some authors have used this concept for
energy applications®®®’ but it has been also studied for drug delivery. For
example, in a hybrid material consisting in polymers and Au nanopatrticles, an
external light stimulus would provoke a local increment in the temperature
above the melting point of the polymer, which would release the encapsulated
drug®. Alternatively, Au nanoparticles have been investigated as photothermal

69,70

therapy”™ . In addition, Au nanoparticles have been used as indicators in

traceable drug delivery systems’.

Contrast imaging: Au nanoparticles have been proposed as contrast agents for
computed tomography (CT)"2. Gold has higher absorption than iodine with less
bone and tissue interference achieving better contrast with lower X-ray dose.
These nanopatrticles clear the blood more slowly than iodine agents, permitting

longer imaging times”®.
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Silver nanopatrticles are used to efficiently harvest light and for enhanced optical
spectroscopies including metal enhanced fluorescence (MEF)™ and SERS. Ag
nanoparticles have shown an important antibacterial activity, although the
mechanism remains uncertain’®. Silver nanoparticles are incorporated in
apparel, footwear, paints, wound dressings, appliances, cosmetics, and plastics

for their antibacterial properties.
1.2.3 Fluorescent Nanoparticles
1.2.3.1 Quantum Dots

Quantum dots are nanoparticles composed by semiconductor materials,
typically combinations of cadmium and/or lead with sulfur and/or selenide
nanocrystals and indium arsenide and/or phosphide. If the size of the quantum
dot is small enough (typically less than 10 nm), the quantum confinement
effects dominate. Under this scenario, the electronic and optical properties are

highly tunable with the size of the nanoparticles.

Figure 1.9. Colloidal dispersion of commercially available QDs with different

size, under UV illumination.

The fluorescence from the QDs comes from the bandgap between the valence
band and the conduction band. The valence band corresponds to the highest
occupied molecular orbitals (HOMO) whereas the conduction band corresponds
to the lowest unoccupied molecular orbitals (LUMO). The light stimulus
promotes electrons from the valence band to the conduction band. These
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electrons will recombine and return to the valence band, emitting a photon with
the energy associated to the bandgap, and this bandgap depends on the

particle size and composition”®.
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Figure 1.10. Schematic representation of the molecular orbitals with the

electrons represented as circles.

The main synthetic method for quantum dots is the colloidal thermal
decomposition by hot injection. This method consists in the preparation of a
solution at high temperature containing one of the precursors, stabilizing agents
and a non-coordinating solvent. At a certain temperature, a solution containing
the other precursor is poured to form the quantum dots. By controlling the
reaction conditions such as precursor ratios, concentrations and temperature it
is possible to control the size of the nanoparticles and therefore their fluorescent

properties’’.

Quantum dots present a very high extinction coefficient and a very high
fluorescence quantum vyield’®. In addition, QDs do not present photobleaching

(degradation of the fluorophore due to the exposition to light).

For these reasons, the QDs have shown a great potential in many different
fields from computing to photovoltaic devices”. In biomedicine, QDs could be
applied as an alternative to the classical organic fluorescent dyes, which
typically show lower fluorescence quantum vyield and suffer from
photobleaching®. The quantum dots have far-reaching potential for several
biomedical applications, to say: the study of intracellular processes at the

single-molecule level, high-resolution cellular imaging and long-term in vivo
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observation of cell tracking, tumor targeting, and diagnostics in combination with

fluorescence spectroscopy and diffuse optical tomography®.
1.2.3.2 Upconversion nanoparticles

Upconversion nanopatrticles are rare-earth doped nanocrystals that present a
unique type of fluorescence in which the excitation wavelength is higher than
the emission wavelength. In a typical upconversion fluorescence process, NIR
photons are absorbed by the fluorophore, emitting UV-Vis photons. This Anti-
Stokes emission can be explained as a sequential absorption of photons by the
fluorophore, in which two or more low energy photons are converted into one
photon of higher energy and as consequence a smaller wavelength. The
upconversion photoluminescence process is different from the nonlinear
multiphoton absorption, since it's more efficient and it's produced by

inexpensive continuous wave (CW) lasers instead of ultrashort pulsed lasers®.

NIR photons

\ Visible
photons

doped .\
NaYF, 4

Upconversion Nanoparticle

Figure 1.11. Schematic representation of the upconversion fluorescence

process in a doped sodium yttrium fluoride nanopatrticle

The upconversion fluorescence requires three components to occur: i) the
antenna or sensitizer, which is the responsible of harvesting the NIR photons; ii)
the activator or emitter, which is the responsible of emitting the upconverted
photons; and iii) a low phonon matrix that provides a non vibrational
environment that diminishes the non-radiative decays and in which the previous
components can exchange energy via resonance energy transfer processes®.
The most common antenna is the ion ytterbium (Yb*") that absorb photons at
980 nm. The sensitizers are usually erbium, thulium or holmium ions (Er*",

Tm**, Ho*") between others. The emitted photons wavelengths depend on the
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sensitizer and therefore this component has to be carefully chosen depending
on the application. The most common low phonon matrix consists in B-NaYF,4
that is considered to be the most efficient host for upconversion fluorescence®.
The nanoparticles that present upconversion fluorescence are referred
generally as UCNPs (UpConversion NanoParticles), although the chemical
composition can differ: e.g.: NaYF4.Yb,Er , NaYF4:Yb,Tm , NaGdF4:Yb,Er ...
etc. Lanthanide-doped UCNPs are dilute guest-host systems where trivalent
lanthanide ions are dispersed as a guest in an appropriate dielectric host lattice
with a dimension of less than 100 nm®. Generally, the upconversion
photoluminescence (UCPL) arises from the 4f-4f orbital electronic transitions
with concomitant wave functions localized within a single lanthanide ion®.
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Figure 1.12. Schematic representation of the orbital energy levels involved in
the UCPL emission with Yb** and Tm*" or Er*" doped UCNPs.

The shielding of 4f electrons by the outer complete 5s and 5p shells results in
line-like sharp emissions, which exhibit high resistance to photobleaching, and
photochemical degradation. The primary forbidden nature of the 4f-4f transition
yields very long lifetimes (up to tens of millisecond) for energy levels of
lanthanide ions, thus favoring sequential excitations in the excited states of a
single lanthanide ion as well as permitting favorable ion—ion interactions in the
excited states to allow energy transfers between two or more lanthanide ions.

These resulting features of lanthanide dopants determine the basic UC
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mechanisms. The UCPL intensity generally has a nonlinear dependence on the

excitation light density®”:
luceL = KP"

Where lycpL is the intensity of the upconversion fluorescence, P is the power of
the excitation laser, K is a coefficient from the material and n is the number of
photons required to produce the UCPL. However, a saturation effect can occur
at high P values. Because of the nonlinear nature of the upconversion process,
the efficiency of a specific emission is strongly dependent on the excitation

density.

Unlike other nanosized materials, UCNPs have similar optical properties to
those of the corresponding bulk forms. They both generally produce the same
peaks due to the 4f-4f orbital electronic transitions. However, the efficiency and
the relative intensity between different UCPL peaks of UCNPs are quite
different from their bulk counterpart due to nanosize-induced surface effects.
Because of the high surface-to-volume ratio of UCNPs, many of the lanthanide
dopants are exposed to surface deactivations due to surface defects, ligands
and solvents that possess high phonon energy. As consequence, the UCPL
efficiency of UCNPs is much lower than that of their bulk form. The
nanoengineering of the surface can diminish this drawback, for example by the
synthesis of core@shell UCNPs®.

UCNPs can be synthesized by different colloidal methods: thermal
decomposition, solvothermal synthesis, Ostwald-ripening method, sol—gel
processing, coprecipitation method... etc. However, the first three are the most
widely used methods because they allow precise control over the size,
stoichometric composition, shape and phase of the core and/or the core@shell
UCNPs.

Thermal decomposition: The thermolysis strategy generally employs
organometallic compounds as precursors, which decompose in a high boiling
point organic solvent with the assistance of surfactants at an elevated
temperature®. The commonly used precursors are lanthanide trifluoroacetate

salts whereas the typical solvent and surfactant combination is 1-octadecene
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and oleic acid, oleylamine or trioctylphosphine oxide. The stabilization of the
nanoparticles is due to the steric hindrance of the long hydrocarbon chains of
these surfactants that coordinate to the surface of the nanoparticles.

Figure 1.13. TEM images of NaYF,4:Yb,Er nanocrystals synthesized by the

thermal decomposition method®°.

Solvothermal method: The reaction occurs in a sealed environment under high
pressure and temperature, usually above the critical point of the solvent to
increase the solubility and reactivity of the inorganic substances®. This method
yields highly crystalline phases at much lower temperatures and it's easier to
scale up. However, it requires specialized stainless steel autoclaves to perform
the synthesis. The surfactants that are used in the reaction, to prevent
aggregation of the nanoparticles, are generally polyethylenimine (PEI),
ethylenediaminetetraacetic acid (EDTA), cetyltrimethylammonium bromide
(CTAB) and oleic acid (OA). This method permits to obtain nanoparticles with a

size between 300 nm and 10 microns.

Figure 1.14. SEM images of hexagonal lanthanide doped NaYF, nanoparticles
synthesized by the solvothermal method®.

44



Introduction

Ostwald-Ripening strategy: Ostwald ripening refers to the process in which
small particles with high surface-to-volume ratios grow to form larger particles at
the expense of smaller ones®. Zhang and co-workers synthesized highly
uniform hexagonal phase NaYF.:Yb* Er¥(or Tm*") UCNPs with controllable
shapes and sizes by using OA as the capping ligand and ODE as the high-
boiling point solvent®. In this process, small sacrificial NaYF4 nanoparticles are
formed by coprecipitation at room temperature, which further follow an Ostwald-
ripening process at elevated temperature. This strategy is also useful to
produce hierarchical core@shell nanoparticles with precise shell thickness
control by regulating the concentration of small sacrificial nanoparticles. The
Ostwald-ripening strategy yields highly crystalline hexagonal UCNPs with a
minimal amount of defects and therefore with an improved upconversion
efficiency. In addition, the instrumentation required for this process is relatively
assumable and the reaction by-products are not as toxic as the typical ones
obtained by thermolysis of organometallic precursors.

Figure 1.15. TEM micrographs of monodisperse lanthanide doped NaYF,
obtained by the Ostwald ripening method®?.

There are basically five mechanisms for the upconversion process®®, which are
named as: a) Excited State Absorption (ESA), b) Energy Transfer Upconversion
(ETU), c) Cooperative Sensitization Upconversion (CSU), d) Cross-Relaxation
(CR) and e) Photon Avalanche (PE). The mechanisms are depicted in Figure
1.16.
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Figure 1.16. Schematic illustration of the different upconversion mechanisms®.

Excited State Absorption: ESA consists in the successive absorption of pump
photons by a single ion due to the ladder-like structure of a simple multilevel
system by a three level system with similar energy bandgaps, in which two
photons are sequentially absorbed. The equal separation from G to E1 and from
El to E2 as well as the reservoir capability of the intermediate level E1 permit
that when an ion is excited from the ground state to the E1 level, another pump
photon has a high possibility of promoting the ion from E1 to the higher-lying
state E2 due to the long lifetime of E1 state, before its decay to the ground
state. Consequently, upconverted emission will occur from the relaxation from
the E2 level to the G level. To achieve highly efficient ESA, a ladder-like
arrangement of the energy states of lanthanide is required. Only a few
lanthanide ions such as Er**, Ho**, Tm®* and Nd*" have such energy level

structures®. This mechanism is illustrated in Figure 1.16(a).

Energy Transfer Upconversion: ETU involves two neighboring ions: the
sensitizer (ion 1) is first excited from the ground state to its metastable level E1
by absorbing a pump photon; it then successively transfers the harvested
energy to the excited-state E1 of the activator (ion 2), while sensitizer relaxes to
G. The process is repeated, the sensitizer harvests another pump photon and
this energy is transferred to the activator from E1 to E2 while the sensitizer
relaxes to G state again. The upconverted emission occurs in the activator with
the electron transition from E2 to G. The upconversion efficiency of an ETU
process is sensitive to the average distance between the neighboring sensitizer-
activator couple, which is determined by the concentrations of dopants. The
ETU process is of crucial importance for UCNPs, as the most efficient and used
systems are composed of Yb** as sensitizer and Er**/Tm** as activators®. This
mechanism is illustrated in Figure 1.16(b).
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Cooperative Sensitization Upconversion: CSU involves the interaction of three
ion centers, with ion 1 and ion 3 generally being of the same type. After
absorbing pump photons, both ion 1 and ion 3 can be excited to the E1 state,
respectively. Both ion 1 and ion 3 then can interact with ion 2 simultaneously,
cooperatively transfer the harvested energy, and excite ion 2 to a higher state.
The excited ion 2 can relax back to its ground state by emitting an upconveted
photon. The efficiency of CSU is generally orders of magnitude lower than the
ESA or ETU process, and it has been reported in Yb®" with Tb**/Eu®/Pr** ion

pairs®®. This mechanism is illustrated in Figure 1.16(c).

Cross-Relaxation: CR is an energy transfer process, resulting from ion—ion
interactions: ion 1 transfers part of its excited energy to ion 2 through a process
of E2 (ion 1) + G (ion 2) & E1 (ion 1) + E1 (ion 2). The CR process depends on
ion-ion interactions and therefore it is in close relation with the dopant
concentration. CR is the main reason for the so-called “concentration quenching
of UCPL”, but it can be intentionally used to tune the color output in UCNPs.

This mechanism is illustrated in Figure 1.16(d).

Photon Avalanche: PA is a process that produces UC above a certain threshold
of excitation power. Below the threshold, very little UCPL is produced, while the
intensity increases by orders of magnitude above the pump threshold. PA is a
looping process that involves processes of ESA for excitation light and an
efficient CR that produces feedback. The level E1 of ion 2 is initially populated
and the looping process starts with the ESA process that elevates ion 2 to the
emitting level E2. An efficient CR process of E2 (ion2) + G (ion 1) > E1 (ion 2)
+ E1 (ion 1) between ion 1 and ion 2 then occurs. Last, ion 1 transfers its
energy to ion 2 to populate its level E1, forming a complete loop. The net effect
of the looping process is that one ion 2 at metastable E1 state produces two ion
2’s at this state. When the looping process is repeated, two ions 2’s at the E1
state will produce four; four will produce eight, etc. This effect evokes an
avalanche effect for populating ion 2 in its E1 state, and thus the PA
upconversion from the emitting level of E2. PA generally requires a pump
threshold and a long time (in the order of seconds) to show up, and for these

reasons it’s easy to identify. This mechanism is illustrated in Figure 1.16(e).

47



Introduction

The UCPL emission has many characteristics that are very attractive for
biomedical applications®. First, the NIR excitation results in no
autofluorescence background because there are no naturally occurring
upconverting materials in biology. Thus, the signal-to-noise ratio is extremely
improved in fluorescence measurements. Second, the excitation wavelength,
typically 980 nm, is located in the so-called “biological window” resulting in low
photodamage for living cells and high penetration depth. Third, the high
chemical stability and photostability as well as the good optical properties
compared to other dyes (no photobleaching neither blinking) makes the UCNPs
as a very interesting fluorescent dye. In addition, the UCNPs are also known to
be non-toxic in vitro as well as in vivo and they are biocompatible when

appropriately coated®®.

Due to these attractive characteristics, the UCNPs can be very useful in several

biomedical applications:

Phototriggered drug delivery: The NIR light can penetrate deeper in tissues than
the UV-Vis light and possesses lower photodamage to living cells. For this
reason, UCNPs could be used as a light converter platform, which would

localize with high precision the drug release®*%.

Fluorescence-based biosensors: The extremely low signal-to-noise ratio of
fluorescence measurements using upconversion photoluminescence makes the
UCNPs as an ideal dye for biosensing applications. In addition, the excellent
optical characteristics such as no photobleaching and no blinking together with
the high chemical stability provide the basis for creating robust, reproducible

and reliable sensors!®1%?,

Optical Imaging: The combination of high penetration depth with the low
autofluorescence background with NIR excitation permits to use the UCNPs as
contrast agents in high contrast biocimaging. Depending on the surface
engineering of the UCNPs it is possible to use them in different imaging
techniques, such as passive imaging'®, targeted imaging’® and cellular
trafficking'®. In addition, the NIR excitation and upconverted NIR emission can
be used for deep tissue imaging'®. The Fluorescence Diffuse Optical

Tomography (FDOT) is a type of computed tomography that creates a digital 3D
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model of a fluorophore-sustained object by reconstructing images made from
the light scattered through an object when the tissue medium is illuminated by a
narrow collimated beam. The main drawback of FDOT is the autofluorescence
of biological molecules within the tissues upon a UV-Vis excitation. For this
reason, UCNPs could be used as ideal contrast agents for FDOT"1%_ |n
addition, the nanoengineering would permit to create multifunctional systems
that could be employed in multimodal imaging, combining FDOT with
CT/MRI/PET for accurate disease diagnosis and prediction of treatment

response®®,

Photodynamic therapy: Photodynamic therapy (PDT) is a clinical treatment that
utilizes phototriggered chemical drugs (photosensitizers) to produce reactive
oxygen species (typically singlet oxygen '0,) to kill tumors. Typical PDT
treatments involve three components: the photosensitizer, the light source, and
the oxygen within the tissue at the disease site*?. The light source is usually in
the visible range, which limits the application of the PDT to superficial diseases.
The NIR light can penetrate significantly deeper into tissues than the visible light
and therefore the UCNPs could be used as photosensitizers for improved
PDT',

1.2.4 Silica nanoparticles

The silica nanopatrticles are composed of SiO, that is usually synthesized by the
polymerization of silane monomers such as tetraethylorthosilicate (TEOS) in
agueous or hydro-alcoholic solutions. The silica nanopatrticles are often referred

as colloidal silica when dispersed in solution.

The most employed method for the synthesis of silica nanoparticles is the
Stober synthesis'*. The stabilization of these nanoparticles is usually done by
electrostatic repulsion, which is enough for maintaining the stability of small
nanoparticles (< 100 nm) in solution. The concentrated solutions of silica

nanoparticles can flocculate, leading to easily redispersable pellets.
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Figure 1.17. Left: TEM image of monodisperse spherical silica nanopatrticles
with a mean diameter of 100 nm. Right: SEM micrograph of monodisperse

spherical silica nanoparticles with a mean diameter of 500 nm.

The SiO, nanoparticles do not present any specific properties due to the size
reduction: The light absorption in the visible range is almost negligible, which
makes the SiO, nanoparticles almost transparent to visible light. However,
concentrated solutions of silica nanoparticles present a white color due to the
light scattering. The SiO, nanoparticles can be easily dispersed in aqueous
solution. In addition, silica is considered as a biocompatible and innocuous

material in vitro and in vivo at relatively high doses™*>.

Due to its characteristics, SiO, nanoparticles per se do not present any special
feature for biomedical applications. However, the fact that SiO; is inert is one of
the main advantages for its use as coatings for other nanoparticles for in vivo

applications*®.

The silica coating offers a reproducible and controllable method to protect other
molecules and/or nanoparticles from the environment without altering their inner
properties. For example, silica coating has been used for the encapsulation of
organic dyes as well as the coating of nanopatrticles such as iron oxide, Au and
Ag NPs, UCNPs and quantum-dots. In addition, the surface chemistry of the
SiO, nanoparticles and the SiO,-coated nanoparticles is well established and
permits to functionalize the system with different molecules.
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Figure 1.18. Schematic representation of the typical surface functionalization of
silica nanoparticles'™, referred as bioconjugation when the functionalization is

done with a biomolecule.

The functionalization plays a key role in the application of silica nanoparticles as
well as silica-encapsulated or silica-coated nanostructures. In this thesis we

study in detail the possibilities of the silica nanoparticles in the biological field.
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2. AIMS OF THE WORK

The aims of this work are:

1.- Synthesis of a star shaped amphiphilic block copolymer capable of self-
assembling in aqueous solution to serve as drug nanocarrier for water insoluble

drugs.

2.- Synthesis of core@shell Fe;O,@Au nanoparticles and its combination with
star shaped amphiphilic block copolymer to produce multifunctional and
agueous dispersible Fe;04,@Au nanoparticles.

3.- Complete and parametric study about the silica coating of inorganic
nanoparticles as a tool for the creation of highly homogeneous nanomaterials.

4.- Development of a DNA biosensor platform based on silica coated
upconversion nanoparticles and graphene oxide. The sensor should present a

very low detection limit.

5.- Development of a NIR-light responsive drug delivery system based on
upconversion nanoparticles. The drug should remain active after being released

and it should remain inactive in absence of the NIR-light stimulus.
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Objetivos del trabajo

2. OBJETIVOS DEL TRABAJO

Los objetivos de este trabajo son:

1.- Sintetizar un copolimero anfifilico dibloque en estrella capaz de auto-
ensamblarse en solucion acuosa y que sea capaz de actuar como un nano-

transportador de farmacos insolubles en agua.

2.- Realizar la sintesis de nanoparticulas tipo nucleo@corteza de Fe30O,@Au y
su combinacion con copolimeros dibloque anfifilicos en estrella para producir
nanoparticulas de Fez;O,@Au multifuncionales y dispersables en medios

acuosos.

3.- Estudiar de forma paramétrica el método de recubrimiento con silice de
nanoparticulas inorganicas como herramienta para la creacion de

nanomateriales altamente homogéneos.

4.- Desarrollar un biosensor de ADN basado en Oxido de grafeno y
nanoparticulas con fluorescencia de conversion ascendente recubiertas con
una capa de silice. Dicho sensor debe presentar un limite de deteccion muy

bajo.

5.- Desarrollar un sistema de liberacion de farmacos en respuesta a un
estimulo de luz NIR basado en nanoparticulas con fluorescencia de conversion
ascendente. El farmaco debe mantener su actividad tras ser liberado, pero

debe permanecer inactivo en ausencia del estimulo de Iluz NIR.
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Experimental part

3. EXPERIMENTAL PART

3.1 Chemicals

The following products were purchased from Sigma-Aldrich Inc (Saint Louis,
MO, USA) and were used as received: e-caprolactone 99%, D-sorbitol 98%,
tin(ll) trifluoromethanesulfonate 97%, tetrahydrofuran 99.9% inhibitor free,
tetrahydrofuran anhydrous 99.9% inhibitor free over molecular sieve 4A (H,O <
0.005%), toluene 99.5%, triethylamine 99.5%, polyoxyethylene (20) sorbitan
monooleate (Tween 20%), pyrene 98%, chloroform-d 99.8% atom %D contains
0.03% (v/v) TMS, oleic acid 90%, 1-octadecene 90%, diphenyl ether 99%,
oleylamine 70%, n-hexane, acetone 99%, erbium (lll) chloride hexahydrate
99.9%, ytterbium (lll) chloride hexahydrate 99.9%, yttrium (lll) chloride
hexahydrate 99.99%, sodium hydroxide 98%, ammonium fluoride 98%,
methanol  99.9%, N,N-dimethylformamide anhydrous (DMF) 99.8%,
tetraethylorthosilicate (TEOS) 99.999%, polyoxyethylene (5) nonylphenylether,
branched (IGEPAL CO-520), ammonium hydroxide solution 30%, (3-
aminopropyl)triethoxysilane (APTES) 99%, phospahe-buffered saline (PBS)
tablets, N-(3-(dimethylamino)propyl)-N™-ethylcarbodiimide hydrochloride (EDC)
99%, N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) 98%, thulium (I11)
chloride hexahydrate 99.9%, 5-hydroxy-2-nitrobenzyl alcohol 97%, ethyl 4-
bromobutanoate 95%, acryloyl chloride >97%, O-(2-Aminoethyl)-O’-methyl-
polyethyleneglycol (Mw 5000 g/mol), Doxorubicin hydrochloride (European

Pharmacopeia Reference Standard).

Ethyl-3-(butylamino)-1-(chlorophenyl)-9H-carbazole-4-carboxylate was
generously donated by Dr. Damiano Rocchi (Department of Pharmaceutical
Chemistry, Faculty of Pharmacy, Complutense University of Madrid).

The following products were purchased from Panreac (Barcelona, Spain) and
were used as received: Succinic anhydride 97%, tetrahydrofuran 99.5%
stabilized with ~300 ppm BHT.

57



Experimental part

The following products were purchased from Merck (Whitehouse Station, NJ,
USA) and were used as received: Potassium hydroxide 85%, iron (lII) chloride
hexahydrate 99%.

The following products were purchased from Fluka (Saint Louis, MO, USA) and
were used as received: N,N-Dicyclohexylcarbodiimide 99%, 4-
(dimethylamino)pyridine 98%, dichloromethane contains ~25 mg/L amylene as

stabilizer, Formvar® solution ~1% in 1,2-dichloroethane.

The following products were purchased from Alfa Aesar (Ward Hill, MA, USA)
and were used as received: Gold (lll) acetate 99%.

Nano Graphene oxide powder with small lateral flake size (diameter 90 nm + 15
nm and thickness about 1 nm) 99% purity was purchased from Graphene
Supermarket (NY, USA).

The DNA sequences were synthesized by the Brown group (School of
Chemistry, University of Oxford, UK). The ssDNA probe sequence that was

covalently linked to the surface of the nanoparticles was 5'-aminohexyl-

TTTTTTTTTTTTTITTTTTITTT-3. The cDNA sequence was 5'-
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-3'. The random  sequence
(noncomplementary ssDNA sequence) was 5-CTAGATCCGTGTCCTCGT-3'.
All the DNA oligomers were purified by reverse-phase HPLC, and the

concentration was calculated with UV-Vis spectroscopy.
Ethanol 96° was purchased from Alcoholes Aroca SL (Madrid, Spain).

Deionized water was produced using a Millipore Elix 20 system.
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3.2 Instrumentation

3.2.1 Nuclear Magnetic Resonance spectroscopy (NMR)

'H-NMR spectroscopy was used in the characterization of the polymeric
moieties in each synthetic step. The 'H-NMR spectra were obtained with a
Bruker AVANCE 250 (250 MHz) (Billerica, Massachusetts, USA) using the QNP
'H probe. The samples were prepared by dissolving 2-4 mg of the purified
product in a deuterated solvent which contained tetramethylsilane as internal
standard. The NMR tubes were Wildman® 3 mm diameter and were purchased
from Sigma-Aldrich.

During the data acquisition, the parameters were automatically adjusted by the
Top Spin™ software. The spectra processing and analysis were done with the
TopSpin" or the MestreNova software from Mestrelab Research (Santiago de

Compostela, Spain).
3.2.2 Diffusion Ordered Spectroscopy (DOSY)

The Diffusion Ordered Spectroscopy (DOSY) is also referred as Pulsed Field
Gradient Nuclear Magnetic Resonance (PFG-NMR). With this technique it is
possible to measure separately the NMR signals of different species according
to their diffusion coefficients. By use of a gradient, molecules can be spatially
labeled, i.e. marked depending on their position in the sample tube™ %, If they
move after this encoding during the following diffusion time (A), their new
position can be decoded by a second gradient. The intensity change is

described by the following equation:

In(LJ:—DyZGzéz[A—é)
1, 3

where lp is the initial intensity, | is the observed intensity at a certain gradient
strength, D is the diffusion coefficient, y is the gyromagnetic constant of the
observed nucleus, G is the gradient strength, 6 is the gradient length, t is the
time between bipolar gradients and A is the duration of the stimulated echo (the

diffusion time).
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The Stejskal-Tanner plot is the representation of the In(I/lg) versus (yG8)3(A-8/3)
and provides a straight line with a slope —D. The DOSY is a pseudo-2D
experiment in which a series of monodimensional spectra are acquired at
different gradient strengths. In the acquisition dimension the NMR signal of the
'H (or other heteronucleus) is represented, whereas in the vertical dimension
the intensity of each signal is given by the diffusion coefficient of the molecule to
which it belongs. This technique permits to analyze mixtures of compounds
without having to physically separate them. In addition, this technique can be
also used for monitoring the interactions between small molecules and
macromolecules. Figure 3.1 shows a series of monodimensional spectra

obtained at different gradient strengths.

i ; 5.0 4.5 4.0 3.5 3.0 2.5 2.0 b FL 1.0 0.5 0.0
f1 (ppm)

Figure 3.1. Experimental example of a PFG-NMR measurement containing the
star-shaped amphiphilic block copolymer based on poly(e-caprolactone) and

poly(ethylene glycol).

These experiments were carried out in a Bruker AVANCE 500 (500 MHz)
(Billerica, Massachusetts, USA). The samples were prepared by dissolving 2-4
mg of product in 0.8 mL of chloroform-d. The acquisition parameters were the
following: sine shaped gradient pulses time (t) was set to 1.25 — 2.5 ms,
gradient strength (G) ranged from 0.0067 to 0.3203 Tm™ in 16-32 square
spaced increments, gradient length (8) was 0.001 s and diffusion times were

acquired with a stimulated echo ranging from 0.06 to 1 s. The gyromagnetic
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constant of *H nucleus is 26751 radG™s™. The gradient length and diffusion
time were adjusted to achieve around 95% signal suppression at maximum

gradient strength.
3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR was used for the characterization of the polymeric moieties in each
synthetic step. The measurements were performed in a Thermo Scientific
Nicolet IR 200 spectrometer (Waltham, MA, USA). Solid samples were
measured by preparing a pellet with KBr. Liquid samples were measured using
the attenuated total reflection sampling technique (FTIR-ATR) with a ZnSe ATR
sampling accessory SpeculATR from Thermo Scientific (Waltham, MA, USA).

3.2.4 Mass spectroscopy

The number average molecular weight (M) of the star-shaped polymers was
calculated using mass spectroscopy. The measurements were carried out using
the Matrix-Assisted Laser Desorption/lonization (MALDI) technique coupled with
a Time Of Flight (TOF) detector. The device was a Bruker MALDI-TOF/TOF
Ultraflex spectrometer (Billerica, Massachusetts, USA). A dithranol matrix was

used in all the experiments.
3.2.5 Dynamic Light Scattering (DLS)

Light scattering measurements were recorded using a Zetasizer Nano ZS
device from Malvern Instruments (Worcestershire, United Kingdom). The
accumulation time was determined automatically for each sample. The software
provided by Malvern (Zetasizer Software v5.0) calculated the z-average (mean
intensity) from the correlation function. The hydrodynamic diameter (D) was
derived using the Einstein-Stokes equation. Weight average molecular weight
(My) and the second Virial coefficient (A,) of the polymers were obtained from
the Debye plots determined by concentration dependent scattering intensity
data. The polymer concentration ranged from 0.5 mg/mL to 10 mg/mL. M,, was
obtained from the intercept and A, from the slope in the Debye plot, with the

following equation:
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KC 1
2 - = 12AC
R(O) M A

w

where R(0) is the Rayleigh ratio at a specific measurement angle, C is the

concentration and K is the optical contrast obtained from the following equation:

2
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where n is the refractive index of the solvent, Aq is the incident wavelength, Nay
is the Avogadro’s number and dn/dC, is the increment of the refractive index in
the sample as a function of the polymer concentration. This value was
experimentally determined with a double beam differential refractometer J357
from Rudolph Research Analytical (Hackettstown, NJ, USA). The dn/dC, values
for poly(e-caprolactone) changed from 0.1166 mL/g to 0.1654 mL/g with

increasing number of monomer units in the star-shaped polymers.
3.2.6 High-Performance Size-Exclusion Chromatography (HPSEC)

The size exclusion chromatography is commonly known as Gel Permeation
Chromatography (GPC) when an organic solvent is used as mobile phase. In
this work, GPC was used to calculate the number average molecular weight
(My) of the polymers. The experiments were carried out with a HPLC-pump, two
columns PLgel 5 pm MIXED-C (300 x 7.5 mm) from Agilent Technologies
(Santa Clara, CA, USA) coupled with a refractive index detector ETA2020 from
Polymer Standards Service (Warwick, RI, USA). Anhydrous tetrahydrofuran
served as the mobile phase with a flow rate of 1 mL/min. Sample concentration
was 10 mg/mL in anhydrous tetrahydrofuran. The instrument was calibrated

using polystyrene standard of known molecular weight and narrow distribution.
3.2.7 Transmission Electron Microscopy (TEM)

The TEM samples were prepared by placing a drop of a diluted solution of
sample on a TEM copper grid coated with a Formvar® film and left to dry in air.
The size and morphology of the samples were observed with a JEOL JEM 1010
(Tokyo, Japan) electron microscope working at an acceleration voltage of 80 kV
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and equipped with a GATAN Megaview Il CCD camera (Pleasanton, CA, USA).
The nanoparticle size distribution was analyzed with ImageJ software from
National Institutes of Health (Bethesda, Maryland, USA) and with Soft Imaging
Viewer software from Olympus (Tokyo, Japan), considering over 300

nanoparticles for the statistical analysis.

The High-Resolution TEM (HRTEM) micrographs and the Selected Area
Electron Diffraction (SAED) patterns were obtained with a JEOL JEM 2100
electron microscope (Tokyo, Japan) working at an acceleration voltage of 200
kV. A CCD ORIUS SC1000 Model 832 camera (Pleasanton, CA, USA) was
used for capturing the HRTEM micrographs. The Energy Dispersive X-ray
spectroscopy (EDX) for the elemental analysis of the samples was performed in
the electron microscope using the electron beam as excitation source and a X-

Max SDD detector from Oxford Instruments (Oxfordshire, United Kingdom).
3.2.8 Fluorescence spectroscopy

The fluorescence spectroscopy was done using a FP 6300 spectrometer from
JASCO (Tsukuba, Japan). Excitation and emission band-widths were 10 and 3
nm, respectively. The cuvettes used for fluorescence measurements were 10 x

10 mm square glass cuvettes from Hellma Analytics (Millheim, Germany).
3.2.9 Upconversion fluorescence measurements

The upconversion fluorescence measurements were performed in a manually
aligned setup with a continuous wave 980 nm 500 mW diode laser from
Armlaser (San Francisco, CA, USA) as excitation source and a SpectraSuite
spectrometer from Ocean Optics (Dunedin, Florida, USA) as detector. The
detector was placed at an angle of 90° to the excitation beam, and the emitted
fluorescence was collected via fiber optic cable and measured with the software
provided by Ocean Optics. A cuvette with the corresponding solvent was
measured under illumination with the 980 nm laser beam and set as the blank
for each measurement. All measurements were performed with 2.000 msec of
integration time and 100 scans to average. All fluorescence experiments were
repeated at least three times with independent measurements and the fitted

data presented in this work shows the statistically significant mean value +
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error. The represented data (graphs) represent one individual measurement for

an easier visualization.
3.2.10 Zeta potential

The Z-potential measurements were performed using a Zetasizer Nano ZS
instrument from Malvern Instruments (Worcestershire, United Kingdom), and
the accumulation time was determined automatically for each sample. The
acquired data was processed using the software provided by Malvern (Zetasizer

software v7.03).
3.2.11 Ultraviolet-Visible spectroscopy (UV-Vis)

The UV-Vis measurements were done using a Cary 300 Bio spectrometer from
Varian (Palo Alto, CA, USA). The cuvettes used for the UV-Vis measurements
were 10 x 10 mm square glass cuvettes from Hellma Analytics (Mullheim,

Germany).
3.2.12 Superconducting Quantum Interference Device (SQUID)

The magnetic properties were measured with a MPMS-XL SQUID
magnetometer from Quantum Design (San Diego, CA, USA) at 298 K. The
specimens were prepared by placing 300 pL of sample (with a known
concentration) in a 3 mm diameter glass tube, which was subsequently frozen
with liquid nitrogen and sealed by a glazier. After this process, the samples
were stored at room temperature prior to the experiment. The magnetic moment
was represented as a function of the external magnetic field in the range of
—-10000 to 10000 Oe. From these measurements it was possible to calculate the
magnetization values and the coercitivity of the samples. The magnetometer

was calibrated prior to the measurements using metallic Pd as a standard.
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3.3 Material synthesis

3.3.1 Synthesis of
6bPCL@4bPEG

the amphiphilic star-shaped block copolymer

The synthesis of the star-shaped copolymer was carried out in several stages

as summarized in the following scheme:
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Scheme 3.1. Synthetic pathway to obtain an idealized 4bPEG@6bPCL star-

shaped block copolymer
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3.3.1.1 Step 1: Preparation of the carboxyl-terminated branched poly(ethylene
glycol) moiety: 4bPEG-3-COOH

The star-shaped polyoxyethylene (20) sorbitan (4bPEG-40H) was obtained
after the saponification reaction of polyoxyethylene (20) sorbitan monooleate.
Briefly, 10 mL (7.4 mmol) of polyoxyethylene (20) sorbitan monooleate were
poured into a round bottom flask with 1 g (17.8 mmol) of KOH and 20 mL of
THF. This mixture was heated to reflux (70 °C) during 24 h, and then the
product was concentrated and added to a mixture of hexane/acidic water (1/1
v/v). The aqueous phase, in which the 4bPEG-40H was dissolved, was
separated from the organic phase, which contained the oleic acid, using a
separation funnel. This process was repeated three times to ensure the
purification of the 4bPEG-40H. The organic phase was discarded and the
agueous phase was neutralized and evaporated. The yield of this reaction was
approximately 71 %. Next, a solution containing 0.45 g (4.5 mmol) of succinic
anhydride and 1 g (4.5 mmol) of tryethylamine in 10 mL of anhydrous THF was
added dropwise and under vigorous magnetic stirring onto a solution of 1.5 g
(1.5 mmol) of 4bPEG-40H in 10 mL of anhydrous THF. The mixture was stirred
for 12 h at 75 °C. This reaction permitted to introduce three carboxyl groups per
4bPEG molecule, leaving one hydroxyl group as anchoring point for the PCL
moiety (4bPEG-3COOH-10H). The product of this reaction was dried by
evaporating the THF in a rotary evaporator and dissolved in water at pH 3.
Subsequently the 4bPEG-3COOH-10H was extracted with CH,Cl, in a
separation funnel. This procedure was repeated at least three times. Next, the
organic phase was evaporated under reduced pressure and the product was
collected as a pale yellow colored viscous liquid. The yield of this reaction was
approximately 72%.

3.3.1.2 Step 2: Synthesis of the carboxyl-terminated star-shaped poly(e-

caprolactone) moiety

The star-shaped poly(e-caprolactone) with six branches was synthesized by the
ring opening polymerization (ROP) of the monomer (e-caprolactone) at 80 °C
using D-sorbitol as symmetric initiator and stannous trifluoromethanesulphonate

as catalyst. In a typical experiment, 5 mL of ¢-CL, 50 mg of D-sorbitol and 5 mg
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of stannous trifluoromethanesulphonate were poured into a round bottom flask
with 5 mL of anhydrous toluene. The reaction was left for 12 hours under
magnetic stirring. The product of the reaction (6bPCL) was extracted by
precipitation with cold methanol and filtration and dried under reduced pressure.
The yield of this reaction was approximately 85%. Next, the 6bPCL end groups
were modified by the reaction with an excess of succinic anhydride and
triethylamine. Briefly, 1 g (0.33 mmol) of 6bPCL, 0.24 g (2.4 mmol) of succinic
anhydride and 0.7 g (2.4 mmol) of triethylamine were dissolved in 20 mL of
anhydrous THF and heated to reflux overnight under magnetic stirring. The
product was dried in a rotary evaporator, dissolved in 20 mL of CHCI; and
purified in a separation funnel against 60 mL of acidic water three times. The
agueous phase was discarded and the 6bPCL-COOH was obtained as a white
solid after the solvent evaporation. The yield of the reaction was approximately
95%. The number of monomer units in each branch of the star-shaped PCL
moiety could be effectively controlled by modifying the monomer to initiator

ratio, which yielded star-shaped polymers with different molecular weight.
3.3.1.3 Coupling between the 4bPEG and the 6bPCL subunits

The synthesis of the amphiphilic star-shaped 6bPCL@4bPEG copolymer was
carried out by the coupling reaction between the carboxylic groups of the
6bPCL moieties and the free hydroxyl group of the 4bPEG-3COOH-10H
moieties. For this, 7 equivalents of dicyclohexylcarbodiimide (DCC), 7
equivalents of 4-(dimethylamino)pyridine (4-DMAP) and 1 equivalent of 6bPCL-
COOH were dissolved in anhydrous THF at 0 °C. This mixture was stirred for 2
h for the carboxyl activation. Subsequently, 7 equivalents of 4bPEG-3COOH-
10H dissolved in anhydrous THF were poured into the previous solution and
stirred at 0 °C for 1 h. Then, the temperature was raised to 25 °C and the
mixture was left to react for 4 days at room temperature. After this, the mixture
was cooled to 0 °C, which caused the precipitation of dicyclohexylurea crystals,
which are the typical reaction by-products from this coupling reaction. These
crystals were filtered out with a 200 nm PTF filter. The THF was then
evaporated under reduced pressure and the product of the reaction was purified
in a dyalisis membrane (molecular cutdown 2000) against 1000 mL of water for

1 week (the water was renewed every day). The product was a pale yellow
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colored viscous solid when the solvent was removed by freeze-drying. The yield

of the reaction was approximately 82%.
3.3.2 Synthesis of hydrophobic iron oxide nanoparticles

The monodisperse hydrophobic Fe3O, nanoparticles were synthesized by
thermal decomposition of the iron (Ill) oleate complex*??. The iron (lll) oleate
complex was prepared as follows: 480 mg of NaOH (12 mmol) were dissolved
in 50 mL of water and 80 mL of EtOH. Next, 4 mL of oleic acid (12 mmol) were
added under vigorous stirring to the mixture, and the pH was adjusted to 7.
Afterwards, 1.08 g of iron (lll) chloride hexahydrate (4 mmol) were dissolved in
10 mL of water and added under stirring. Then, 140 mL of hexane were poured
and the mixture was stirred and refluxed at 70 °C for 4 hours. After this time, the
upper layer of hexane showed a red brownish color due to the presence of the
iron (lll) oleate complex. The organic phase was washed three times against 30
mL of water in a separation funnel. Finally, the iron (lll) oleate complex was
collected after the evaporation of the organic phase in a rotary evaporator under
reduced pressure. To produce monodisperse hydrophobic Fe3O,4 nanopatrticles,
900 mg of the as-prepared iron oleate complex (1 mmol) and 1156.56 mg of
oleic acid (4 mmol) were dissolved in 8 mL of 1-octadecene in a three necked
round bottom flask equipped with a thermometer, nitrogen gas flow and a reflux
condenser. The flask was placed in a heating mantle and heated at 120 °C for 1
hour without the reflux condenser to remove all trace solvents. After this time,
the reflux condenser was placed and set at 40 °C and the reaction temperature
was raised to 320 °C and kept at this temperature for 45 minutes. Afterwards,
the reaction was cooled down to room temperature and the nanoparticles were
precipitated from the reaction mixture by centrifugation with acetone and re-
dispersed in hexane. The cleaning procedure was repeated at least three times

and nanoparticles were re-dispersed and stored in hexane.
3.3.3 Synthesis of hydrophobic core@shell Fe;O,@Au nanoparticles

Monodisperse and individual hydrophobic core@shell Fe3O,@Au nanopatrticles
were synthesized by a modification of the method reported by Zhong and
coworkers'®. In a typical synthesis, 500 pL of hexane solution of FezO,

nanoparticles (0.05 mmol of Fe content), 282 mg of oleic acid (1 mmol), 1600
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mg of oleylamine (6 mmol) and different amount of gold (Ill) acetate ranging
from 0.38 mmol to 3.8 mmol were dissolved in 10 mL of diphenyl ether and
poured into a three necked round bottom flask, equipped with a thermometer,
nitrogen gas flow and a reflux condenser. The flask was placed in an oil bath
and the temperature was set to 160 °C and let to react for 90 minutes. The
reaction was then cooled down to room temperature and the Fe3;O,@Au
nanoparticles were extracted by centrifugation with ethanol and re-dispersed in
hexane. The cleaning procedure was repeated at least three times and the

Fe;O,@Au nanoparticles were re-dispersed and stored in hexane.
3.3.4 Synthesis of monodisperse Upconversion nanoparticles (UCNPS)

The synthesis of NaYF4:Yb,Er nanoparticles was performed by following a
previously reported procedure®® slightly modified: yttrium(lll) chloride
hexahydrate (236.62 mg, 0.78 mmol), ytterbium(lll) chloride hexahydrate (77.5
mg, 0.20 mmol), and erbium(lll) chloride hexahydrate (7.63 mg, 0.02 mmol)
were dissolved in a three-necked round-bottomflask with oleic acid (6 mL, 19
mmol) and 1-octadecene (15 mL, 46.9 mmol) and heated at 160°C for 1 h and
30 min under nitrogen atmosphere. After this time, a solution of sodium
hydroxide (100 mg, 2.5 mmol) and ammoniumfluoride (148.16 mg, 4 mmol)
dissolved in 10 mL of methanol was added dropwise in the reaction under
vigorous stirring. This mixture was slowly heated to 100°C for 2 h under
nitrogen atmosphere and then 30 more minutes under vacuum. Next, the flask
containing the mixture was set up with a thermometer, a reflux condenser, and
nitrogen atmosphere and was placed in a heating mantle. The temperature was
raised to 300°C and left to react for 1 h and 30 min. Subsequently, the mixture
was left to cool to room temperature, and the NaYF4:Yb,Er nanoparticles were
collected by centrifugation (8500 rpm, 10 min) with a mixture of hexane,
ethanol, and water (2:1:1 v/v). The pellet was redispersed with 5 mL of ethanol
and centrifuged in a mixture of ethanol and water (1:1 v/v). This process was
repeated three times. Finally, the purified NaYF4:Yb,Er nanoparticles were

redispersed and stored in hexane.
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The NaYF4:Yb,Tm nanoparticles were synthesized by the same procedure but
using different quantities: 226.3 mg (0.75 mmol) of YCI3-6H,0, 96.87 mg (0.25
mmol) of YbCl3-6H,0 and 1.15 mg (0.003 mmol) of TmCl3-6H-0.

The upconversion nanoparticles can be dispersed in hexane and other organic
solvents, showing the upconversion fluorescence when excited with a 980 nm

laser, see Figure 3.2

Figure 3.2. Picture taken from two NMR tubes containing the hexane dispersion
of NaYF,4:Yb,Er (left) and NaYF4:Yb,Tm (right). The samples were excited with a
980 nm laser from the bottom. The room light was turned off to take the

pictures.

In Figure 3.2 it is possible to observe the upconverted fluorescence emission of
the Erbium-doped UCNPs (visible green fluorescence) and the Thulium-doped

UCNPs (visible blue fluorescence) under the excitation with a 980 nm laser.
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3.3.5 Synthesis of UCNPs@SiO, nanoparticles

The silica coating of the synthesized UCNPs was achieved by the base-
catalyzed polymerization of TEOS in a reverse microemulsion. Briefly, 240 mg
of IGEPAL CO-520 and 5 mL of a hexane solution with the UCNPs (2 mg/mL)
were mixed with an ultrasound bath. Then, ammonium hydroxide solution
(40uL, 30%) was added and gently mixed. The solution turned totally
transparent, which indicated the formation of the microemulsion. The reaction
started when TEOS (30 pL, 0.14 mmol) was added under stirring, and it was left
to react overnight at room temperature. The reaction finished when the
microemulsion was destabilized with 5 mL of methanol. The core@shell
UCNPs@SiO; nanoparticles were purified by centrifugation (3 x 8500 rpm, 10

min) with ethanol.
3.3.6 Surface Modification of the NaYF4:Yb,Er@SiO, nanoparticles

The carboxylic acid-functionalized NaYF4:Yb,Er@SiO, nanoparticles
(UCNPs@SiO,-COOH) were prepared by sequential functionalization steps.
First, the surface was functionalized with amino groups by the addition of
APTES (150uL, 0.68 mmol) to the synthesized UCNPs@SiO,, dissolved in 5 mL
of ethanol. This mixture was stirred at room temperature overnight. The
UCNPs@SiO,—-NH; nanoparticles were centrifuged (3%) and dispersed in 5 mL
of anhydrous DMF. Then, succinic anhydride (150 mg, 1.49 mmol) was
dissolved in 3 mL of anhydrous DMF, added dropwise to the solution containing
the UCNPs@SiO,—-NH,, and stirred at room temperature overnight. The ring-
opening reaction led to the carboxylic acid-functionalized upconversion@silica
nanoparticles, which were collected by centrifugation. The DMF solvent traces
were removed after several centrifugation steps with ethanol. Finally, the

UCNPs@SiO,-COOH nanopatrticles were dispersed in water.

The DNA was covalently attached to the surface of the nanoparticles by the
carbodiimide coupling reaction. This reaction produced a covalent bond
between the carboxylic acid group on the surface of the UCNPs@SiO,
nanoparticles and the amino group in the 5' end of the probe ssDNA sequence.
The EDC coupling reaction was performed as follows: The

UCNPs@SiO,-COOH nanoparticles were dispersed in a borate-buffered
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solution (0.001 M) at a concentration of 1.82 mg/mL. This solution (200uL,
0.364 mg of nanoparticles) was added to an eppendorf tube prior to the addition
of an EDC solution in borate buffer (20uL, 0.3 M) and a Sulfo-NHS solution in
borate buffer (40 uL, 0.3 M). The mixture was shaken for 5 min, and then the
agueous solution of probe ssDNA (30uL, 220.65uM) was added. The reaction
was stirred overnight, and the probe ssDNA-functionalized nanoparticles
(UCNPs@SiO,-ssDNA) were purified by centrifugation (16400 rpm, 20 min)
twice. The purified UCNPs@SiO,-ssDNA nanoparticles were collected with
PBS solution (0.01 M, pH 7.4) and stored at —20°C.

3.3.7 Surface modification of the NaYF4:Yb, Tm@SiO, nanoparticles

The amino functionalized NaYF4:Yb, Tm@SiO, nanoparticles were prepared as

previously described and dispersed in 5 mL of anhydrous THF.

With the aim of providing colloidal stability to the amine functionalized
NaYF4:Yb,Tm@SiO, nanoparticles, methoxypolyethylene glycol (Mw 5000)
chains were attached to the surface of the nanoparticles. This was achieved

through several steps as follows:

3.3.7.1 Synthesis of Methoxypolyethylene glycol carboxylic acid: O-(2-
aminoethyl)-O’-methyl-polyethylenglycol (500 mg, 0.1 mmol), triethylamine (100
pl, 1 mmol) and succinic anhydride (100 mg, 1 mmol) were dissolved in THF
and heated to reflux overnight. After that, the product of this reaction was dried
using a rotary evaporator and then it was dissolved in water. Subsequently the
methoxypolyethylene glycol carboxylic acid was extracted with CH,Cl, using a

separation funnel.

3.3.7.2 Attachment of the methoxypolyethylene glycol carboxylic acid on the
surface of the NaYF4:Yb,Tm@SiO, nanoparticles: Methoxypolyethylene glycol
carboxylic acid (25 mg, 5-10° mmol) was dissolved in 5 mL of a PBS solution
(0.1 M sodium phosphate, NaCl, 0.15 M, pH 7.3) prior to the addition of an EDC
solution in PBS (100 uL, 0.2 M) and Sulfo-NHS (200 pL, 0.2M). This mixture
was stirred for 10 min. After that, 5 mL of a PBS solution containing 25 mg of
amine functionalized NaYF.:Yb,Tm@SiO, nanoparticles were added. The

reaction mixture was stirred overnight at room temperature. The
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NaYF4:Yb,Tm@SiO,-PEG nanoparticles were purified by centrifugation (10.000
rpm, 20 minutes) three times and stored in the refrigerator.

The PEG-functionalized UCNPs@SiO, nanoparticles were then functionalized
with a photodegradable linker. This molecule was 4-(3-(acryloyloxymethyl)-4-
nitrophenoxy)butanoic acid (0-NBA) that was synthesized in several steps as

represented in the scheme 3.2

NO, NO, NO,
1. K;CO31 h 60 °C CF,COOH /H,0 1 )v JJ\/
OH — OH—>__ Ho© 0
2. 2.H,0

[}

o]
N sr/\/ir°\/ ;\/\)J\O/\ O\/\)J\OH o\/\)‘kOH

1 3

Scheme 3.2. Synthetic pathway to obtain the desired photodegradable

molecule.

3.3.7.3 Attachment of the photodegradable anchoring molecule on the surface
of the NaYF4.Yb, Tm@SiO,—PEG nanoparticles: EDC (25 mg, 0.15 mmol) and
sulfo-NHS (50 mg, 0.28 mmol) were mixed with 4-(3-(acryloyloxymethyl)-4-
nitrophenoxy)butanoic acid (25 mg, 0.08 mmol) in 5 mL of DMF. This mixture
was stirred for 10 min and after this time, 25 mg of NaYF4:Yb, Tm@SiO,-PEG
nanoparticles dispersed in 5 mL of DMF were poured. The reaction mixture was
stirred overnight at room temperature and purified by centrifugation (10000 rpm,
20 minutes) twice. The nanoparticles were dissolved in 5 mL of Milli-Q water

and stored in the refrigerator.

Finally, the anticancer drug doxorubicin (Dox) was covalently linked to the
photodegradable molecule in the surface of the nanoparticles. The process was

performed as follows:

3.3.7.4 Attachment of doxorubicin on the photodegradable 5-hydroxyl-2-
nitrobenzyl alcohol derivate anchored on the surface of NaYF4:Yb, Tm@SiO,-
PEG nanoparticles. The attachment of doxorubicin on the surface of the
particles was performed by using the thiol-acrylate Michael addition reaction®?.
Prior to this coupling reaction, doxorubicin was modified with a thiol group
according to a previously reported method (ref): 2-iminothiolane hydrochloride
(2-1IT, 1 mM, 250 uL) and Dox (0.5 mM, 300 pL) were mixed at room
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temperature for 20 min. Then 5 mL of the previously obtained
NaYF4:Yb,Tm@SiO,-PEG nanoparticles (25 mg) were incubated with the
thiolated Dox solution overnight. The thiol-acrylate Michael addition is
considered a “click-chemistry”-like reaction that is very specific between these
functional groups, can be carried out under mild reaction conditions. The
product was centrifuged at 14000 rpm for 20 min, and the precipitates were
washed three times with Milli-Q water, combining centrifugation and
redispersion in an ultrasound bath in order to remove the not anchored Dox.
This cleaning process was repeated until a transparent supernatant was
obtained and the red precipitate was collected and stored in the dark for further
experiments. As result, the surface of the NaYF4:Yb, Tm@SiO, nanopatrticles
was co-functionalized with PEG chains and with a photodegradable molecule
directly linked with doxorubicin. The whole process is summarized in scheme
3.3.

Silica

¢ Deposition - @&}“\ g

& ) B o

Surface Chemistry

COOH

EDC,

NHS

in PBS

pH7.7
,

Scheme 3.3. Schematic representation of the surface modification of the silica-
coated UCNPs, which yields PEG- and Dox-functionalized UCNPs@SiO-

nanoparticles.
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3.4 Proceedings

3.4.1 Preparation of polymeric nanoparticles

Polymeric nanoparticles were prepared by the nanoprecipitation method. This
method consists of two steps: First, the amphiphilic molecule is dissolved in a
good solvent for both moieties. Second, an excess of a co-solvent with specific
solubility for one of the parts is added. Under this scenario, the amphiphilic
molecules self-assemble yielding core-shell structure, in which the insoluble
moiety is located in the core and the soluble moiety occupy the shell, minimizing
the surface energy and stabilizing the colloidal system. The final structure and
stability of the polymeric nanoparticles obtained by this method will depend on
several parameters: there are solvent-related parameters such as the nature,
addition rate and ratio between solvent and co-solvent (including the possible
evaporation or dialysis to remove the first one); and molecule-related
parameters such as nature and relative hydrophobic/hydrophilic character. In
this work we have addressed the influence of the polymer concentration on the
final structure of the polymeric nanoparticles. For this, different concentrations
of the amphiphilic star-shaped block copolymer were first dissolved in 1 mL of
THF, which is a good solvent for both the PCL and PEG moieties. Then, the
previous solution was poured on 9 mL of deionized water under vigorous
stirring. Samples were left to stabilize for at least 48 h, leaving the THF free to

125

evaporate At this water/THF ratio the morphology of the polymeric

nanoparticles is quenched because the structure became kinetically locked in

the experimental time scale'?.

3.4.2 Determination of the Critical Aggregation Concentration (CAC)

The CAC of the amphiphilic star-shaped block copolymer was determined by
the pyrene fluorescence method reported by Okano and coworkers'?’. Pyrene
is a hydrophobic fluorescent dye with several fluorescence peaks, whose
intensity strongly depends on the environment of the molecule. The relative
intensity between two of them (Intensity at 384 nm and Intensity at 374 nm)
could reveal the CAC of an amphiphilic molecule when represented as a

function of the molecule concentration. In this work, pyrene was dissolved in
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THF at a concentration of 100 umol/L. Then, 5 uL of the pyrene solution were
added into 2 mL of aqueous solution containing the amphiphilic star-shaped
block copolymer with various concentrations ranging from 1.0 x 10™ to 2.0
mg/mL. Sample solutions were stirred for 2 days at 20 °C to completely remove
the THF. Ratios of fluorescence emission intensity at 384 and 374 nm (ls/l4)

were analyzed for determining critical aggregation concentration.
3.4.3 Drug entrapping within polymeric micelles

The drug entrapping within the amphiphilic star-shaped block copolymer was
performed by the nanoprecipitation method. A fluorescent and highly water
insoluble molecule was used as model drug in these experiments. This
molecule was ethyl-3-(butylamino)-1-(4-chlorophenyl)-9H-carbazole-4-

carboxylate (PCPC), which is a chloro-phenylcarbazol derivate.

e
O

Cl
ethyl-3-(butylamino)-1-(4-chlorophenyl)-9H-carbazole-4-carboxylate (PCPC)

PCPC and the amphiphilic star shaped block copolymer were dissolved in 1 mL
of THF and poured on 9 mL of deionized water. The final concentrations were
0.5 mg/mL of PCPC and 2 mg/mL of the polymer. The samples were left to

stabilize for at least 48 h leaving the THF free to evaporate.

A similar procedure was used for the physical entrapment of the hydrophobic
Fe3s0,@AuU nanoparticles within the amphiphilic star-shaped block copolymer.
The polymer and the nanoparticles were dissolved in 1 mL of THF and added to
9 mL of deionized water under vigorous stirring. The final concentration of the

polymer was 0.1 mg/mL whereas the concentration of the nanoparticles was
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varied from 0.1 to 1.4 mg/mL. All the samples were left to stabilize for at least

48 h leaving the THF free to evaporate.
3.4.4 NIR laser irradiation experiments

A CW 980 nm laser pointer (Armlaser, USA) was used to irradiate the
nanoparticle dispersions as well as the 96 well plates. The power of the NIR
laser beam hitting the sample was constant during the experimental time scale
at 6.3 W/cm?.

3.4.4.1 Phototriggered release of Dox: The phototriggered release of Dox in
solution was done by mixing 7 mg of Dox-loaded UCNPs@SiO, with 7 mL PBS
buffer solution. This mixture was divided in seven aliquots. Each of these
aliquots was irradiated with a 980 nm NIR laser for different periods of time at a
fixed power density of 6.3 W/cm? and an exposition area of 0.5 cm?. After the
irradiation, the samples were centrifuged and the supernatant was collected for
analyzing the Dox content. A control experiment was done following the same
methodology but without any NIR irradiation. The release profile of Dox
molecules was quantified by monitoring the increasing fluorescence signals at
590 nm.

3.4.4.2 in vitro cell viability measurements of Dox-loaded UCNP@SIO;
nanoparticles: in vitro cytotoxicity of Dox-loaded UCNP@SIiO, nanoparticles
was assayed against human HelLa cells. HelLa cells were seeded in a 96-well
plate at a density of 9.6-10° cells per well and cultured in 5% CO, at 37 °C for
24 h. Then, the Dox-loaded UCNP@SIiO, nanoparticles were plated at different
concentrations and exposed to the CW 980 nm laser for 5 minutes at a power
density of 6.3 W/cm?. Several control experiments were performed with the aim
of differentiating the influence of the different nanopatrticles in the cell viability: i)
Dox-loaded UCNP@SIiO, nanopatrticles were plated at the same concentrations
but not exposed to the stimulus, ii) UCNP@SIO, nanoparticles without Dox
were plated at the same concentrations and treated with and without the CW
980 nm laser raditation for 5 minutes and iii) 5 minute radiation to untreated

cells to test the influence of the laser beam on the cell viability.
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After the addition of the nanoparticles and the exposure to the stimulus, the
cells were incubated in 5% CO, at 37 °C for 48 h. Cell viability was determined
using the MTT assay. The results obtained from the cell viability were
represented as the media and the standard deviation, calculated from three

independent experiments.
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4.1 Introduction

During the last years the development of copolymers that self-assemble in
agueous solutions has attracted tremendous attention due to their important
applications in bio and nanotechnology*?***2. These molecules present two well
differentiated regions, one hydrophobic and other hydrophilic, which form
amphiphilic compounds that create micelles or nanostructures like
polymersomes when they are dispersed in the appropriate media*®. These
mesoscopic systems can be loaded with molecules that are poorly soluble in
water (like many anticancer drugs) are accommodated in the hydrophobic part
while the hydrophilic shell stabilizes the whole system, allowing the drug
dispersion in aqueous media of water insoluble drugs™*. The copolymeric
systems can form nanostructures at lower concentrations than other surfactants
such as Solutol HS15, Cremophor EL or Polysorbate 80, which have been
extensively used in pharmaceutical technology during the last decades'®. This
advantage reduces the disaggregation effect that appears after diluting the
solution containing the micelles. In addition, these systems permit to load bigger
amounts of drug, reducing the surfactant concentration in the pharmaceutical
formulations®. However, problems related with possible kidney toxicity of the
currently available copolymers like Pluronic derivates™®® have prompted
scientists to explore other systems like ramified copolymers, which are being
also studied for drug release. Star shaped block copolymers are globular
nanostructures containing multiple arms connected to a central core'®’. These
macromolecules exhibit enhanced properties in comparison with their linear
analogs such as smaller hydrodynamic diameter, lower solution viscosity, and
major micelle stability**®**°. The synthesis of star shaped block copolymers is
simpler than that of the dendrimer based systems and can be carried out
according to the “core-first and arm-first” strategy. In this method, the shell and
the core of the star shaped block copolymer are synthesized separately. In both
syntheses a symmetric initiator with multiple functional groups is employed to
begin the polymerization. Each functional group is the starting point of each

polymer chain, which is typically synthesized via ATRP*% nitroxide living

144-146 147,148

polymerization , or ring opening polymerization (ROP) Among
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others, ROP is by far the most used method to produced polyesters like poly(e-
caprolactone) (PCL), poly(lactide) or poly(glycolide), which are considered to be
biocompatible and the FDA has approved materials with these polymers for
their use in humans. In this chapter, we have synthesized the PCL core via
ROP using D-sorbitol as symmetric initiator. By controlling the reaction
conditions it was possible to modify the molecular weight of the core, which
tunes up the hydrophobic character of the amphiphilic copolymer.
Subsequently, the core was functionalized and covalently bound to ramified
poly(ethylene glycol) (PEG) subunits that constituted the shell of the star
shaped block copolymer. The use of branched PEG subunits provides higher
stealth capacity which avoids the recognition of the colloidal particles by the
reticuloendothelial system (RES) and confers them longer circulation time in the

149-151  The well differentiated

bloodstream and larger distribution volume
agueous solubility of each part provides the amphiphilic nature that allows these
molecules to self-assemble in water with fascinating architectures that depend
on the polymer concentration. In addition, the solubilizing capacity of the system
has been tested using a chloro-phenylcarbazole derivate as model drug. This
molecule belongs to a family of drugs with a remarkably potent KSP inhibitory
activity (KSP stands for kinesin spindle protein). The inhibition of this enzyme
results in mitotic arrest in prometaphase by forming an irregular monopolar
spindle. The antimitotic activity of this compound makes it very interesting for
use in anticancer therapy'®?. However, as many other anticancer drugs, the
scarce water solubility of this molecule (0.35 mg/mL) makes necessary its

combination with solubilizing agents for pharmaceutical applications*2,

4.2 Results and discussion

4.2.1 Synthesis of the amphiphilic star shaped block copolymer

4.2.1.1 Preparation of the carboxyl-terminated branched poly(ethylene glycol)
moiety: 4bPEG-3-COOH

The saponification reaction of the polyoxyethylene 20 sorbitan monooleate
yielded a viscous liquid that was characterized by FTIR and 'H-NMR. The
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spectra confirmed the hydrolysis of the reactant that led to a ramified PEG with
four branches terminated in hydroxyl groups. Subsequently, 3 of these end
groups were transformed into carboxylic groups by reacting 1 equivalent of
4bPEG with 3 equivalents of succinic anhydride. The *H-NMR spectrum of the
4bPEG-3COOH-10H is shown in Figure 4.1. The major resonance peaks
appear at 2.87 ppm (7), 3.70-3.95 ppm (6) and 4.2 ppm (8). They were
assigned to protons from the succinic group “-OO0C-CH,-CH,-COO-", the
ethylene glycol monomer units “-O-CH,-CH»-O-", and the protons forming the
ester bond “CH,-O-CO-", respectively. The integration ratio between the peaks
assigned to the 4bPEG subunits (6) and the terminal succinic groups (7)
indicated that an average of three succinic acid groups were introduced per
molecule of 4bPEG, thus leaving one hydroxyl end group available for further
reactions. The FTIR measurements support these results, as it is shown in
Figure 4.2. The relative intensity of the band at 3500 cm™, which was assigned
to the stretching vibration of the hydroxyl groups (O-H), increased after the
saponification reaction and diminished after the reaction with succinic
anhydride. In addition, the band at 1740 cm™, which was assigned to the
stretching vibration of the carbonyl groups (C=0), disappeared after the
saponification reaction and was very intense after the reaction with succinic

anhydride.

o
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Figure 4.1. *H-NMR spectrum of the 4bPEG-3COOH-10H moiety.
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Figure 4.2. FTIR spectra of A) the starting polyoxyethylene (20) sorbitan
monooleate, B) 4bPEG-40H obtained from the saponification reaction and C)
4bPEG-3COOH-10H obtained from the reaction with 3 eq. of succinic
anhydride.

4.2.1.2 Synthesis of the carboxyl-terminated star-shaped poly(s-caprolactone)

moiety

It was possible to obtain star shaped PCL with different molecular weights by
varying the monomer to initiator ratio. The My, and the M, were calculated with
DLS, 'H-NMR, GPC and MALDI-TOF for each synthesis, and the results are
presented in Table 1. The results demonstrated that the molecular weight of the
star shaped PCL macromolecule was proportional to the ratio of monomer vs

initiator.
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Table 4.1. The M, was calculated from DLS and the M, was calculated by a)
'H-NMR, b) GPC and c) MALDI-TOF.

Ratio (a) My, (b) My, (c) M,
Sample  monomer:initiator M, (g/mol)  (g/mol) (g/mol) (g/mol)
6bPCL-1 45:1 7.8x10° 6.0x10° 5.6x10° 5.5x10°
6bPCL-2 80:1 1.2x10* 1.2x10* 9.7x10° 8.7x10°
6bPCL-3 145:1 1.8x10° 15x10* 1.3x10* Na
4bPEG - 1.3x10° 1.0x10° 1.2x10° 1.0x10°

The star shaped PCL with 6 branches obtained with a monomer:initiator ratio of
45 (named as 6bPCL-1) had a M, of 5500 g/mol as determined by MALDI-TOF.
This molecular weight was considered as ideal for creating an amphiphilic
compound with maximum solubilizing capacity, because after binding the
4bPEG subunits the resulting macromolecule would have a weight ratio of 1:1
between the hydrophobic and the hydrophilic groups. The *H-NMR spectrum of
6bPCL-1 is shown in Figure 4.3. The major resonance peaks are attributed to
the monomer units of the PCL. The peak of the methylene protons from the
ester groups (5) “-CH,-CO-O-" were detected at 2.3 ppm while the peaks of the
methylene protons of the end groups (5’) “~-CH»-OH” were detected at 3.62 ppm.
The degree of polymerization was inferred by the integration of these two

signals.
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I
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Figure 4.3. *H-NMR spectrum of the 6bPCL moiety.
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The GPC traces and MALDI-TOF spectra are shown in Figure 4.4.
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Figure 4.4. A) GPC traces of the 4bPEG moiety and the 6bPCL cores and B)
MALDI-TOF spectra of the 4bPEG moiety and the 6bPCL cores. The molecular
weight of the sample 6bPCL-3 was out of range for this technique.

The hydroxyl end groups of the selected sample, 6bPCL-1, were subsequently
modified into carboxyl end groups by the reaction with an excess of succinic
anhydride. This modification was confirmed by FTIR measurements that are
shown in Figure 4.5. The band corresponding to the hydroxyl groups, located at
3540 and 3439 cm™ disappeared after the reaction, whilst the relative intensity
of the band at 1725 cm™, which correspond to the ester groups, increased in
comparison with the reference bands at 2925 and 2810 cm™ that correspond to

the stretching vibration of the aliphatic C-H units of the e-caprolactone.
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Figure 4.5. FTIR spectra of the 6bPCL (red), the carboxyl terminated 6bPCL

(blue) and the amphiphilic star shaped block copolymer (green).
4.2.1.3 Coupling between the 4bPEG and the 6bPCL subunits

The 4bPEG and the 6bPCL subunits were covalently linked by the EDC
coupling. Figure 4.6 shows the *H-NMR spectrum of the 4bPEG@6bPCL star
shaped block copolymer. The integration ratio between the peak at 3.7 ppm (6)
of the 4bPEG subunits and the peak at 2.33 ppm (1) of the 6bPCL subunits
indicates that each 6bPCL core was bound to an average of 5.2 4bPEG
moieties. The M, calculated from the 'H-NMR spectrum was 12.700 g/mol
whereas the one measured by GPC was 10.200 g/mol. The GPC curve is

shown in Figure 4.7.
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Figure 4.6. Idealized chemical structure and *H-NMR spectrum of the

amphiphilic star shaped block copolymer composed by 4bPEG and 6bPCL.
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Figure 4.7. GPC curve of the 4bPEG@6bPCL polymer.

88



Results 1: Polymeric nanoparticles with tunable architecture formed by biocompatible star
shaped block copolymer

The effective coupling of the subunits was demonstrated by PFG-NMR analysis.
The plot of Ln(I/lo) versus (y8G)?(A-8/3) would give a straight line with slope —D if
the diffusion of the probe molecules has a single component. The diffusion
coefficients of the 4bPEG and the 6bPCL moieties in chloroform were
individually calculated. The results of these experiments are shown in Figure
4.8. Here one can observe that there was a big difference between the diffusion
coefficient of both subunits that were 2.2 x 10 cm?/s for the 4bPEG and 6.4 x
10® cm?/s for the 6bPCL. By contrast, after covalently binding both subunits, the
PFG-NMR measurement revealed that all the peaks assigned to each subunit
(6bPCL, 4bPEG and the succinic anhydride) presented the same diffusion
coefficient, which was approximately 5.3 x 10® cm?s. The processed 2D
spectrum is shown in Figure 4.9. The diffusion coefficient of the
4bPEG@6bPCL macromolecule was slightly smaller than that of the 6bPCL,
indicating that the new molecule was bigger than the precursors. This result
demonstrated that all the subunits moved together and therefore they were all
forming one molecule, and was considered as a proof of the covalent binding of

all the subunits.
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Figure 4.8. Stejskal-Tanner plot of the PFG-NMR data obtained for the 4bPEG

and the 6bPCL samples at 25 °C. The solid lines represent linear least-squares
fitted to data.
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Figure 4.9. 'H-DOSY 2D representation of the spectra obtained for the star
shaped 4bPEG@6bPCL block copolymer. The assignments of the *H peaks
corresponding to i) the 4bPEG subunit are marked in red, ii) the 6bPCL subunit

are marked in blue and iii) the succinic anhydride are marked in grey.

Additionally the absence of signal above 5.3 x 10° cm?s demonstrated that
there were not unbound subunits of 4bPEG or 6bPCL after the purification
process. The hydrodynamic diameter of the 4bPEG@6bPCL macromolecule in
CDCl3 was calculated with the diffusion coefficient obtained by DOSY using the

Einstein-Stokes equation:

kT
3D,

where Dy, is the hydrodynamic diameter, k is the Boltzmann constant, T is the

temperature, n is the medium viscosity and D is the diffusion coefficient.

The calculated hydrodynamic diameter of the 4bPEG@6bPCL macromolecule

was 1.5 nm.
4.2.2 Self-Assembly in agueous media

The self-assembly and aggregation structure of the amphiphilic star shaped
block copolymer were studied by DLS and TEM. The polymeric nanoparticles

were assembled by a nanoprecipitation method with THF and water. Using this
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methodology we investigated the influence of the polymer concentration. Figure
4.10 (A-E) shows the TEM micrographs from the polymeric nanoparticles
obtained at concentrations of 1, 2, 5, 7 and 10 mg/mL. The insets in each TEM

micrograph depict the particle size distribution analysis measured by DLS.

8%

Number (%)
owo a

T T T T T

Number (%)

-

| B
20 40 60 8 100 O'. -5 SQonm

Hydrodynamic Diameter (nm) Hydrodynamic Diameter (nm) w & ¢ T

Number (%)

Figure 4.10. TEM micrographs of the structures formed by the amphiphilic star
shaped block copolymer in aqueous solution. A) 1 mg/mL, B) 2 mg/mL, C) 5
mg/mL, D) 7 mg/mL, E) 10 mg/mL

In all cases we observed the formation of polymeric nanoparticles with a mean

hydrodynamic diameter ranging from 37 £ 6 nm to 120 + 10 nm as determined
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by DLS. The TEM micrographs revealed that the aggregation structure strongly
depended on the polymer concentration. When the polymer concentration was
1 mg/mL or less, the 4bPEG@6bPCL self-assembled into nanovesicles (Figure
4.10A). Taking into account that the calculated hydrodynamic diameter of the
star shaped block copolymer was 1.5 nm and that the wall thickness of the
polymeric nanovesicles was around 3 nm, we hypothesize that the nanovesicle
wall was formed by a bilayer structure with two hydrophilic shell layers of PEG
and one hydrophobic core of PCLY™, as depicted in Scheme 4.1A. The
formation of these nanovesicles could be attributed to the presence of the PCL
subunit within the block copolymer. Dennis Discher and coworkers showed that
the rigidity of the hydrophobic part of a diblock copolymer based on PEO-PCL
was intrinsically related with the formation of nanovesicles'?®%%1%  They
observed that an increment of the polymer rigidity provokes the formation of
these arrangements because they present minor curvature in comparison with
the micelles. The 4bPEG@6bPCL polymer could self assemble into
nanovesicles due to the crystallinity of the core as well as the high number of
arms, which could lead to an increment in the stretching of the core-forming
block™®*". Both effects provoked a penalty against high curvature and the
system minimized the interfacial tension through the formation of vesicles
instead of micelles™®®*%2, However, an increment of the polymer concentration
facilitated the aggregation of the nanovesicles creating fused structures (Figure
4.10B), which would evolve towards raspberry like structures. These events
could be explained by means of the proximity model, which postulates the
possibility that neighboring membranes fuse each other'®®. For this to happen,
the vesicles should have defects in their surfaces to act as linking points'®*. In
rigid structures, the increase of defects leads to an increase in the curvature,
which is concomitant with the size reduction®. This effect was observed at high
polymer concentration'®. The empty spaces within the different structures
diminished from 10 nm to 3 nm as measured by TEM, which support the size
reduction of the precursor vesicles with the increase of the polymer

concentration.

At higher polymer concentration, the self-assembled structures were denser

and no empty spaces were observed inside them. However, under these

92



Results 1: Polymeric nanoparticles with tunable architecture formed by biocompatible star
shaped block copolymer

conditions a small tail was observed, which was more noticeable at higher
polymer concentrations (Figure 4.10C-D). This small tail seems to act as a
seeding point to form necklace structure (Figure 4.10E) at the highest
experimental concentration. A possible explanation for the tail formation could

be given by the scaling model of Vilgis and Halperin (VH)*"*®

, Which provides
theoretical knowledge for understanding these structures®®®. The VH model
considers a crystalline-coil A-B diblock copolymer that aggregates in a highly B-
selective solvent, which at high concentrations will aggregate forming micelles
with a chain-folded crystalline core. According to VH, the increment of the
polymer concentration would lead to the formation of a more stretched corona
due to the repulsion of the PEG subunits. As result, the densely packed corona
would promote the formation of structures with major curvature making the
system to evolve towards necklace entanglements, which were observed in the

TEM micrographs.

B Increasing Concentration

_—

5mg/iml 7 mg/ml >10mg/ml

<1 mg/ml 2 mg/ml

6bPCL Region

4bPEG Region

Scheme 4.1. A) Possible structure of a nanovesicle and B) magnification of
polymeric nanoparticles obtained by the self-assembly of the amphiphilic star

shaped block copolymer at different concentrations.
4.2.3 Drug entrapping

The ability to self-assemble in agueous media can be used to entrap
hydrophobic drugs and opens the possibility to use this system as a
nanocarrier. The critical aggregation concentration (CAC) of the amphiphilic star

shaped block copolymer was calculated by the pyrene fluorescence method.
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The results are shown in Figure 4.11, and the CAC value of the
AbPEG@6bPCL was 0.08 mg/mL. This value is much lower than that of the
critical micelle concentration (CMC) of low molecular weight surfactants (e.qg.
sodium dodecylsulfate has a CMC value of 2.47 mg/mL) and therefore the
AbPEG@6bPCL assemblies are more stable in diluted conditions.
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Figure 4.11. Variation of the fluorescence intensity ratio (Is/l;) of pyrene (0.25

pMM) as a function of the amphiphilic star shaped block copolymer concentration.

The capability of the amphiphilic star shaped block copolymer to solubilize in
water highly insoluble molecules was studied with the molecule PCPC. This
chlorophenylcarbazole derivate belongs to a group of anticancer drugs®™2.
However, one major drawback is the low solubility in aqueous media (0.35
png/mL) of this molecule, which require a solubilizing agent for its use in
biological systems. On the other hand, the photoluminescence of this drug

makes it easily traceable and therefore a good model-drug.

When 300 pL of a solution of PCPC in THF (5 mg/mL) were poured into 3 mL of
water a green turbid dispersion was obtained, which was associated with the
formation of clusters of PCPC whose size was between 200 nm and 2 pum
(Figure 4.12C). The PCPC precipitated in less than one hour rendering an
opaque dispersion as observed in the cuvette (Figure 4.12D). The big size of
the clusters of PCPC would hinder the extravasation and would reduce the
distribution volume of the drug™®**’. However, the PCPC could be effectively

entrapped within the amphiphilic star shaped block copolymer structures, thus
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permitting the dispersion of the drug in aqueous media. The polymeric
nanoparticles loaded with drug had a mean hydrodynamic diameter of 65 nm
(Figure 4.12A), which is an ideal size for in vivo applications'’®. The dispersion
of 0.5 mg/mL of PCPC and 2 mg/mL of 4bPEG@6bPCL in water was
homogeneous and transparent as observable in the cuvette (Figure 4.12B), and
the colloidal dispersion was stable for several weeks without any visual
evidence of precipitation. These results demonstrated the suitability of the
amphiphilic star shaped block copolymer 4bPEG@6bPCL to act as a drug

nanocarrier in pharmaceutical applications.

A

Number (%)
Number(%)

1 10 100 1000 1 10 100 1000
D(nm) Dp(nm)

Figure 4.12. A) Size distribution of an agueous dispersion of PCPC (0.5 mg/mL)
in the presence of 4bPEG@6bPCL (2 mg/mL) measured by DLS. C) Size
distribution of an aqueous dispersion of PCPC (0.5 mg/mL) measured by DLS.
The insets B and D are the pictures taken, under UV illumination, from the
cuvettes corresponding to the transparent dispersion of PCPC and
4bPEG@6bPCL in water and the opaque dispersion of PCPC in water,

respectively.
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4.3 Conclusions

In this chapter we have synthesized an amphiphilic star shaped block
copolymer, composed by ramified PCL as the core forming block and ramified
PEG as the shell block. All the components are recognized as biocompatible
and the PCL is also biodegradable. The parametric study with different
techniques permitted to characterize each synthetic step and the final
macromolecule. The presence of a hydrophobic part and a hydrophilic part was
the driving force for its self-assembly in water, creating polymeric
nanostructures whose architecture was strongly affected by the polymer
concentration. The capacity of this molecule to self-assemble was employed to
encapsulate and disperse in aqueous solution a highly water insoluble
molecule. These results demonstrated that the amphiphilic star shaped block

copolymer can be used as a drug nanocarrier.
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5. RESULTS 2

Efficient synthesis of core@shell

FesO,@AuU nanoparticles
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5.1 Introduction

Iron oxide nanoparticles have attracted much interest due to their potential
applications in biomedicine, and have been used in imaging cancer cells'™,
specific targeting'’?, hyperthermia treatment of solid tumors'’®, and contrast

174 Nevertheless,

enhancement agents in magnetic resonance imaging (MRI)
one of the major limitations of the use of these nanoparticles in biomedical
applications is related with their poor -colloidal stability in physiological
conditions'’. For this reason, scientists have developed different techniques for
coating the surface of the magnetic nanoparticles with organic layers like

® inorganic shells made of silica'’’, or by combining

surfactants or polymers®’
both organic and inorganic coatings'”®. These methods enhance the stability of
the nanoparticles and provide functional groups that can serve as a platform for

immobilizing biomolecules of interest.

An interesting approach to provide colloidal stability and functionality is by
covering the magnetic nanoparticles with a noble metal shell of Au, which is
chemically stable wunder physiological conditions and can be easily
functionalized throughout the well-known Au-SH chemistry*’®. The incorporation
of Au can be used to enhance the hyperthermia capacity of the nanoparticles*®,
and to provide additional physical properties like X-ray attenuation coefficient
that can be used in computed tomography as contrast agents in Dual-Mode

MR/CT Imaging systems'®!,

Furthermore, the plasmonic properties can be
exploited for localizing hyperthermic effects, which would be tremendously
important for its application toward tumor cell thermolysis and tissue ablation*®?.
Thus, many research efforts have been made to develop hierarchical
nanostructures that combine in one both Au and Fe3O4 in a core@shell
structure’®*!84 Sun and coworkers'®® used hydrophobic Fe;04 nanoparticles as
seeds. The Fe304 nanoparticles were first transferred to an aqueous solution
with CTAB and subsequently were covered with a gold shell by gently reducing
hydrogen tetrachloroaurate hydrate (HAuCls.3H,O). Another strategy was

183186 and involved the formation of the

developed by Zhong and coworkers
Fe30,4 core and the subsequent reduction of Au on the surface of the iron oxide

nanoparticles to create the Au shell, giving as result highly-monodisperse
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Fe,Os@Au and Fe30,@Au nanoparticles. The strategy starts with the synthesis
of FezO, seeds. After that, gold is deposited onto the surface of Fe3O4
nanoparticles by reduction of Au(CH;COO), using 1,2-hexadecanediol in the
presence of capping agents at elevated temperature (180-190 °C). A key
element of this process involves careful manipulation of the reaction
temperature to control the thermally activated partial desorption of the capping
layer from the core, the deposition of Au on the exposed Fe3;O4 surface, and the

subsequent re-encapsulation of the Au shell surface by the capping agent.

An alternative strategy developed also by Zhong and coworkers®®’ consists in
thermally activated processing of Fe;O4 nanoparticles and Au nanoparticles as
precursors in a mixed solution. This strategy is based on the thermally induced
homo-interparticle coalescence of metal nanoparticles'®. The basis stems from
the decrease of melting point, especially the surface melting, for many
nanosized metal particles. Compared with the dramatically decreased melting
temperature of gold nanoparticles, iron oxide nanoparticles did not exhibit

coalescence in the range of 140-190 °C.

In this work we have used the synthesis of Fe30,@Au nanopatrticles using the
methodology described by Zhong due to its high reproducibility and nanoparticle
monodispersity'®3. The main drawback of this method is the production of a
large amount of pure Au nanoparticles, which require very tedious purification
processes to obtain the desired Fe3O,@Au nanoparticles. In this chapter we
present a systematic study for the optimization of this synthesis, demonstrating
the influence of two key parameters, which are the Au:Fe3;O4 molar ratio and the
reaction temperature. The results obtained varying the Au:Fe3O,4 ratio permitted
to optimize this parameter and limit the formation of undesired pure Au
nanoparticles. The TEM micrographs revealed that the Au shell thickness was
independent on the Au:Fe30,4 ratio and we discuss this unexpected result as a
consequence from the reaction mechanism. On contrary, the Au shell thickness
was dependent on the reaction temperature. This study would permit a better
understanding of this methodology for the synthesis of core@shell
nanoparticles in which the shell is formed by Au. The production in high yield of
hybrid Fe3O0,@Au nanoparticles could be potentially used for a wide range of

applications, with a special highlight in biomedicine.
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However, these nanoparticles are hydrophobic and cannot be used for
biological applications without further steps of functionalization that would
provide them aqueous solubility. There are several strategies to provide

agueous solubility via chemical modification of the surface of the

189,190 191-193

nanoparticles and via physical entrapment into liposomes or micellar

194-197

structures However, the physical entrapment of hydrophobic

nanoparticles within polymeric nanostructures formed with amphiphilic block

copolymers has not been deeply studied yet. Taton et al.*%%%

| 201,202

and Eisenberg
et a published pioneering works in this field that demonstrated the great
potential of the resulting hybrid nanomaterials. In this chapter we studied the
phase transfer of the hydrophobic Fe;O,@Au nanoparticles to aqueous solution
by using the star-shaped amphiphilic block copolymer based on a branched
PCL core and a branched PEG shell described in the previous chapter. The
hybrid nanomaterial obtained by this method presented multifunctional

properties due to the structure at the nanoscale.

5.2 Results and discussion

5.2.1 Characterization of hydrophobic iron oxide nanoparticles

Iron oxide nanoparticles were prepared by thermal decomposition of the iron
(ll1) oleate complex in the presence of oleic acid and 1-octadecene at high
temperature'?®>. The solution turned from brownish to dark brown color, which
corresponded with the formation of the iron oxide nanoparticles. The presence
of monodisperse and individual iron oxide nanoparticles with a narrow size
distribution was confirmed by TEM micrographs, as shown in Figure 5.1a.
Figure 5.1b shows the HR-TEM image of Fe3zO, nanoparticles, and the Figure
5.1c depicts the SAED pattern of the nanopatrticles.
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Figure 5.1. a) Representative TEM micrograph showing the monodisperse iron

oxide nanoparticles obtained by thermal decomposition b) HR-TEM of a single

iron oxide nanopatrticle c) SAED pattern of the nanoparticles.

The size distribution analysis obtained from the TEM pictures gave as result a
mean diameter of 7.5 + 0.6 nm. Furthermore, the hexane dispersion of the
hydrophobic iron oxide nanoparticles was stable for over a year without any
evidence of precipitation. The HR-TEM micrograph shows the lattice fringe of
the <220> lattice plane (3,01 A) and the SAED analysis showed the typical

reflections attributed to the FCC spinel Fe3O, structure®®,

5.2.2 Characterization of hydrophobic core@shell Fez0,@Au

nanoparticles

The hydrophobic core@shell FesO,@Au nanoparticles were synthesized using
the iron oxide nanoparticles as seeding points for the deposition of Au by a

d®. In our

briefly modified procedure which was previously publishe
experimental conditions we did not use 1,2-hexadecanediol because we found
that it was unnecessary for the synthesis. We observed that Au and Fe;O,@Au
nanoparticles could be obtained by using oleylamine both as reducing and
capping agent and Gold (lll) acetate as Au precursor. The mixture of oleic acid
and oleylamine and the high temperature in diphenyl ether favored the Au
deposition on the surface of FesOs nanoparticles®®. The Fe;0.@Au
nanoparticles were characterized by TEM, EDS, UV-Vis, DLS and

magnetization measurements.

102



Results 2: Efficient synthesis of core@shell Fe,O,@Au nanoparticles

Figure 5.2a shows a representative TEM micrograph of the as obtained
Fe;O,@Au nanoparticles, Figure 5.2b shows the HR-TEM image of Fe;O,@Au
nanoparticles, and Figure 5.2c depicts the SAED pattern of the nanopatrticles.

Figure 5.2. a) Monodisperse Fe;0O4@Au nanoparticles b) HR-TEM of a single

Fe;O04@Au nanoparticle c) SAED pattern of the nanoparticles.

The size distribution obtained from the TEM picture gave as result a mean
diameter of 11 + 2.2 nm. In the HR-TEM micrograph it is observed the
crystalline structure of a single Fe;O,@Au nanoparticle in which the Au <111>
lattice plane is predominant (2.4 A) and the SAED analysis showed the typical
reflections attributed to the Au crystalline structure®®®. Moreover, in Figure 5.1b
it is noticeable the presence of twinned planes in the Au shell, which were
frequently observed. The reflections of the Fe3O,4 core could not be observed by

this technique due to the well-known heavy atom effect?®®,
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Figure 5.3. A) Size distribution analysis of Fe3O4 nanoparticles (in red) and
Fe;O,@Au (blue) nanoparticles measured by TEM. B) Idealized scheme of the
Fe;O4,@Au nanoparticles. C) Energy Dispersive Spectroscopy spectrum of the

Fe;O,@Au nanopatrticles. D) Fe304,@Au nanoparticle dispersion in

hexane/ethanol in the absence and presence of a magnetic field (B=0.4 T).

Figure 5.3a shows the size distribution analysis of the initial Fe3O4 nanoparticles
(7.5 £ 0.6 nm) and that of the Fe30,@Au nanoparticles (11 + 2.2 nm). The
diameter of the nanoparticles increased an average of 3.5 nm, as depicted in
Figure 5.3b. This result was attributed to the presence of the Au shell. In
addition, the absence of uncoated Fe3;O4 nanoparticles in the TEM micrographs
would indicate that the structure of the Fe3O,@Au nanoparticles is a
core@shell structure. The composition of the Fe3zO,@Au nanoparticles was
studied by EDS microanalysis that provided qualitative determinations of their
elemental composition (Figure 5.3c). The EDS spectrum revealed the presence
of iron, with a Ka peak at 6.400 keV and a K3 peak at 7.059 keV and gold with
a Ma peak at 2.1 keV, La at 9.7 keV and LB at 11.4 keV. The presence of the
copper peaks is due to the copper TEM grid. The analysis of the peak
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intensities provided the atomic percentage between gold and iron, which were
90 % and 10 % respectively. These results are in agreement with those
calculated theoretically for spherical core@shell particles with a core of 7 nm
and a shell of 3 nm?”’.

The inner response to an external magnetic field of the Fe3;O4 cores remained in
the FesO,@Au nanoparticles and could be directly observed. Figure 5.3D
shows that in the presence of a magnetic field the nanoparticles migrate
towards the magnet. The magnetic properties of the Fe;O,@Au nanoparticles
were studied using a superconducting quantum interference device (SQUID).
The comparison of the magnetization curves between Fe;O, and Fe3O,@Au

displayed a significant difference shown in Figure 5.4.
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Figure 5.4. a) Magnetization curve as a function of the applied field for Fe304
nanoparticles (red curve) and Fe3O,@Au nanoparticles (blue curve) at room

temperature. b) Magnification of the curves.
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The saturation magnetization and coercivity were determined from SQUID
measurements. The magnetic data displayed two major differences between
Fe;O, and Fe;O,@Au nanoparticles. First, the maximum magnetization values
were 45 emu/g and 4 emul/g for Fe;O, and Fe;O,@Au, respectively. Second,
the coercivities of Fe;O, and Fe;O,@Au nanoparticles were 19 and 80 Oe,
respectively. The reduction of the maximum magnetization in the Fe;O,@Au

208

indicates that there was less magnetic material per gram of sample™.
Furthermore, the coercivity showed a clear increase for the Fe;O,@Au
nanoparticles, which could be attributed to the larger size of Fe;O,@Au that
leads to a less-effective coupling of the magnetic dipole moments. In contrast,
the magnetic dipole moments in the case of uncoated Fe;O, nanoparticles are
coupled more effectively, and hence the particles tend to have a lower

coercivity?*#1°,

5.2.3 Study of the key parameters of the synthesis: Optimizing the yield of

Fe;O,@Au nanoparticles via the Au:Fe3O4 molar ratio

The technological applications of core@shell nanoparticles will often require a
precise control of the shell thickness. For this, it is necessary to carefully set the
reaction parameters that might influence the production of the desired
nanoparticles. In this work we studied the influence of a key parameter of this
synthesis that is the Au:Fe3O,4 ratio. A set of syntheses varying the Au:Fe3zO,4
molar ratio from 0.3 to 8 were performed. The results of these experiments were

analyzed by TEM, see Figure 5.5.
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C '.,’\;s

Figure 5.5. Representative TEM micrographs of the as obtained nanoparticles
synthesized with different Au:FezO, ratios a) 0.3 b) 1 ¢) 2.5d) 3.7 e) 5.5. 1) 8. All

scale bars are 50 nm.

In Figure 5.5a and 5.5b it is noticeable the presence of two different types of
nanoparticles, which differ mainly in their contrast in TEM operated in bright
field imaging mode. Iron oxide nanoparticles have less contrast in TEM than Au
nanoparticles and therefore the bright nanoparticles were considered as Fe3zOg.
However the darker nanoparticles could not be only attributed to Fe;O,@Au
nanoparticles because there could be pure Au nanoparticles without magnetic
core, which would not be differentiated by their contrast. For this reason, the
population of darker nanoparticles was considered as ‘Au-containing
nanoparticles’. As it can be seen in Figure 5.5, as the Au:Fez0O, ratio increased,
the number of uncoated Fe3O4 nanoparticles was reduced. This reduction was
concomitant with an increment in the number of Au-containing nanopatrticles.
However, these Au-containing nanoparticles appeared even at low ratios of
Au:Fe304 and showed a similar size and shape. The proportion of Au-containing
and was defined as y (number of Au containing nanoparticles/total number of
nanoparticles) was represented as a function of the Au:FezO4 ratio, as shown in
Figure 5.6A.
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Figure 5.6. A) Proportion of Au containing nanoparticles versus the Au:Fez04
ratio. B) UV-Vis spectra of the nanoparticles obtained with different Au:Fez04
ratio; O (black), 0.3 (red), 3.7 (blue) and 7 (green).

Figure 5.6a depicts that y increased with the Au:Fes;O,4 ratio until it reached a
plateau close to 1, which is the maximum possible value, for ratios of 3.7 and
above. The Figure 6b shows the UV-Vis spectra of representative nanoparticles
obtained at different Au:Fe3O, ratios. The absorption band with a maximum at
521 nm corresponded to the surface plasmon resonance (SPR) of Au
nanospheres in hexane®! except for the sample of uncoated FesO4
nanoparticles that did not show that band. The SPR band showed a similar
profile and maximum wavelength independently from the Au:Fe3O, ratio, which
only influenced the maximum intensity. Both the TEM micrographs and the UV-
Vis measurements demonstrated that the Au shell thickness was not influenced
by the Au:Fe3O, ratio. However, we found that this parameter had a strong
influence on the yield of Fe;O4@Au nanoparticles. This result is of key
relevance for the optimization of the synthesis of Fe3O4s@Au nanopatrticles,
because if the synthesis is performed using a high Au:Fez0O, ratio, the Au shell
thickness would remain constant and therefore the excess of Au reagent would
provoke a homogeneous nucleation, leading to pure Au nanoparticles without a

Fe;O4 core. We performed a control experiment using the same experimental
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conditions without FezO, seeds and we could observe the formation of
polydisperse Au nanoparticles (Figure 5.7a). This result demonstrates the
relevance of using the optimized Au:Fe3;O4 ratio, because otherwise it would be
tedious to purify the desired Fe3O,@Au nanoparticles from the pure and less
homogeneous Au nanoparticles. In addition, another control experiment was
carried out by pouring together the iron (lll) oleate complex and the gold (lIl)
acetate in 1-octadecene and heating up to 300 °C. This control experiment
resulted in dumbbell-like nanoparticles formed by Au-FeszO4, which can be
easily distinguished by the different TEM contrast (Figure 5.7b). This control
experiment demonstrated that under these experimental conditions it is possible
to circumvent the lattice mismatch between gold and iron oxide and also that

there is no tendency to form alloys between them.

Figure 5.7. a) Control experiment without iron oxide seeds that led to the
formation of polydisperse pure Au nanoparticles. b) Control experiment with iron
(1) oleate complex that led to the formation of dumbbell-like Au-Fe3O4

nanoparticles.

Our experiments revealed that the optimum Au:Fe3O4 ratio for obtaining in high
yield the Fe3O,@Au nanoparticles was 3.7 for our synthetic conditions.
However, the uncoated Fe3;O4 nanoparticles that we used had a mean diameter
of 7.5 nm, and therefore the optimized Au:FesO, ratio would probably be

different for nanoparticles of different size.
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A possible explanation for these results could be given in terms of the reaction
mechanism proposed by Zhong and coworkers'®®**, In these two works, the
Au nanoshell was formed either by the deposition of the Au reagent directly
onto the Fe3O, seeds or by the heterogeneous coalescence of melted Au
nanocolloids at high temperature. In our experimental conditions it would be
possible that the Au nanocolloids were formed in situ by the reaction between
gold (lll) acetate and oleylamine. These nanocolloids could be melted at high
temperature thus allowing the heterogeneous coalescence. In this way, the Au
shell formation mechanism would require the following steps: i) formation of Au
nanocolloids, ii) capping shell desorption, iii) the deposition of melted Au
nanocolloids on the exposed Fe30,4 surface and iv) heterogeneous coalescence

to form the final Au shell.

Our experimental results could be explained by this mechanism if the deposition
of the melted Au nanocolloids onto the Fe3O, seeds was the slowest step
whereas the following processes were faster and irreversible. Under these
conditions, once an initial amount of Au nanocolloids were deposited on the
surface of Fez0O, nanoparticle, the system would evolve rapidly toward a
core@shell structure. This would explain that at low Au:Fe3O, ratios, we
observed fully coated and non-coated nanoparticles and we could not observe
patchy or hetero-nanoparticles. By contrast, when the Au:Fe3O, ratios were in
the plateau region, the quantity of Au precursor was enough for the deposition
on the majority of the FesO, seeds and therefore we could observe a higher
degree of coating. However, a large excess of Au:Fe3O4ratio would also lead to
homogeneous coalescence of Au nanocolloids, as we could not observe an
increment of the Au shell thickness. In addition, we observed in the HR-TEM
images a large quantity of nanoparticles with twinned planes (Figure 5.2b). This
could be due to the deposition of various melted Au nanocolloids on the
exposed surface of a single iron oxide nanoparticle that after the subsequent
heterogeneous coalescence would lead to these structures, which support our

proposed mechanism.
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5.2.4 Study of the key parameters of the synthesis: Influence of the

reaction temperature

Although the Au shell thickness could not be controlled with the Au:Fe30, ratio,
there are other parameters that could play an important role in the control of the
Au shell thickness. For instance, some authors have extensively studied the

212 \which demonstrated that

influence of the chain length of the capping agents
the shorter the chain length, the bigger the nanopatrticles. In this work we have
studied the influence of the reaction temperature because preliminary works
seemed to indicate that the melting temperature of the nanoparticles is

intrinsically related with their size**%4,

The influence of the temperature in the evolution of gold nanoparticles has been
studied by Zhong and coworkers'®®. In their study, they observed a size and
shape evolution of thiolate-encapsulated gold nanoparticles upon increasing the
reaction temperature from 100 to 138°C. In this work we have studied the
influence of the reaction temperature, in the range between 190 to 270 °C, on
the formation of Fe;O,@Au nanoparticles. The TEM micrographs are shown in

Figure 5.8.

111



Results 2: Efficient synthesis of core@shell Fe,O,@Au nanoparticles

Figure 5.8. TEM micrographs from the Fe;O4s@Au nanoparticles synthesized at
different reaction temperatures: a) 210 °C b) 230 °C c) 250 °C and d) 270 °C.

Scale bars are 50 nm.

Figure 5.9a depicts the size distribution analysis obtained by DLS
measurements of the Fe;O4,@Au nanoparticles synthesized at different reaction
temperatures, using a Au:Fe3zO, molar ratio of 7.
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Figure 5.9. a) Size distribution obtained by DLS of the Fe30,@Au nanoparticles
synthesized at different reaction temperatures. b) UV-Vis spectra of the
Fe30,@AuU nanoparticles synthesized at different reaction temperatures.
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These results showed that the reaction temperature does not influence the Au
shell thickness between 190 and 210 °C. However, we found a size evolution of
the Au shell thickness when the reaction temperature was above 230 °C:
Between 230 and 250 °C, we observed a significant increase of the Au
nanoshell from 3 to 10 nm, as demonstrated by DLS. In addition, the SPR band
of the nanoparticles was studied by UV-Vis spectroscopy, see Figure 5.9b. Here
we can observe that the maximum of the SPR band was at 521 nm when the
nanoparticles were synthesized at a reaction temperature between 190 and 210
°C, and that the SPR maximum was red-shifted when the nanoparticles were
synthesized above 230 °C. These results are in agreement with the DLS data,
because the increment in size of spherical Au nanoparticles provokes red-shifts
of their SPR bands. A picture taken from the cuvettes containing the as-

synthesized nanoparticles is shown in Figure 5.10.

Temperature

F e304 Fe304@Au

Figure 5.10. Picture taken from the cuvettes containing the FesO4 and the
Fe30,@AuU nanoparticles synthesized at different reaction temperatures. The
different colors observed are in concordance with the data obtained by both

DLS and UV-Vis spectroscopy measurements.
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5.2.5 Solubilizing the Fe3sO,@Au nanoparticles: A multifunctional hybrid

nanomaterial

The optimized Fe;O,@Au nanoparticles could be successfully solubilized in
agueous media with the star-shaped amphiphilic block copolymer based on
PCL and PEG by the nanoprecipitation method. The resulting hybrid
nanomaterial was highly stable in agueous solution, observable by naked eye
(see Figure 5.11). The hydrophobic Fe;O,@Au nanoparticles were completely
unstable in aqueous solution in less than one hour and formed a black
precipitate. On contrary, the samples containing the nanoparticles and a small
quantity of the amphiphilic star-shaped block copolymer were stable and
showed the typical pink color of diluted solutions of well-dispersed 11 nm
Fe;O,@Au nanoparticles. These samples were stable for over a year without

any visible evidence of aggregation or precipitation.

Figure 5.11. Picture taken from the vials containing the aqueous solutions
containing a) Fe;O,@Au nanopatrticles without the star-shaped amphiphilic
block copolymer, b), ¢) and d) 0.1 mg/mL of the star-shaped amphiphilic block
copolymer with 0.1, 0.3 and 0.5 mg/mL of Fe;O,@Au nanoparticles,
respectively.

The capability of the amphiphilic star-shaped block copolymer for solubilizing
the Fe3O,@Au nanoparticles was studied as a function of the nanoparticles-to-
polymer ratio. The concentration of the polymer was set at 0.1 mg/mL and the
nanoparticles-to-polymer ratio was varied from 1 to 14. The samples were
analyzed by DLS and UV-Vis spectroscopy. The DLS measurements were
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performed assuming a bimodal distribution, since a population of nanoparticles
could be stabilized whereas another population could be forming aggregates.
Figure 5.12 shows the plot of the results from the DLS experiments.
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Figure 5.12. DLS results plot: The red curve represents the mean hydrodynamic
diameter of the first distribution, with the values in the left axis. The blue curve
corresponds to the mean hydrodynamic diameter of the second distribution,

with the values in the right axis.

The DLS results showed that independently from the nanoparticles-to-polymer
ratio, there was always a first size distribution attributed to small and stable
nanoparticles, with a hydrodynamic diameter ranging from 30 to 60 nm
approximately. On contrary, the bimodal analysis showed a significant
difference between the samples with a nanoparticles-to-polymer ratio of 8 and
below when compared to the samples with ratios of 9 and above. This second
size distribution was attributed to major nanostructures formed by polymer and
nanoparticles for the samples with ratios of 8 or below. The hydrodynamic
diameter of these structures ranged from 140 nm to 250 nm. However, the
second size distribution of the samples with a nanoparticles-to-polymer ratio of
9 and above showed a mean hydrodynamic diameter around 5500 nm, which
was attributed to the sample aggregation. A control experiment performed with
an aqueous solution of Fe3O,@Au nanoparticles without the amphiphilic star-
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shaped block copolymer confirmed that the aggregates presented a
hydrodynamic diameter around 5500 nm. Therefore, the DLS experiments
demonstrated that the amphiphilic star-shaped block copolymer could
completely stabilize in water the hydrophobic Fe3O,@Au nanoparticles with a
nanoparticles-to-polymer ratio up to 8. The samples with a nanoparticles-to-
polymer ratio of 9 and higher contained a stable population but also presented a
non-stabilized distribution attributed to aggregated nanoparticles.

These results are in agreement with those obtained from the UV-Vis
spectroscopy measurements, which are shown in Figure 5.13.

| | | 1 |
Samples:

NP/polymer=1
NP/polymer=2

NP/polymer=5
NP/polymer=6 Ir
NP/polymer=7

NP/polymer=9
NP/polymer=10
NP/polymer=14

NP without polymer

Absorbance

450 500 550 600 650
Wavelenght (nm)

Figure 5.13. UV-Vis measurements of the samples containing the Fe;O,@Au
nanoparticles and the amphiphilic star-shaped block copolymer with different

nanoparticles-to-polymer ratios.

The SPR band of the FesO,@Au nanoparticles remained constant with the
maximum absorption at 532 nm, independently from the nanoparticles-to-
polymer ratio. This result suggests that the hydrophobic nanoparticles were
stabilized without forming aggregates, which would provoke a red-shift in the
SPR band due to particle intercoupling. The big aggregates did not show any
SPR band, as it can be observed in the black curve that corresponds to the

aqueous solution of hydrophobic nanoparticles without polymer.
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5.3 Conclusions

In this chapter we have done a systematic study of the synthesis of core@shell
FesO,@Au nanoparticles by a high temperature reaction using the FezO,
nanoparticles as seeds and gold (lll) acetate as Au precursor. We have
demonstrated that the Au:Fe3zO, ratio is a key parameter that should be
optimized in order to obtain the maximum yield of Fe;O,@Au nanoparticles and
to avoid tedious and time-consuming purification processes. In our study, for the
FesO4 nanoparticles with a mean diameter of 7.5 nm, the optimized Au:Fe3O,
ratio was 3.7; when the reaction was performed with lower ratios we obtained
both coated and uncoated Fe3O,4 nanoparticles whereas when the reaction was
performed with higher ratios we obtained a mixture of pure Au nanoparticles
and Fe;O4,@Au nanoparticles. With these results, we suggested an addition to
the reaction mechanism proposed by Zhong and coworkers, in which the
deposition of Au nanocolloids onto the surface of the Fe3;O4 nanoparticles would
be the slowest and limiting step, whereas the heterogeneous coalescence to
form the final Au shell would be fast and irreversible. We demonstrated that the
reaction temperature affects the Au shell thickness. When the reaction
temperature increased above 230 °C, we could observe a significant increase in
the Au shell.

A hybrid nanomaterial was formed by the self-assembly of the hydrophobic
Fe;O,@Au nanoparticles and the 4sPEG@6sPCL amphiphilic star-shaped
block copolymer by the nanoprecipitation method. The encapsulation process
was studied with DLS and UV-Vis spectroscopy and both techniques showed
the superb solubilizing properties of the amphiphilic star-shaped block
copolymer, which was able to stabilize the hydrophobic nanoparticles in

agueous solution in a nanoparticles-to-polymer ratio up to 8:1.

The structuring at the nanoscale permitted to stabilize in aqueous solution the
Fe30,@AuU nanoparticles with the amphiphilic star-shaped block copolymer led
to a multifunctional hybrid material, with magnetic attraction to an external
magnetic field and a plasmonic band. The hybrid nanomaterial presented an
enormous stability, without any visible signs of aggregation for more than a

year.
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6.1 Introduction

Creating systems with multiple components that can be arranged in a certain

manner is of great scientific interest®

. The materials engineering at the
nanoscale has advantages in diverse fields, from catalysis to fundamental
physics. Regarding to biomedicine, the organized multicomponent systems are
showing great potential for detection and diagnosis techniques®*® as well as for
the improvement of the treatments with highly toxic drugs®*’, reducing their side
effects while enhancing their efficacy. The nanostructured materials had opened
a field that for many authors represents the medicine of the future:
theranostics®®, which consists in combining in one material a therapeutic
compound and a diagnostic probe. Besides all the technical requirements that
such materials would have to fulfill, the drug should remain encapsulated or
inactive through all the diagnostic process, and be released or activated on
demand through external stimuli. In addition, it would be desirable that the

systems could be targeted to a specific organ or tissue?*.

For achieving all these properties in just one material, it is necessary to
effectively control the organization of many components at the nanoscale. The
surface functionalization is a critical step because it may largely determine the

220-222

suitability of the system , as the surface components could target the

224 increase

nanoparticles to a specific organ®?, provide a special self-assembly
the lifetime in the bloodstream?>, etc. Nature provides the best demonstration
about how important the surface functionalization is. For instance, the activity of
each cell in the organism is highly dependent on the cell surface molecules. The
rational design of advanced functional materials is frequently bioinspired in this

way.

Systems based on liposomes and polymersomes have demonstrated to be very
effective as nanocarriers for drug administration and release®?®, but the
possibilities of further surface functionalization are limited to few examples®'~
22 The inorganic coatings emerged as an alternative to the classic systems
organic coatings®? and in this field, silica coating has shown to be special**®**:
Stober contributed with the polymerization of silane monomers to produce

uniform silica nanoparticles with a controllable diameter from around 100 nm to
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several micrometers that could be easily functionalized in further steps™*. The
Stober conditions involved a hydro-alcoholic media with ammonia and tetraethyl
orthosilicate (TEOS) as silane monomer. This method can be used with
nanoparticles to form a uniform silica coating with controllable thickness®?.
However, the formation of insoluble silica aggregates is a common drawback,
and the tendency of silica to aggregate often leads to multicore nanopatrticles
within a silica shell. In addition, the polar reaction media can’'t be used to
encapsulate hydrophobic nanoparticles. These problems could be overcome by
the controlled polymerization of the silane monomers in a confined space like

233 \With this alternative method it

the water droplets of a reverse microemulsion
iIs possible to obtain silica nanoparticles that are colloidally stable in polar
solvents (water, alcohols, DMF...) and that can be further functionalized by the
well-established silica chemistry®**. It has been demonstrated that this method
also permits to encapsulate hydrophobic nanoparticles with a remarkable
homogeneity and reproducibility within a single silica nanoparticle through a

simple ligand exchange?®®2%,

During the past decade, the silica coating of single hydrophobic nanoparticles
via the reverse microemulsion method has been extensively investigated®’24°,
However, most of the previous work was focused on silica coating of
nanoparticles of different sizes, with the aim of achieving a one-to-one coating

241 and fluorescent nanoparticles®*?. More recently, the silica coating

of magnetic
regulations were studied by Li and coworkers®®. In this work, they studied the
synthetic parameters that influenced the silica shell thickness for coating Fe3O4
nanoparticles with different core sizes. It was reported that the thickness of
silica shells could be tuned by changing the amount of nanoparticles and TEOS,
but the tuning was very limited and free-core silica or multi-core silica appeared
frequently. The ratio between Igepal CO-520 and ammonia (w-coefficient) was
a key parameter, since it determines the number and size of aqueous domain,
which is crucial to a one-to-one matching of the number of core nanoparticles
with that of agueous domains. Li and coworkers reported that the match of the
number of Fe3O,4 nanoparticles and amount of surfactant is essential in realizing
the one-to-one coating for nanoparticles with different sizes. According to these

regulations, for a given w-coefficient and a given nanoparticle size, the
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thickness of the silica shell increases as the amount of TEOS increases. In
addition, they proposed a mechanism for the silica coating of hydrophobic
nanoparticles based on a ligand exchange. On this basis, we deepen into the

method with the aim of exploring its possibilities and its limitations.

In this chapter we explore this methodology to control the silica shell thickness,
encapsulate organic compounds and/or nanoparticles, create core@shell
nanostructures with different core nature, and to modify the surface of silica
coated nanoparticles with different functionalities.

Herewith, we demonstrate that what makes this strategy really interesting is that
is an open-source-like method that offers a high versatility: It makes possible to
combine almost any nanoparticle, compound and surface functionalization. It is
basically one method that permits to design materials engineered at the

nanoscale for many different applications.

6.2 Results and discussion

6.2.1 Silica coating of inorganic nanoparticles: Control over the shell
thickness

Following a previously published procedure®*, we started the silica coating of
inorganic Fez0O4 nanoparticles. The highly monodisperse hydrophobic iron oxide
nanoparticles were obtained by the thermal decomposition method*??. The silica
coating was performed by the basic hydrolysis of the silane precursor (TEOS) in
a reverse microemulsion formed by hexane as continuous phase, aqueous
ammonia as dispersed phase and IGEPAL CO520 as surfactant. It is important
to note that there are several parameters that influence the silica shell thickness

in this synthetic procedure®**%%

, Which are: i) the w-coefficient which is the
water/IGEPAL ratio that must be matched with the number of nanoparticles; ii)
the TEOS/nanoparticles ratio and iii) the reaction time. The nanoparticle size
can also affect the silica shell thickness, but this parameter could be included in
the TEOS/NPs ratio via the specific surface: smaller nanoparticles present

higher specific surface available for ligand exchange, which would consume
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more silica reagent and consequently reduce the TEOS/NPs ratio. Table 6.1
summarizes the influence of these parameters over the silica shell thickness

obtained from the literature?34240:24¢

Table 6.1. Relation between the key parameters and the silica shell thickness

Parameter If increased If decreased Cause
TEOS/NPs ratio |>Thickness <Thickness Quantity of
reagent
Water/surfactant . . Size of
. >Thickness <Thickness water
ratio (w) d
roplets
Kinetic
Reaction time >Thickness <Thickness control of
the reaction

As it was reported by Li and coworkers, it is necessary to match the quantity of
nanoparticles with the w-coefficient to ensure a one-to-one coating. For a given
w-coefficient and nanoparticle size, the thickness of the silica shell increases as
the amount of TEOS increases. However, this strategy permits to tune the
thickness in a very narrow range, from 5 to 8 nm. In our study, all attempts to
tune the silica shell thickness by varying only one parameter failed. For
example, the silica shell thickness could not be drastically reduced by only
diminishing the w-coefficient. On the other hand, a vast increase in the w-
coefficient could lead to the destabilization of the microemulsion rendering
polydisperse samples (Figure 6.1A) instead of increasing the silica shell
thickness. In addition, the thickness could not be increased by increasing too
much the TEOS/Nanoparticles ratio. This resulted in the formation of many
empty silica spheres of similar size as the core@shell ones (Figure 6.1B). On
the other hand, the reduction of this parameter resulted in the formation of multi-
core@shell nanoparticles, which compromised the homogeneity of the sample
(Figure 6.1C).
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50 nm

Figure 6.1. TEM micrographs of our attempts to control the silica shell thickness
when coating Fe30,4 nanoparticles by changing only one parameter: a)
increased w-coefficient, b) increased TEOS/NPs ratio and c) reduced
TEOS/NPs ratio.

In contrast, we observed that by combining these parameters we can finely
control the silica shell thickness over a wide range, from approximately 30 nm to

<1 nm.

Table 6.2 shows the synthetic conditions for each synthesis of the silica shell
control experiments, the obtained mean diameter of the core@shell
nanoparticles and the silica shell thickness. The nanoparticles were analyzed by
TEM micrographs: The mean total diameter was measured over 200
nanoparticles. The mean silica shell thickness was measured from the ending of
the silica shell to the beginning of the magnetite core of the same particles. The
diameter of the Fe3O,4 nanoparticles was 7.5 nm.
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shell thickness. (*) The silica shell thickness was too small to

measured (< 0.5 nm).

be accurately

SPIONs Result | Result
o || reos | 'SEES [Anmona| Tme | e | siia
size) diameter thickness
1 10 pL S L 240 mg 40 pL 3h 16 nm 4 nm
2 10 pL 10 pL 240 mg 40 puL 3h 20 nm 6.5 nm
3 10 pL 15 uL 240 mg 40 pL 3h 20 nm 6 nm
4 10 pL 20 pL 240 mg 40 pL 3h 22 nm 7nm
5 10 pL 25 L 240 mg 40 pL 3h 23 nm 7.5nm
6 10 pL 30 pL 240 mg 40 pL 3h 25,5 nm 9nm
7 10 pL S uL 240 mg 40 pL 1lh 8,5 nm <0.5 nm*
8 10 pL 10 L 240 mg 40 pL 1lh 16 nm 4.5 nm
9 10 pL 15 uL 240 mg 40 pL 1lh 14,5 nm 3.5nm
10 10 pL 20 L 240 mg 40 pL 1h 16 nm 4 nm
11 10 pL 25uL | 240mg | 40pL 1h 18 nm 5 nm
12 10 pL 30uL | 240mg | 40pL 1h 20 nm 6 nm
13 10 pL 20 pL 240 mg 40 pL 24 h 55 nm 21 nm
14 10 pL 30 pL 340 mg 40 pL 24 h 82 nm 35 nm

Our experimental results demonstrated that the silica shell thickness could be
tuned in a wide range, from 0.5 to 35 nm. In experiments 1 to 6 we maintain
constant the w-coefficient, and the results are in concordance with the
observations reported by Li and coworkers: for a constant w-coefficient and
particle size, the shell thickness increased when the amount of TEOS
increased. The experiments 7-12 demonstrated that, in addition to the w-
coefficient, the reaction time also plays a role that would permit to finely tune
the silica shell thickness with nanometric precision. These results have been
plotted in Figure 6.2 and the volume of the silica shell thickness increases
linearly with the amount of TEOS.
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Figure 6.2. Representation of the silica shell volume increase as a function of
the amount of added TEOS.

However, the reaction time showed a great importance for obtaining thicker
silica shell thicknesses, as demonstrated with experiments 4, 10 and 13: with
the same w-coefficient and TEOS/nanoparticles ratio, the variation of the
reaction time permitted to tune the silica shell thickness from 4 to 21 nm.
Reaction times above 24 hours did not produce any significant difference in the
silica shell thickness, which would indicate that all silica precursors reacted. In
addition, the increase of the TEOS above 30 pL produced the formation of silica
aggregates. Therefore, the maximum silica shell thickness that we could obtain

was 35 nm when TEOS was increased to 30 pL.
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Figure 6.3. Representative TEM micrographs of the Fe3;0,@SiO, nanopatrticles

with different shell thickness: a) less than 1 nm, b) 3.5 nm, ¢) 6 nm, d) 9 nm, e)
21 nm and f) 35 nm.

Figure 6.3 shows some representative TEM micrographs to summarize the
silica shell control obtained by the combination of the key parameters as
detailed in the previous table. These experiments demonstrated that it is
possible to tune the silica shell thickness over a wide range, without
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compromising neither the stability nor the homogeneity of the final
nanoparticles. In addition, these parameters have been studied with highly
monodisperse and individual Fe;O4 nanoparticles with approximately 7.5 nm of
diameter and therefore the parameters may vary for other samples with different
sizes and/or compositions. The method can be extended to different
nanoparticles. For instance, hydrophobic upconversion nanoparticles were
coated with silica to achieve a tunable shell thickness ranging from 3 to 19 nm,

as shown in Figure 6.4.

B o b

Figure 6.4. UCNPs@SiO, nanopatrticles with different silica shell thickness: A) 3
nm B) 5 nm C) 11 nm and D) 19 nm.

To obtain the one-to-one coating, it was necessary to fix the quantity of
upconversion nanoparticles to the w-coefficient and therefore in these reactions
the volume of nanoparticles was increased to 500 pL of a 20 mg/mL solution in

hexane.
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6.2.2 Co-encapsulation of nanoparticles and molecules within the silica

shell

The encapsulation of molecules within silica nanoparticles has received an

116247.248 The  silanization in a reverse

important  scientific  attention
microemulsion can be also used to co-encapsulate water soluble molecules
within the silica shell. This fact opens a new possibility for the fabrication of
hybrid materials combining into one an inorganic and an organic part, leading to
an improved system with more properties than those constituted by only one
component. The main restrictions are that the desired molecule must be totally
soluble in the basic media of the agueous phase and must not have surfactant

activity, so that the microemulsion remains stable during the process.

The co-encapsulation process begins with the preparation of a concentrated
solution of the aqueous soluble molecule in ammonia. Then, the process is
similar to a typical synthesis and the microemulsion is formed with the molecule
of interest in the aqueous phase. It is worth to mention that the process can be
performed without previous inorganic nanoparticles, which would yield silica

spheres encapsulating the molecules.

In this chapter we have studied the encapsulation of two different water soluble
molecules within the silica shell. In both cases, the purification steps were
realized carefully: After the synthesis, the dispersions of the nanoparticles were
centrifuged and the supernatant was discarded. The pellet was redispersed in
ethanol and cleaned in an ultrasound bath for 15 minutes to remove any
physisorbed molecule in the surface of the nanoparticles. This process was
repeated until the supernatant was completely transparent, to ensure that all the

molecules in the final purified solution were encapsulated in the silica shell.
SIO,@PTEBS:

PTEBS is a fluorescent water soluble n-n conjugated polymer based on poly(3-
ethoxy-butyl-sulfonate-thiopehene-2,5-diyl). The fluorescent properties of this
polymer and derivates has been extensively studied in our group®°2?*®° for
sensing applications. In this chapter we have encapsulated PTEBS within silica

nanoparticles as a proof of concept, in which we demonstrated that the
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nanoparticles are fluorescent after the encapsulation process of the PTEBS,

see Figure 6.5.
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Figure 6.5. A) TEM micrograph of the SiO,@PTEBS nanopatrticles. Scale bar is
50 nm. The inset is a picture taken from the vial containing the nanoparticles. B)
Photoluminescence of the original PTEBS polymer (red curve) and the PTEBS
encapsulated in the silica nanoparticles (blue curve). The excitation wavelength

was 420 nm.

In the TEM micrographs, the SiO,@PTEBS nanoparticles showed a higher
contrast and appeared darker than the normal SiO, nanoparticles synthesized
in the same conditions, indicating that the PTEBS is effectively encapsulated in
the nanoparticles. In addition, the TEM micrographs confirmed that the
encapsulation of molecules within the silica did not significantly affect the size
and shape of the final nanoparticles.

Fe;0,@SiO,@Methylene Blue:

Methylene blue (MB) is a commonly used molecule in biomedicine for stain,
cyanide poisoning and as a drug in the treatment of methemoglobinemia.
Recent studies have also demonstrated that MB could be used as a photoactive

compound in photodynamic therapy®***

. However, photodynamic therapy
requires the accumulation of the photosensitizer in a specific location, and the
high aqueous solubility of this molecule would lead to an enormous distribution
of the drug. The encapsulation of MB in a confined space with magnetic
properties would be an interesting approach to improve the photodynamic

therapy. In this chapter we have prepared such nanosystem based on
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Fe;0,@SiO,@MB nanoparticles. The MB shows a characteristic blue color in
agueous solution, which is retained in the Fe;0,@SiO,@MB nanopatrticles, see
Figure 6.6A. When the sample was exposed to an external magnetic field, after
a short time the solution was transparent, and a blue precipitate was formed in

the wall of the vessel near the magnet (Figure 6.6B).

Figure 6.6. Left: Picture taken from the solution of Fe;0,@SiO,@MB
nanoparticles. Right: The same solution after being exposed to an external

magnetic field of 0.4 T.

This experiment could also confirm that the methylene blue was effectively
encapsulated within the Fe;O,@SiO, nanoparticles, and therefore the non-

encapsulated MB was removed during the purification process.

In addition, we studied the drug loading capacity of MB in this process using

UV-Vis spectroscopy. The drug loading capacity is defined as follows:

_ mg(MB)

= x100
mg(sample)

eff

Where mg(MB) is the weight of Methylene Blue in milligrams in the sample and
the mg(sample) is the total weight of the sample. The mg(MB) value was

obtained from UV-Vis measurements (Figure 6.7).
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Figure 6.7. A) UV-Vis spectra of the known concentrations of methylene blue

(red curves) and the UV-Vis spectrum of the Fe;0,@SiO,@MB nanopatrticles
(black curve). B) Linear fit of the absorbance of MB at 655 nm versus MB

concentration.

Figure 6.7A shows the UV-Vis spectra of MB solutions. In the experimental
range of concentrations, the absorbance was directly proportional to the MB
concentration as stated by the Beer-Lambert law. Figure 6.7B shows the
calibration plot and the linear regression obtained experimentally for MB. Using
this calibration we found that the concentration of encapsulated MB was

1.267-10° mg/mL.

The total weight of the sample was calculated by weighing the solid residue
after drying 1 mL of the Fe;0,@SiO,@MB solution. The mean mg(sample)
obtained from these experiments was 0.47 + 0.04 mg. Subsequently, the drug
loading capacity for MB within the Fe;0,@SiO, nanoparticles was calculated to
be 0.269%.
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6.2.3 Extension of the method: Tunable core in the silica shell

Monodisperse SiO, nanoparticles can be synthesized without using any
previously —synthesized nanoparticles or seeds®. Furthermore, this
methodology can be also applied to different inorganic cores. In this chapter we
have developed several syntheses of core@shell nanoparticles with different
core nature. In all cases, hydrophobic inorganic nanoparticles with a
homogeneous size distribution were prepared according to previously published
procedures: Gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) were
prepared in toluene with oleylamine as both reducing and capping agent®**.
Rare-earth doped B-NaYF, nanoparticles (UCNPSs) were synthesized by thermal
decomposition of the salt precursors in the presence of oleic acid, which acts as
capping agent®. CdSe/ZnS alloys were used as Quantum dots (QDs) and were

> with oleic acid as

prepared following a previously published procedure®
capping agent. The Fe3z0,4 nanoparticles (SPIONs) were synthesized by thermal
decomposition of the iron (lll) oleate complex in the presence of oleic acid that
acts as capping agent.

Koole and coworkers®®*® proposed a possible reaction mechanism for the
silanization reaction in a reverse microemulsion. In this work, the authors
proposed a ligand exchange between the organic capping agent of the QDs and
the activated -or hydrolyzed- silane precursor (TEOS), as depicted in Figure

6.8.

- TEOS Condensation
® Ammonia (25% O G é Y
¢ mamd " ‘J
(¥
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InorganicNPs Hexane

Reverse Microemulsion

Figure 6.8 Schematic representation of the mechanism involved in the silica
coating of inorganic nanoparticles. 1) Ligand exchange between the capping
agents of the nanoparticles with Igepal and/or TEOS. 2) Phase transfer of the
nanoparticle into the agueous domain. 3) Condensation of the silica to form the
final core@shell nanoparticles.
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This ligand exchange rate and yield would be determined by the affinity
between the nanoparticle surface with the leaving ligand and the hydrolyzed
TEQOS. Therefore, strongly bound capping agents would be harder to exchange
than the weakly bound ones. This parameter depends on the nature of the
capping agent and the nature of the inorganic nanoparticle. Oleic acid (as
model of the carboxylic acids with a long hydrocarbon chain) is generally
considered as a weakly bound capping agent, whereas oleylamine (model of
the primary amines with a long hydrocarbon chain) is known to bind strongly to
the surface of the nanoparticles. The thiolated capping agents are usually
considered as the strongest for bonding with the nanoparticles, especially with
metal nanoparticles'®”?*®. In this chapter we have used oleic acid-coated and
oleylamine-coated nanoparticles for the silica coating in a reverse
microemulsion. The synthetic conditions were similar for all the syntheses, and
the conditions for obtaining the Fe;0,@SiO, nanoparticles were considered as
reference. The concentration of nanoparticles was calculated for each sample
considering the different size and density of the nanoparticles, so that the
TEOS/NPs ratio was constant between the different samples.

Figure 6.9 shows the TEM micrographs of the different inorganic nanoparticles
that were coated with a silica shell by the reverse microemulsion method.
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Figure 6.9. TEM micrographs of A) Fe30,@SiO, B) CdSe/ZnS@SiO,, C)
NaYF4.Yb,Er@SiO,, D) Ag@SiO, and E) Au@SiO, nanopatrticles. Scale bars
are 50 nm.

These results demonstrated that the methodology could be applied for different
kind of materials like iron oxide, quantum dots, upconversion, gold and silver
nanoparticles. Despite some modifications in the synthetic parameters, such as
matching the number of nanoparticles to the w-coefficient, our experiments

revealed that this methodology was independent from the nature of the
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nanoparticles, which confirmed that the mechanism would be related with the
ligand exchange between the reagents and the capping agents of the
nanoparticles. We observed that the yield was higher when the nanoparticles
were coated with oleic acid (SPIONs, UCNPs and QDs). The TEM micrographs
(Figure 6.9A-C) showed that the nanoparticles were homogeneously coated
(the nanoparticle was in the middle of the silica shell) and also the quantity of
multi-core nanoparticles was negligible. On the contrary, when the
nanoparticles were coated with oleylamine (AuNPs and AgNPs) the TEM
micrographs (Figure 6.9D-E) showed that the nanoparticles were less
homogeneously coated by silica and also there are more multi-core
nanoparticles. Theoretically, the yield of Au@SiO, and Ag@SiO, nanoparticles
could be increased by changing the capping agent. However, all our attempts to
produce oleic acid-capped AuNPs and AgNPs failed.

The silica coating of the inorganic nanoparticles provided aqueous solubility to
the system without altering the properties of the inner material. In the previous
section it was demonstrated that the silica coated iron oxide nanoparticles were
still magnetically attracted by an external magnetic field. The optical properties
of the fluorescent QDs and UCNPs nanoparticles as well as of the plasmonic
Au and Ag nanopatrticles were not affected by the silica shell, see Figures 6.10

and 6.11, respectively.
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Figure 6.10. A) Pictures taken from green and red QDs@SiO; solutions in the
absence (left) and under UV illumination (right). B) Pictures taken under room
illumination (left) and under a CW 980 nm laser radiation without room light

(right) from UCNPs in hexane (upper row) UCNPs@SIiO; in ethanol (lower row).
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Figure 6.11. A) Dispersion of Au NPs in hexane (left) and Au@SiO; in ethanol
(right). B) UV-Vis spectra of the Au NPs (black curve) and Au@SiO,
nanoparticles (red curve). C) Dispersion of Ag NPs in hexane (left) and
Ag@SiO; in ethanol (right). D) UV-Vis spectra of the Ag NPs (black curve) and
Ag@SiO; nanoparticles (red curve).
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In Figure 6.10A one can observe that the CdSe/ZnS@SiO, nanoparticles
remained fluorescent under excitation with a UV lamp. Therefore, the Quantum
Dots (both green and red QDs) were successfully transferred to aqueous
solution without altering the fluorescence properties. In Figure 6.10B it is shown
that the NaYF4,Yb,Er@SiO, nanoparticles presented the upconversion
fluorescence under excitation with a CW 980 nm laser, in the same way that the
original nanopatrticles dispersed in hexane did. In Figure 6.11 one can observe
that the Au@SiO, and Ag@SiO, nanoparticles presented a similar UV-Vis

spectrum profile as the original nanoparticles.

6.2.4 Surface functionalization on the silica shell

An important advantage of having inorganic nanoparticles coated with silica is

that this cover can be easily functionalized®"**®

. In this chapter we have
already demonstrated that the silica shell can be used to encapsulate different
molecules. Another possibility is that the silica shell can be easily functionalized,
which permits to attach molecules that can bind drugs, enzymes, biopolymers,
etc. Thus, the polymerization of the silane precursor in basic media leads to
nanoparticles with a negatively charged surface (Si-O’). The functionalization
pathway often starts with the reaction of a functionalized silane monomer which
acts as an end group in the polymerization®°%%°. This well established protocol
for the addition of a monolayer can be carried out in “one-pot”, together with the

reverse microemulsion. However, the results are not always reproducible.

For the above reason we proceeded with the surface functionalization always
after the purification of the core@shell nanoparticles. Figure 6.12 shows the
chemical structure of several silane precursors. The tetraethyl orthosilicate
(TEOS) has four good leaving groups and therefore can be further polymerized.
On the contrary, (3-aminopropyl)triethoxysilane (APTES) and the other
functionalized silane precursors, GPS and MPS, possesses a functionalization
in a bad leaving group that remain within the structure and avoids further
polymerization of silane monomers. Therefore, these molecules can be

incorporated in the surface of the silica nanoparticles as monolayers.
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Figure 6.12. Chemical structures of commercially available silane reagents:
tetraethyl orthosilicate (TEOS), (3-glycidyloxypropyltrimethoxysilane (GPS), (3-
aminopropyl)triethoxysilane (APTES) and (3-mercaptopropyl)trimethoxysilane
(MPS).

Figure 6.12 shows the most used silane reagents in nanoparticle synthesis, but
it is important to note that there are hundreds of commercially available
monomers with different functional groups that can be used in a similar way.
The surface functionalization with these silane reagents can be directly
performed in a suitable solvent for the nanoparticles, for the reagent and if
possible for the functionalized nanoparticles. The selected solvent for this first
step was ethanol, in which the nanoparticles and an excess of functional silane
reagent were mixed and stirred overnight at room temperature. The
functionalized particles were purified by centrifugation (8500 rpm 10 minutes)
and the supernatant containing the unreacted silane reagent was discarded.
The functionalization could be determined by Z-potential measurements and

FTIR spectroscopy, as shown in Figure 6.13.
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Figure 6.13. A) Z-potential measurements of UCNPs@SiO; nanopatrticles
(black curve) and amino-functionalized UCNPs@SiO, nanopatrticles (red curve).
B) FTIR spectra of Fe30,@SiO, nanopatrticles (red curve) and epoxy-
functionalized Fe3;0,@SiO, nanoparticles (blue curve). The green curve is the

FTIR spectrum of the GPS silane reagent, measured as control.

This first functionalization step provides functional groups (amino, mercapto,
epoxy, vinyl...) in the surface of the silanized nanoparticles. However, the
engineering of advance functional materials often require the attachment of
complex molecules such as vitamins, polymers, enzymes, antibodies, DNA,
drugs... etc. This can be realized by exploiting highly selective reactions
between the functional groups in the surface of the nanoparticles and the
functional groups in the molecule to be attached. It is important to note that
there is not just one reaction to anchor any molecule to the surface of the
nanoparticles, and therefore the synthetic pathway must be carefully designed
taking into consideration many parameters: stability of the molecule in different
reaction conditions, functional groups available and specificity of the reaction,
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expected yield, etc. In addition, the chemical reactions that can be performed at
room temperature are preferable for the stability of the silanized nanoparticles.
Among others, EDC coupling and “click” chemistry have been demonstrated as
very useful pathways to attach biomolecules to different surfaces. Both
reactions are very specific and can be carried out in agueous solution at room
temperature, which avoids the denaturation of proteins and the destabilization
of the nanoparticles. In this section we have used these reactions to attach
different molecules such as DNA, folic acid, polyethylene glycol (PEG) and

doxorubicin.
6.2.5 Covalent binding of biomolecules to the functionalized silica surface

Below we will show several examples of covalent attachment of biomolecules to

silica coated nanoparticles.
DNA:

Deoxyribonucleic acid is a biopolymer that self-assembles in a unique manner
according to the base pairing rules. This characteristic makes the DNA as an
ideal candidate for many biomedical applications. In this chapter we have
studied the DNA attachment to silanized upconversion nanopatrticles for sensing
applications. Monodisperse NaYF4:Yb(20%),Er(2%) (UCNPs) were coated with
a SiO, shell by the reverse microemulsion method?®*. The surface of the
nanoparticles was functionalized first with amino groups by the reaction with
APTES (30 pL) in 5 mL of ethanol. After the purification steps, succinic
anhydride (200 mg) and the amino-functionalized UCNPs@SiO, nanoparticles
were mixed in 8 mL of DMF, which yielded carboxylic acid-functionalized
UCNPs@SiO; nanoparticles. The functionalization steps were confirmed by Z-
potential measurements (see Figure 6.14).
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Figure 6.14. Z-potential measurements of the surface-functionalized
upconversion nanoparticles: UCNPs@SiO2 nanoparticles (red curve);
UCNPs@SiO2-NH2 nanoparticles (blue curve); and UCNPs@SiO2-COOH

nanoparticles (green curve).

The single strand DNA oligomers were synthesized with a hexylamine residue
in 5" and a fluorescent dye (Cy3) in 3’. The attachment of this DNA chains to the
surface of the nanoparticles was performed by the coupling reaction catalyzed
by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) between the
carboxylic acid groups in the nanoparticles and the amine groups of the DNA
oligomers. The reaction was performed in a borate buffer solution (BBS) to
prevent the denaturation of the DNA. The coupling reaction was performed by
mixing 2 mL of the carboxylic acid-functionalized UCNPs@SiO, nanoparticles
(2.82 mg/mL), 20 pL of EDC (0.3 M in BBS) and 40 pL of Sulfo-NHS (0.3 M in
BBS). This mixture was shaken for 5 minutes, and then the aqueous solution of
DNA oligomers (30 pL, 220.65 pM) was added. The reaction was stirred
overnight and the DNA-functionalized nanoparticles were purified by
centrifugation at 16400 rpm for 20 minutes and redispersed in PBS solution.
The purification was repeated twice. The presence of the DNA within the
nanoparticles was determined by the fluorescence of the Cy3 dye in the 3’ end
of the DNA branches (Figure 6.15).
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Figure 6.15: Fluorescence spectra obtained from the solutions containing: the
DNA-Cy3-functionalized UCNPs@SiO, nanopatrticles (red curve), the
supernatant of the reaction containing the non-anchored DNA-Cy3 (pink curve),
and UCNPs@SiO; nanopatrticles without DNA-Cy3 functionalization (black

curve). The excitation wavelength was 543 nm.

This measurement stated the presence of the Cy3 within the nanopatrticles after
all the centrifugation and redispersion steps, including the exposition to an
ultrasound bath. This result indicated that the EDC coupling reaction was
effective and therefore the DNA oligomers were covalently attached to the

surface of the nanoparticles.
FOLIC ACID:

Folic acid is a very important biomolecule, also referred as vitamin Bg or vitamin
M. This molecule is crucial for the cell growth and it is believed that cancer cells
and tissues over-express folate receptors®®?. In this section we performed the
covalent attachment of folic acid molecules onto the surface of silanized
upconversion nanoparticles with a very high yield, which could serve as a
targeting ligand towards tumoral tissues. Monodisperse NaYF,4:Yb(20%),Er(2%)
(UCNPs) were coated with a SiO, shell by the reverse microemulsion method.
The surface of the nanoparticles was functionalized first with amino groups by
the reaction with APTES (30 pL) in 5 mL of ethanol. The folic acid was
anchored to the surface by the EDC coupling reaction in DMF: 0.3 mg of EDC
and 0.6 mg of Sulfo-NHS were dissolved with an excess of folic acid (200 mg)
in 10 mL of DMF. Next, 5 mL of a DMF solution containing 2 mg of amino-
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functionalized UCNPs@SiO, nanoparticles were added dropwise. The EDC
coupling reaction would yield amide groups formed between the amino groups
of the nanoparticles and the carboxylic groups of the folic acid. The mixture was
stirred at room temperature overnight, and the folic acid-functionalized
nanoparticles were purified by centrifugation at 10.500 rpm 20 minutes. The
supernatant containing the excess of folic acid, reagents and reaction by-
products was discarded. The yellow pellet was redispersed with ethanol and the
sample was exposed to an ultrasound bath for 5 minutes to release any
physically absorbed molecules in the surface of the nanopatrticles. This process
was repeated three times, until a clean and transparent supernatant was
obtained. The yellow-colored pellet suggested the presence of folic acid with the
nanoparticles, which was quantified using UV-Vis spectroscopy (see Figure
6.16)
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Figure 6.16: Left: UV-Vis measurements of the folic acid solutions at different
known concentrations (from 0.006 to 0.17 mg/mL) and the curve obtained with
the folic acid-functionalized UCNPs@SiO, nanopatrticles (black curve). Right:
Representation of the absorption value at 282 nm versus the folic acid
concentration ranging from 0.04 to 0.17 mg/mL.

The representation of the absorption at 282 nm against the concentration of

folic acid rendered a linear calibration curve between 0.04 and 0.17 mg/mL of
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folic acid. The folic acid concentration in the sample with nanoparticles was
calculated to be 0.11 mg/mL. The percentage of folic acid within the
nanoparticles was 5.5%, which is a very high value for this kind of

nanosystem?®.
PEG:

Polyethylene glycol is a commercially available agueous soluble polymer that is
present in several applications®®*. Regarding to biomedicine, PEG is the most
used polymer due to its characteristics: it is generally recognized as
biocompatible and non toxic; it is known for providing stealth properties to
nanomaterials against the reticulo-endothelial system (RES) that increases their
lifetime in bloodstream; and it is used for exploiting the enhanced permeability
and retention effect (EPR) in tumors. In this section we have successfully
attached PEG chains to silanized NaYF4:Yb,Tm nanoparticles by EDC coupling:
Methoxypolyethylene glycol carboxylic acid (25 mg, 5-10° mmol) was dissolved
in 5 mL of a PBS solution (0.1 M sodium phosphate, NaCl, 0.15 M, pH 7.3) prior
to the addition of an EDC solution in PBS (100 pL, 0.2 M) and Sulfo-NHS (200
pL, 0.2M). This mixture was stirred for 10 min. After that, 5 mL of a PBS solution
containing 25 mg of amino-functionalized NaYF,:Yb,Tm@SiO, nanoparticles
were added. The reaction mixture was stirred overnight at room temperature.
The PEG-functionalized NaYF4;.Yb, Tm@SiO, nanoparticles were purified by
centrifugation (10.000 rpm, 20 minutes) three times. The Figure 6.17 depicts the
FTIR spectra of NaYF4:Yb,Tm (dotted line) NaYF4:Yb, Tm@SiO, (blue line) and
NaYF4:Yb,Tm@SiO,-PEG (red line) nanopatrticles.

The FTIR spectrum of the pristine NaYF4:Yb,Tm nanoparticles presented the
characteristic bands between 2900 and 2700 cm™ due to existence of CH,
and CHj; groups and two bands at 1558 and 1403 cm-;, which corresponded
to the asymmetric and symmetric stretching vibration of the COO™ groups,
respectively. These bands were attributed to the presence of oleic acid as
capping agent on the surface of the nanoparticles. After coating the
NaYF4.Yb,Tm nanoparticles. After coating the nanoparticles with SiO, the
spectrum showed the characteristic absorption peaks of silica located at
1100, 935, and 750 cm™, which were attributed to the stretching of Si-OH
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groups and the symmetric stretching of the Si-O-Si groups, respectively. After
grafting the PEG chains, the FTIR spectrum of these nanoparticles depicted
new bands located at 1452, 1344, 1259, 960, and 840 cm™ as well as an
increment of the intensity of those bands localized between 3000 and 2800

cm™, which were attributed to the presence of the PEG chains.
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Figure 6.17. FTIR spectra of NaYF,4:Yb,Tm (dotted black line),
NaYF4:Yb,Tm@SiO; (blue line) and NaYF4:Yb,Tm@SiO,-PEG (red line). The
inset depicts a magnification of NaYF.:Yb,Tm@SiO,-PEG spectra in the region
comprised between 2000 and 400 cm™.

These results indicated that the PEG chains were present with the
nanoparticles after all the purification steps. In addition, the colloidal dispersion
in water of the PEG-functionalized NaYF,:Yb, Tm@SiO, nanoparticles showed
more stability when compared to the colloidal dispersion in water of amino-
modified NaYF4:Yb, Tm@SiO, nanopatrticles.
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DOXORUBICIN:

Doxorubicin (Dox) is a drug used in anticancer chemotherapy. The chemical

structure is an anthracycline (see Figure 6.18) that works by intercalating DNA.

NH,

Figure 6.18: Chemical structure of doxorubicin.

The therapy with Dox is usually related with severe side effects and therefore it
would be desirable to localize the drug specifically in tumoral tissues, which is
commonly known as drug targeting. The majority of the scientific efforts to

265

achieve this targeting have been focused into the EPR effect?®®, tumoral pH?®®

or oxygen differences®®’ for the activation or deactivation of a prodrug, and
specific targeting through the use of cell markers or antibodies®®®2".
Alternatively, externally stimuli responsive systems are emerging as another

option for localizing the effect of a drug®*>"

. We have developed a
photoresponsive material that was loaded with Dox. When the system was
exposed to the light stimulus, the drug was released. For this,
NaYF4.Yb,Tm@SiO, nanoparticles were synthesized and the surface was
functionalized with PEG and a photoresponsive molecule (0-NBA) that was
conveniently modified, see Figure 6.19. The o-NBA derivative was attached to
the surface of the nanoparticles by the EDC coupling reaction between the
amino groups in the surface of the nanoparticles and the carboxylic acid of the

photoresponsive molecules in DMF.
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Figure 6.19. 4-(3-(acryloyloxymethyl)-4-nitrophenoxy)butanoic acid. Structure of

the modified ortho-nitrobencylalcohol photoresponsive molecule.

The presence of the o-NBA derivate in the nanoparticles was demonstrated with
UV-Vis spectroscopy. As shown in Figure 6.20, the maximum at about 320 nm

corresponds to the o-NBA derivate.
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Figure 6.20. Left: UV-Vis spectra of bare UCNP@SIiO, nanopatrticles (black)
and the photoresponsive o-NBA-functionalized UCNP @ SiO, nanopatrticles.
Right: Picture taken from the last centrifugation step of the o-NBA-functionalized

NaYF4:Yb,Tm nanoparticles.

The Dox was attached directly to the photoresponsive molecules in the surface
of the NaYF4.Yb,Tm@SiO, nanoparticles by a thiol-acrylate Michael addition
reaction'?*. Prior to this reaction, Dox was thiolated according to a previously
published procedure®™. The thiol-acrylate reaction was considered as ideal in

our synthetic pathway because it is very specific and can be performed at room
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temperature: 25 mg of PEG and o-NBA functionalized NaYF4:Yb,Tm@SiO,
nanoparticles were dissolved in 5 mL of Milli-Q water. An excess of thiolated
Dox (300 mg) in 2 mL of Milli-Q water was added to the previous solution and
the mixture was stirred at room temperature overnight. The purification of the
Dox-functionalized NaYF4:Yb,Tm@SiO, nanoparticles was performed by
centrifugation at 13500 rpm for 20 minutes, and the precipitates were washed
three times with Milli-Q water, combining centrifugation and redispersion in an
ultrasound bath in order to remove the not anchored Dox. This cleaning process
was repeated until a transparent supernatant was obtained (see Figure 6.21B).

The presence of Dox was determined by UV-Vis spectroscopy (Figure 6.21A).
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Figure 6.21. A) UV-Vis spectroscopy measurements of the NaYF4:Yb, Tm@SiO,
nanoparticles and Dox-loaded NaYF4:Yb, Tm@SiO, nanoparticles. B) Picture
taken from the last centrifugation step of the Dox-loaded NaYF4:Yb, Tm@SiO,

nanoparticles.

This result indicated that the thiol-acrylate Michael addition reaction was
appropriate for attaching the Dox directly to the photocleavable molecule in the
surface of silanized nanopatrticles. It is important to note that the Dox should be

covalently bound to the photocleavable molecule in the hydroxyl group with a
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nitro group in ortho. Otherwise, the photodegradation of the o-NBA molecule

would not release the Dox.

With these examples, such as DNA, Folic acid, PEG and Dox, we demonstrated
that this method is very versatile and it is possible to anchor any molecule for a

certain application in the surface of the silica.

6.3 Conclusions

The controlled polymerization of TEOS in a reverse microemulsion has been
studied as a building block for nanoengineered materials. By controlling the
reaction conditions the silica shell thickness can be controlled. Furthermore, we
demonstrated that this methodology permits to encapsulate hydrophilic
molecules within the silica shell and that this method can be used to provide a
homogeneous silica coating to a great variety of inorganic nanocrystals: iron
oxide, gold, silver, quantum dots and upconversion nanoparticles. Such
versatility opens the possibility for combining many different properties from
inorganic nanomaterials such as plasmonics, superparamagnetism or
fluorescence with many different organic molecules. Moreover, the silica coating
of the inorganic nanoparticles provided colloidal stability in aqueous media to
the system, without altering the original properties of the inorganic cores. In
addition, it has been demonstrated that the silica surface can be further
modified with different functional groups and molecules. Putting all these
possibilities together, the silica coating has demonstrated a special potential in
the design of multifunctional nanostructured materials that could be applied in a
wide range of fields.

We have used these silica based building blocks for the synthesis of functional
materials for different applications: sensors, nanocarriers, catalysts, and stimuli-
responsive drug delivery systems. The next two chapters are applications of
silica coated upconversion fluorescence nanoparticles for DNA sensing and for

phototriggered drug delivery.
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7.1 Introduction

DNA is a biopolymer that can self-assemble in a unique manner according to
the Watson-Crick base pairing rules. This self-assembly between two
complementary polymer chains, known as hybridization, is very specific and is
based on the cooperative hydrogen bonds produced between the base pairs,
rendering a double helix structure. The DNA base-pair complementarities have
shown great potential in nanotechnology as structural material in DNA
origami®”®, polyhedral structures?”®, nano-mechanical devices?’’, and as
templates for the self-assembly of other materials such as gold
nanoparticles?’®?%°. This hybridization process has also been of great interest
in biomedicine for application in sensors®®!. The specificity of the self-assembly
between complementary DNA strands can be employed for the detection of

182 or bacterial®®®

certain sequences of interest, which are related to vira
infections as well as in the detection of specific human DNA or mRNA

sequences for the diagnosis of diseases?®* or mutations®>.

Biosensors based on controlled quenching of fluorescence labels have shown
significant advantages when employed as molecular beacons for amplified
detection of metal ions and organic molecules®*®2%. Such sensors are typically
designed with an energy transfer pair in which the fluorescence of the donor is
effectively quenched by the acceptor. The addition of complementary target
DNA or RNA induces a separation between the donor and the acceptor, and
consequently the fluorescence of the donor is turned on proportionally to the
concentration of the target. The sensing of DNA using these assays is often
based on a self-complementary sequence within a hairpin loop that creates an
intimate contact between the quencher and the fluorescent dye. Upon the
addition of the complementary DNA, the hybridization results in the separation

of the fluorophore from the quencher and the fluorescence can be detected?®*-

291 Other assays can detect the activity of DNAase enzymes, which can
selectively cleave a specific nucleotide sequence, thus separating the
fluorophore from the quencher and restoring the fluorescence®®. Although there
are many strategies for the design of DNA-based sensors, the detection

sensitivity is determined by the fluorophores. The commonly used organic dyes
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suffer from photobleaching, while inorganic quantum dots exhibit blinking
effects. However, the main drawback is the excitation wavelength of these
fluorophores, which is normally located in the UV-Vis region. As consequence,

3 and the inner

the fluorescence background originating from biomolecules?®
filter effect caused by the absorption of other species®®* limit the detection
sensitivity. These drawbacks could be overcome wusing upconversion
nanoparticles (UCNPs) as fluorescence donors®®. The UCNPs are lanthanide-
doped inorganic materials, which are able to absorb two or more low-energy
photons and emit fluorescence at a shorter wavelength than the excitation

wavelength?®®

. It is important to note that the upconversion fluorescence is
produced by the inner 4f-4f orbital electronic transitions that are shielded by the
complete 5s and 5p orbitals and as consequence the emission lines are very
sharp and stable. The UNCPs have shown several advantages as fluorescence
probes due to their high chemical and photochemical stability, low toxicity, large
Stokes shifts, lack of photobleaching and absence of blinking. Due to these
advantages, the UCNPs have been used in different applications®®’ 3%,
However, the most important feature that makes the UCNPs an alternative to
classical organic dyes is the excitation wavelength, which is located in the near-
infrared (NIR) region (typically 980 nm). At this excitation wavelength
biomolecular autofluorescence is avoided, while obtaining a lower light
scattering when compared with UV-Vis radiation®®®. For these reasons, the
signal-to-noise ratio can be greatly enhanced by using UCNPs as biological
labels®***. However, the quenching of this fluorescence is only possible on the
surface of the particles®®. For this reason, the upconversion fluorescence
should be emitted by small nanoparticles, in which the surface-related effects
are dominant. Thus, an effective quencher for upconversion fluorescence is
difficult to find®*®. Up to date, only gold nanoparticles and graphene derivates
have been successfully used as quenchers for upconversion fluorescence®’"3%8,
Graphene oxide (GO) has been used as an ultra-highly efficient quencher for
UCNPs, when the nanoparticles are in intimate contact with the GO surface®®?.
For this to happen, it would be necessary to functionalize the UCNPs with
molecules capable of physisorbing onto the GO surface. It has been
demonstrated that single-strand DNA (ssDNA) biopolymers have a strong

affinity for the surface of GO due to strongly attractive n-n interactions between
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the aromatic nucleobases and the highly unsaturated structure of GO3%. In
contrast, in the case of double-strand DNA (dsDNA) the r electrons are
involved in forming the duplex via base-stacking interactions and therefore they
are not available for interactions with the GO surface. On this basis, it would be
possible to design a fluorescence sensor for DNA using UCNPs and GO as
fluorescence resonance energy transfer (FRET) pair. Such upconversion
fluorescence probes would be functionalized with ssDNA and should be highly
monodisperse and small enough to permit the FRET with GO. In the presence
of the complementary DNA strand (cDNA) the hybridization process would lead

to dsDNA, and the upconversion fluorescence would be detectable.

In this work a fluorescence DNA sensor platform is demonstrated using the
FRET pair formed by UCNPs as fluorophores and GO as quencher. Erbium-
and ytterbium-doped B-NaYF, nanoparticles were used as fluorescent donors,
which are known as one of the most efficient upconverting nanomaterials>°.
The ratio between the ssDNA-functionalized UCNPs and GO was optimized to
obtain the maximum sensitivity, and the biosensor was evaluated using the
cDNA sequence at different concentrations. In addition, the hybridization
conditions of the DNA sequences were studied as a function of the temperature.
A strong relationship was found between these conditions and the sensitivity of
the sensor. By using relative emission/upconversion measurements compared
to a reference, it was possible to determine the presence of cDNA with a great

sensitivity and specificity with a fast and reproducible methodology.

7.2 Results and discussion

7.2.1 Synthesis and surface functionalization of upconversion

nanoparticles

The synthesis of NaYF4:Yb,Er nanoparticles produced highly monodisperse
spherical UCNPs with a mean diameter of 29.1 + 2.2 nm as measured by TEM
micrographs (Figure 7.1A). These nanoparticles could be easily dispersed in
organic solvents such as hexane due to the presence of oleic acid as capping
and stabilizing agent. The UCNPs were subsequently coated with a silica shell
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by the reverse microemulsion method. With this procedure it was possible to
obtain monodisperse spherical core@shell NaYF4:Yb,Er@SiO, nanoparticles in
which each upconversion nanoparticle was covered with silica, and no large
aggregates with multiple-core were found. The overall mean diameter of the
UCNPs@SiO; nanoparticles was 47.34 + 3.8 nm with a silica shell thickness of
~11 nm as analyzed with TEM micrographs (Figure 7.1B). The UCNPs@SiO,
nanoparticles could be dispersed in polar solvents such as ethanol or water.
The obtained nanoparticles showed the characteristic upconversion
fluorescence spectrum for ytterbium- and erbium doped NaYF,; nanoparticles
when excited with a CW 980 nm 500 mW laser diode (Figure 7.1C). The
upconversion fluorescence with these erbium-doped nanoparticles showed the
emissions at 534 and 549 nm (green emission corresponding to the transition
S — Yl1512) and at 654 nm (red emission corresponding to the transition *Fgy

311 The quantum efficiency of particles having the same size,

— lisp)
composition, and structure is ~0.1%>*2. The nanoparticles dispersed in water
formed a transparent solution in which the upconversion fluorescence could be
observed by the naked eye when the sample was excited with the 980 nm laser

(Figure 7.1D).
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Figure 7.1. A) TEM micrograph of monodisperse NaYF,:Yb,Er nanopatrticles. B)

TEM micrograph of monodisperse NaYF4:Yb,Er@SiO, nanopatrticles. Scale
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bars are 50 nm. C) Fluorescence spectrum of a diluted solution in ethanol of the

silanized upconversion nanoparticles when excited with a CW 980 nm laser. D)
Pictures taken of a diluted solution of upconversion nanoparticles in hexane

without laser excitation (left) and the same solution under the excitation with the

NIR laser. The room light was turned off to take this picture.

The surface of the NaYF4:Yb,Er@SiO, nanoparticles was modified in several

steps prior to the covalent attachment of the ssSDNA sequence (Figure 7.2).
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Figure 7.2. Schematic illustration of the chemical route for the surface

functionalization of UCNPs@SiO, nanopatrticles with ssSDNA.

The first experimental step was the silanization of the upconversion
nanoparticles. Then, the surface was modified with amino groups using APTES.
These amino groups acted as nucleophiles for the reaction with succinic
anhydride, which led to carboxylic acid functionalized UCNPs@SIO;
nanoparticles. The final experimental step was the EDC coupling reaction
between the amino-modified probe ssDNA sequence and the obtained
carboxylic acid in the surface of the nanoparticles, as detailed in the previous

chapter.

7.2.2 Optimization and evaluation of the ssDNA sensor based on UCNPs

and Graphene Oxide

The FRET pair between UCNPs@SiO,-ssDNA and Graphene Oxide (GO) was

studied for the optimization of the sensor. First, the concentration of
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UCNPs@SiO2-ssDNA nanoparticles was set to 0.4 mg/mL. Different
concentrations of GO (ranging from 0 to 1 mg/mL) were prepared and incubated
with the nanoparticles at 40 °C for one hour. Then, the samples were left to cool
down to room temperature prior to the fluorescence measurements. Figure 7.3
depicts the fluorescence intensity of the UCNPs@SiO,-ssDNA as a function of

the GO concentration.

2000 _ | | L
=
< 1500 |
= 0
2 0.05
2 0.1
£ 1000 0.2 =
S 0.3
Q :
Q 04
@ 500 GO (mg/mL)
o
2
- M\ A
(RO taass BNV WA i il B Candid i aaa il MR-
I | I I I
500 550 600 650 700

Wavelength (nm)

Figure 7.3. Upconversion fluorescence spectra of the UCNPs@SiO,-ssDNA
nanoparticles (0.4 mg/mL) in the presence of different concentrations of
graphene oxide (excitation wavelength 980 nm). Higher concentrations of GO

result in reduced upconversion intensity.

Figure 7.3 depicts the reduction of fluorescence intensity of UCNPs@SIiO,-
ssDNA (0.4 mg/mL) when the concentration of graphene oxide increased. The
analysis of the fluorescence quenching of UCNPs@SiO,-ssDNA at 549 nm and
654 nm as a function of the GO concentration is shown in figure 7.4. Figure
7.4a shows the absolute intensity; while Figure 7.4b shows the same data
normalized to the value without GO.
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Figure 7.4. Representation of A) the maximum fluorescence intensity and B)
normalized fluorescence intensity of the UCNPs@SiO,-ssDNA (0.4 mg/mL)
measured at 549 and 654 nm as a function of the GO concentration. The inset
in figure 4B) represents the Stern—Volmer plot for the fluorescence quenching
with GO of the emission bands located at 549 nm (green line) and 654 nm (red

line) respectively.

Clearly, the fluorescence intensity was quenched for more than 95% when the
concentration of GO reached around 0.3 mg/mL. A further addition of GO
resulted only in a very small increase in quenching. As shown in figure 7.4Db, this
behavior was similar for both nanoparticle emission wavelengths located at 549
nm and 654 nm, respectively. These observations led us to hypothesize 0.3
mg/mL of GO as the optimum concentration for quenching the fluorescence
emission of 0.4 mg/ml of the UCNPs@SiO,-ssDNA.

A guantitative measure of the fluorescence quenching is given by the
Stern—Volmer constant KSV, defined by:

FolF = 1+Ksv - [GO]
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where Fo and F are the intensities of fluorescence in the absence and in the
presence of the quencher, respectively, and [GO] is the concentration of
qguencher. For the UCNPs@SiO,-ssDNA quenched by GO the obtained Ksv
was around 11 mL/mg for both wavelengths, indicating that the quenching
mechanism was due to FRET between the UCNPs and the GO and not by a
simple absorption process in which the GO would absorb the photons emitted
by the UCNPs. If this was the case, the fluorescence quenching of the photons
at 549 nm would have been higher than that of the photons at 654 nm, due to

the absorption spectrum of GO (Figure 7.5).
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Figure 7.5. UV-Vis absorption spectrum of 0.3 mg/mL graphene oxide in PBS

buffered aqueous solution.

With the aim of assessing the importance of the interaction between the ssDNA
and GO on the fluorescence quenching of the UCNPs@SiO,-ssDNA, we
compared the fluorescence of UCNPs@SiO, with and without ssDNA at a
concentration of 0.4 mg/mL (Figure 7.6).
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Figure 7.6. Left: Fluorescence intensity of 0.4 mg/mL of UCNPs@SiO,-ssDNA
nanoparticles in the presence (black curve) and in the absence (red curve) of
0.3 mg/mL of GO. Right: Fluorescence intensity of 0.4 mg/mL of UCNPs@SIiO>
nanoparticles in the presence (black curve) and in the absence (red curve) of

0.3 mg/mL of GO. Both samples were incubated for 1 hour at 40 °C.

0.3 mg/mL of GO was able to quench the 97% of the fluorescence emission of
the UCNPs@SiO2-ssDNA. By contrast, under the same experimental
conditions, the fluorescence quenching observed on UCNPs@SiO,;
nanoparticles without DNA was around 16% as shown in Figure 7.6. These
results demonstrated that the FRET based fluorescence quenching was specific
for UCNPs@SiO,-ssDNA nanoparticles and was due to the attractive n-n

interactions between the ssDNA and the GO surface.

A means to disrupt the attractive n-n interactions between the ssDNA and the

GO surface could be hybridization of the ssDNA strand with its complementary

ssDNA sequence. This would induce a conformational change of the DNA

strands that would prevent the adsorption of the UCNPs@SiO;-ssDNA

nanoparticles on the GO surface. As a result, the UCNPs@SiO,-ssDNA

nanoparticles would retain their fluorescence. In order to prove this, 0.4 mg/mL
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of UCNPs@SiO,-ssDNA nanoparticles were incubated in PBS with different
concentrations of the complementary ssDNA (from 0.1 nM to 400 nM) for 2
minutes at 90 °C and then slowly cooled down to 40 °C. After this time, a
solution of GO in PBS was added up to a final concentration of 0.3 mg/mL. The
mixture was incubated for 1 hour at 40 °C and then cooled down to room
temperature prior to performing the fluorescence measurements. Figure 7.7
represents the fluorescence intensity of UCNPs@SiO2-ssDNA nanoparticles in

the presence of GO and different concentrations of the complementary ssDNA.
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Figure 7.7. Representation of the fluorescence spectra of the UCNPs@SiO,-
ssDNA nanopatrticles (0.4 mg/mL) in the presence of different concentrations of
complementary ssDNA and 0.3 mg/mL of GO (colored curves). The black curve

is the fluorescence spectrum without the addition of complementary ssSDNA
(excitation wavelength 980 nm).

The fluorescence intensity of the UCNPs@SiO,-ssDNA nanoparticles shows a
gradual recovery with increasing concentrations of the complementary ssDNA.
The analysis of the maximum intensity as a function of the concentration of the
complementary ssDNA is presented in Figure 7.8 for the two upconversion

wavelengths at 549 nm and 654 nm.
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Figure 7.8. Representation of the maximum fluorescence intensity bands
measured at 549 nm (left) and 654 nm (right) of the UCNPs@SiO,-ssDNA

nanoparticles as a function of the complementary ssDNA concentration.

Figure 7.8 shows a trend in the fluorescence intensity upon the addition of the
cDNA consisting of two parts. At low concentrations of cDNA (below 2 nM) the
fluorescent intensity increases steeply, while in larger concentrations of cDNA
there is an additional significant fluorescent increase with a much smaller,
saturating slope. This increase is probably due to the gradually larger number of
hybridization events near the nanoparticle surface as the concentration of the
cDNA is increased.

The fluorescence intensity measured with the highest concentration of cDNA
(400 nM) was close to that of the solution of UCNPs@SiO,-ssDNA (0.4 mg/mL)
without GO. Thus, we hypothesize that the saturation of the fluorescent intensity
at high cDNA concentrations corresponds to a saturation of hybridization events

near the nanoparticle surface.

The upconversion fluorescence intensity was represented as a function of the

complementary DNA concentration, and we observed a double exponential

increase in which at lower concentrations of cDNA the upconversion
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fluorescence intensity increased more than that at higher concentrations of
cDNA. The double exponential equations obtained from the curve fitting for 549
nm and 654 nm, respectively, were the following:

y = (816.8+54) + (—428.09 +50.8) g 00067113000219.DNA | (_ 18D 74 4 32.7).g( 1703111 ONA

y = (19845i 40) + (—1136 + 377) _e(—0.006929&0.00063.CDNA + (—29859 + 368) _e(71.6515t0.567)-CDNA

The detection limit of the target sequence for this DNA biosensor was
experimentally demonstrated to be at the level of 100 pM. However, the
theoretical detection limit inferred from the double exponential fitting function
was 5 pM, limited by the error of the baseline measurement in absence of
cDNA. This error was established to be caused by the systematic variation
between subsequent recorded spectra. In the excitation arrangement as
depicted in Fig. 7.1d, a pencil of light of around 20x20x250 um3 was collected
by the spectrometer. Thus, the total detection volume was around 100 pL,
giving a total amount of cDNA detected in our experiments of around 10
zeptomoles. This detection limit is lower than other GO-DNA sensors recently
published. Thus, for instance, Liu et al.**® published a GO-DNA sensor based
on DNA-functionalized GO and DNA-Au nanoparticles, which showed a
detection limit of 200 nM. Luo et al.** designed a GO-DNA sensor based on
the capacity of GO to inhibit the catalytic activity of the horseradish peroxidase
when it was in close contact with the surface of the GO. Thus, by attaching this
enzyme to the GO surface by means of a DNA strand, they were able to
develop a DNA sensor with a detection limit of 34 pM. Another interesting
GO-DNA sensor was designed by Zhao et al.*'® This DNA sensor was based
on the use of fluorescent dye-labeled ssDNA strands, which can interact with
GO by =n-n stacking interactions. This fact quenched the fluorescence and
inhibited the degradation by the exonuclease I, since the physisorbed DNA is
not accessible to the enzyme. The hybridization with the complementary DNA
not only hampers the dsDNA physisorbtion but also permits their enzymatic
degradation and the release of the fluorescent dye, allowing the quantification of
target DNA with a detection limit of 20 pM.
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The specificity of the sensor was evaluated with a control experiment, in which
the UCNPs@SiO,-ssDNA nanopatrticles (0.4 mg/mL) were incubated in PBS in
the presence of non-complementary DNA sequences at concentrations from
100 nM to 1 uM. The incubation was performed at 90 °C for 2 minutes and then
a solution of GO in PBS was added obtaining a final concentration of 0.3
mg/mL. The solution was left for 1 hour at 40 °C. After cooling down to room

temperature, the upconversion fluorescence was measured (see Figure 7.9).
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Figure 7.9. Representation of the upconversion fluorescence spectra of the
UCNPs@SiO,-ssDNA nanoparticles (0.4 mg/mL), hybridized at 90 °C for 2
minutes and at 40 °C for 1 hour, with different concentrations of a non-

complementary ssDNA and 0.3 mg/mL of GO (colored curves).

Figure 7.9 shows that independently of the concentration of non-complementary
DNA strands, the UCNPs@SiO,-ssDNA were quenched by GO. These
observations demonstrate the DNA selectivity of the biosensor platform. The

curve fittings are represented in Figure 7.10.
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Figure 7.10. Curve fitting of the upconversion fluorescence intensity against the
non-complementary DNA concentration for the emission at 549 nm (left) and
654 nm (right).

In this work we also demonstrated that the hybridization conditions strongly
influenced the sensitivity of the DNA sensor. In the Figure 7.11 we represented
the upconversion fluorescence intensity as a function of the cDNA concentration
at different hybridization conditions (90 °C for 2 minutes and 1 hour at 40 °C and
40 °C for 2 hours). This figure shows graphically that the experimental detection
limit was three orders of magnitude lower when the samples were hybridized at
90 °C. We observed this result in both of the emission wavelength maximums of
Erbium, 549 nm and 654 nm.
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Figure 7.11. Upconversion fluorescence intensity as a function of the cDNA
concentration at 549 nm (upper figure) and at 654 nm (lower figure). The red
curves represent the results obtained when the hybridization was performed at
90 °C for two minutes and 1 hour at 40 °C. The black curves represent the

results obtained when the hybridization was performed at 40 °C for two hours.

As summary, the upconversion fluorescence intensities obtained with the DNA
concentration (cDNA and non cDNA) constant at 400 nM were significantly
different. Figure 7.12 depicts the upconversion fluorescence intensity obtained
at this concentration with cDNA with the different hybridization conditions and
the upconversion fluorescence intensity obtained at the same concentration of
non-complementary DNA. Figure 7.13 shows a schematic representation of the

DNA sensor platform.
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Figure 7.12. Upconversion fluorescence curves when the UCNPs@SiO,-ssDNA
were hybridized with: 400 nM of cDNA at 90 °C for 2 minutes and 1 hour at 40
°C (green); 400 nM of cDNA at 40 °C for 2 hours (red); and 400 nM of non
cDNA at 90 °C for 2 minutes and 1 hour at 40 °C (black).
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Figure 7.13. Schematic representation of the proposed sensor platform in the
presence or absence of complementary DNA.
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7.3 Conclusions

In this work a DNA biosensor platform was prepared by exploiting the FRET
pair formed between upconversion nanoparticles and graphene oxide. The
UCNPs were synthesized and functionalized with ssDNA. In the absence of
cDNA, the ssDNA coated UPCNs were physisorbed on the surface of the GO
and their fluorescence was quenched. When the cDNA was present, the
UPCNs were not able to physisorb onto the GO template and thus the
fluorescence remained. The fluorescence intensity was correlated to the
concentration of cDNA. The detection limit was experimentally showed to be in
the pM range, which corresponded in our experimental conditions to
zeptomoles of cDNA. To the best of our knowledge, this is the first FRET pair
that reports such a high sensitivity and specificity for DNA sensing.
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8. RESULTS 5

Application of Silica coated UCNPs (lI):
Phototriggered Doxorubicin release with

NIR light using Upconversion Nanoparticles
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8.1 Introduction

Stimuli responsive materials that undergo structural changes in response to

H3®, temperature!’, light*'®, etc., are of major interest due

external stimuli like p
their potential applications in electronics, photonics and biomedicine. In the
biomedical field, the use of materials capable to respond against external stimuli
have emerged as ideal candidates to control the drug release and to minimize
the side effects associated with the use of certain drugs®'®. This is of special
interest in the cancer treatment, where the imbalance between risk and benefits
leads to reject the use of toxic molecules that could serve as therapeutic tools if
they were conveniently administered. This has prompted scientists to develop
silenced drug delivery systems that can be activated on demand once they
have reached the target tissue. For instance, the activation by means of
alternating magnetic fields has been exploited as an interesting and versatile
route to control the drug release®**?'. Another interesting approach relays on
the use of electric current to switch “on-off’ the drug release®?. However the
scarce capacity to localize with precision these stimuli into the target tissue has
prompted scientists to use light as external stimulus to locally control the drug
release. Initially, UV-Vis light was used to trigger the release of drugs after
inducing conformational changes®®, solubility variations®** or the
photodegradation of a specific protective group®*”. However, in-vitro studies
demonstrated that the UV-Vis light can be toxic for living cells and it is widely
absorbed in tissue, which restricts the light penetration to few microns®***%’. To
solve these problems, NIR light has been used as external stimuli to control the
drug release with plasmonic coupled systems, in which the temperature

increase upon irradiation provoked the drug release3%.

An alternative to this approach would be the use of upconversion fluorescence

329 These nano-

nanoparticles that can “transform” the NIR light into UV-Vis
particles present upconversion photoluminescence, which is a unique type of
Anti-Stokes fluorescence in which the excitation wavelength is higher than the
emission wavelength®°. In a typical upconversion process, two or more low-
energy photons are converted into a high-energy photon®**. This process can

occur in Ytterbium and Thulium doped NaYF,; nanoparticles (NaYF4:Yb,Tm as
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UCNPs), which can absorb NIR light at a wavelength of 980 nm and emit UV-

332,333 The UV-Vis emission can be combined with

Vis photons
photodegradable  ortho-nitrobenzylalcohol molecules®** to create light
responsive anchoring points that could release the drug upon the irradiation

with NIR light®**.

In this chapter we have developed a phototriggered drug delivery system based
on UCNPs, which have been functionalized with ortho-nitrobenzylalcohol
derivate molecules (0-NBA). The photodegradable molecules anchored on the
surface of the nanoparticles were used to link Doxorubicin (Dox), a potent
cytotoxic drug. The NIR-light-triggered drug release rendered an “on-off”
delivery system that could be used in biomedical applications. The silica coating
was used to render aqueous solubility to the UCNPs and also as template for
anchoring in the surface the protodegradable molecule and the Dox, as well as

PEG to enhance the aqueous solubility.
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8.2 Results and discussion

8.2.1 Synthesis and surface functionalization of upconversion

nanoparticles

The general strategy used to functionalize the UCNPs is depicted in Scheme
8.1.

e e
¢ o> ¢ #H“N' 0 P g Met-PEG-COOH @0@7« : £
; 5 q M,

“ Z
3= (@
o G O HN- o -NH, %S—
2

NaYF,Yb,Tm NaYF ;Yb,Tm@SiO,

°\/\)ul\m Oy, * ¢
# rconn- (@
4 g oo
3 3

Scheme 8.1. Synthetic pathway for the synthesis of the NIR light responsive
drug delivery system.
The synthesis of the NaYF4:Yb,Tm nanoparticles rendered hexagonal crystals
with an average length of 43 + 1.5 nm and a mean width of 38 + 1.2 nm, as
shown in Figure 8.1A. X-ray diffraction and EDX analysis confirmed that the
synthesized nanoparticles were crystalline with a structure that corresponded to
B-NaYF,, see Figure 8.1C. The atomic structure was studied by energy
dispersive X-ray spectroscopy (EDX) in the TEM, which revealed that the
chemical structure of the nanoparticles was NaYF, doped with Yb and Tm
(Figure 8.1D). Next, a thin layer of SiO, with a thickness of 8.5 £ 0.1 nm was
grown on the UCNPs using the reverse microemulsion method?'. This step
increased the size of the UCNPs@SiO, nanopatrticles to a mean diameter of 52
+ 2.5 nm as one can observe in Figure 8.1B. The silanized nanoparticles
showed the upconversion emission when excited with a CW 980 nm laser,
which is depicted in Figure 8.1B as inset. The plot profile of the UCNPs@SIiO,

nanoparticles is depicted in Figure 8.2.
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Figure 8.1. A) TEM image of the UCNPs before the silica coating. B) TEM
image of UCNPs@SiO; nanopatrticles. The inset shows the upconverted
emission of the UCNPs@SiO, under a 980 nm CW laser excitation. C) XRD
pattern of the UCNPs. D) EDX spectrum of the UCNPs. The table inside shows
the atomic percentage of each atom obtained from the spectrum (automatic,

standardless).

The deposition of the SiO, shell permitted introducing functional groups that
allowed further chemical functionalization. After this step the UCNP@SIO;
nanoparticles were treated with APTES. The introduction of APTES vyielded a
variation of the Z-potential of the UCNPs@SiO,, which varied from -26.5 + 2.85
mV to +9.14 + 2.49 mV. Such a variation of the Z-potential reduced their
colloidal stability. This problem was solved by grafting the surface with PEG

chains®*. The immobilization of PEG chains was monitored by FTIR as showed

in the chapter 3.
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Distance (nm)

Figure 8.2. Representative TEM micrograph of UCNPs@SiO, nanoparticles and
a magnified UCNP@SIiO, nanoparticle with the profile analysis.

After that, the surface was functionalized with the photodegradable o-NBA,
which was synthesized as a bifunctional molecule capable to react with the
surface of the UCNPs@SIiO, nanopatrticles in one side and serve as anchoring
point for the Dox in the other side. The immobilization of the o-NBA produced a
variation in the UV-Vis spectra of the UCNPs, which showed a new absorption
band around 345 nm. Once the 0-NBA was immobilized on the surface of the
UCNPs, the Dox was linked to the acrylate moiety of the o-NBA by using the
thiol-Michael addition®*’. As result, the UV-Vis spectra of the Dox-loaded
UCNPs@SiO;, showed a new absorption band at 550 nm, which corresponded

to the anchored Dox (Figure 8.3A).

The UCNPs@SiO, emitted multicolor NIR to UV-Vis upconversion fluorescence
when they were excited with a 980 nm CW laser, as shown in Figure 8.3B. The
emission bands at 345 nm and 365 nm overlapped with the absorption bands of
the 0-NBA, which could trigger their photodegradation, giving as result the
release of the Dox. This could be used to control the drug release and to focus
the pharmacological effect on a specific zone, where the light stimuli can be

located.

179



Results 5: Phototriggered Doxorubicin release with NIR light using upconversion nanoparticles

A o] e B
2 &4 ki 4
: 520 wllaglls F
v J _5 18 .-3 (5
el % :
-, | 2 16
] | E

W14

-

" 42

300 350 400 450 500 550 300 400 500 600 700 800 900
Wavelenght (nm) Wavelength (nm)

Figure 8.3. A) UV-Vis spectra of the bare UCNPs@SiO, nanopatrticles (black
curve), the 0-NBA functionalized nanoparticles (red curve) and the doxorubicin
functionalized nanoparticles (blue curve). B) Photoluminescence emission
spectrum of the UCNPs@SiO, nanoparticles using a CW 980 nm laser as

excitation source.

8.2.2 Determination of the amount of Doxorubicin attached on the surface

of the nanoparticles

The Dox content could not be directly determined in the nanosystem by UV-Vis
spectroscopy due to the light scattering of the colloids. To determine the
amount of doxorubicin loaded on the surface of the nanopatrticles, 4 mg of Dox-
loaded UCNP@SIO, were poured in 2 mL of MilliQ water, which contained 0.1
mL of HF (35% w/w). This solution was stirred for 24 hours at room temperature
to ensure the etching of the silica and therefore the subsequent Dox release.
The sample was then centrifuged to remove any precipitates and the red
colored supernatant containing only the released Dox was analyzed by UV-Vis
spectroscopy. The absorbance was measured at 480 nm and compared against

a calibration curve of Dox.
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Figure 8.4. UV-Vis calibration curve of doxorubicin in water at 480 nm. The inset
shows the absorption spectra of different concentration of doxorubicin (red
curves) and the sample (black curve)

From this experiment, we inferred that the drug loading capacity (100 x quantity
of drug / quantity of drug + quantity of colloids) was 1.4% w/w, which represents
the amount of doxorubicin loaded in the nanosystem. This amount of loaded
drug within a nanosystem is low when compared to the drug loading capacity of
other methods like physical entrapment within micelles (54% w/w?*®) but it is
similar to the amount of drug loaded by other covalent attachment methods (1-
5% w/w***3%) . The drug encapsulation capacity (100 x quantity of loaded drug/
total quantity of used drug) could not be calculated because the Dox was used

in excess in the reaction.
8.2.3 Study of the Doxorubicin release upon the NIR light stimulus

The Dox release upon NIR radiation was studied as follows: different samples
of Dox-loaded UCNP@SIiO, were irradiated with a 980 nm CW laser beam with
an intensity of 6.2 W/cm? for different periods of time. After the exposure, the
colloidal dispersions were centrifuged and the supernatant was analyzed to
study the amount of Dox released. Figure 8.5A shows the Fluorescence spectra

obtained from the supernatants after different irradiation times.
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The percentage of Dox released upon NIR radiation was determined with a
calibration curve, see Figure 8.5B. As control experiment, the amount of Dox re-
leased in the absence of NIR light was also determined (blue points in Figure
8.5B).
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Figure 8.5. A) PL emission of the supernatants (Aexe= 475 nm) obtained after
exposing the samples to a 980 nm CW laser with an intensity of 6.3 W/cm? from
0.15 to 13 min. B) Cumulative release in percentage of Dox as a function of the

irradiation time (bars) and cumulative release of Dox from particle dispersion

without NIR stimulus (blue points).

These experiments indicated that effectively, upon exposure with a 980 nm CW
laser, the Dox-loaded UCNP@SiO, nanoparticles were able to release the drug.
The amount of Dox released increased significantly when the system was
exposed to the NIR laser for longer periods of time. On the contrary, a negligible
amount of drug was observed in the supernatant of non-stimulated samples.
These results clearly demonstrated that the NIR light triggered the release of

the Dox as a result of the o-NBA degradation.

The mechanism involved in the o-NBA degradation was described by Wirz et
al®*®. According with this mechanism, the emission of UV light from the
UCNP@SIO;, at 345 nm and 365 nm could be absorbed by the o-NBA linkers,
creating an intermediate that after cyclization would evolve towards the

molecule cleavage and the subsequent release of the Dox. The Scheme 8.2
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summarizes the action mechanism that could occur on the surface of the Dox
loaded UCNP@SIO; upon irradiation with the 980 nm CW laser light.
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Scheme 8.2. Phototriggered drug release mechanism proposed for the Dox-

loaded UCNP@SIiO, nanoparticles upon exposition to a 980 nm CW laser light.

8.2.4 In-vitro evaluation of the activity of the phototriggered Doxorubicin

release system

To study whether the proposed system could be effectively used as a functional
NIR-light triggered drug delivery system, we performed in vitro studies with

HelLa cells.

We first tested the influence of the NIR radiation on the cell viability. For that,
HeLa cells were exposed to the NIR laser beam for 5 min with a 980 nm CW
laser with an intensity of 6.3 W/cm?. The cell viability after 48 h of the irradiation

was 100%, as shown in figure 8.6.
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Figure 8.6. Cell viability of HeLa cultures after being irradiated with a CW 980
nm NIR laser light for 5 min (green bar) and the control experiment without laser

radiation (blue bar).

In addition, we studied the inner cytotoxicity of the UCNP@SIiO, nanoparticles
as well as the influence of the emitted UV light from UCNP@SiO, upon the NIR
excitation. In these control experiments, different amounts of UCNP@SIO;
nanoparticles were poured in a HelLa cell culture in the presence and in the
absence of the NIR light. After that, the cell viability was assessed via MTT

assay.

As shown in Figure 8.7, the cell viabilty of samples treated with
UCNP@SIiO,+NIR laser and those treated with bare UCNP@SiO, without NIR
laser showed low cytotoxicity, even after 48 h of incubation at concentrations as
high as 100 pg/mL. These results were consistent with previous reports, which
have proved that the UCNPs have low toxicity and can be used for in vivo
studies®**. Additionally, these experiments showed that under our experimental
conditions, not only the NIR light but also the upconverted emission of UV did
not show a significant decrease in the cell viability. The low cytotoxicity of the
upconverted UV light might be attributed to the short exposition time of the
experiments, which was of 5 minutes just after pouring the UCNP@SIO; in the
cell culture®?. The cytotoxic effect of the Dox-loaded UCNP@SIO,
nanoparticles without being exposed to NIR light also presented a very low

cytotoxic effect. However, the cell viability was slightly lower than the previous
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samples at higher concentrations of sample. However, at higher nanoparticle
concentration, the cell viability was slightly lower than in the previous case. This
result would confirm the reduction of the Dox accessibility, when the drug is

covalently attached on the surface of the nanoparticles.
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Figure 8.7. Inhibition of HeLa cell growth in the presence of varying
concentrations of blue bars: NaYF4:Yb, Tm@SiO, nanopatrticles; green bars:
NaYF4:Yb, Tm@SiO, nanoparticles exposed to the laser stimulus; yellow bars:
Dox-loaded NaYF4:Yb,Tm@SiO, nanoparticles; and orange bars: Dox-loaded
NaYF4:Yb,Tm@SiO, nanopatrticles exposed to the laser stimulus. The laser
radiation was constant (5 minutes with an exposure intensity of 6.3 W/cm™).
The cell viability was calculated with the MTT assay after 48 hours of

incubation.

By contrast, when the cells were incubated with Dox-loaded UCNP@SIO,
nanoparticles and were exposed to the 5 minute stimulus of NIR light, the cell
viability was reduced progressively as the sample concentration increased,
showing a cell viability of 21% at a concentration of 100 pg/mL of nanoparticles.
From this result we could infer that the ICsq for the Dox-loaded UCNP@SIO,
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nanoparticles was 12 pg/mL. According to the calculated amount of attached
drug, this concentration could release around 0.168 pg/mL of Dox. This value is
in concordance with the ICsy obtained for free Dox, which was 0.16 pg/mL, see

Figure 8.8.

Cell Viability (%)
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Doxorubicin Concentration (pg/mL.)

Figure 8.8.Cell viability of HeLa cultures as a function of different concentrations

of doxorubicin.

The results of these in vitro experiments demonstrated that the cell viability
decreased when the Dox was released from the nanoparticles and it was
concentration dependent. The drug delivery system consisted in three parts: i)
covalently linked drug in the nanopatrticles, ii) photocleavable molecule and iii)
UV photons upconverted from the 980 nm laser light. The control experiments
showed that the cell viability was not significantly affected when any of the parts
was missing: The NaYF.:Yb,Tm@SiO, nanoparticles without Dox were not toxic
for the HelLa cells with or without the laser stimulus and the Dox-loaded
NaYF4.Yb,Tm@SiO, nanoparticles were not toxic without the laser stimulus.
The influence of the 980 nm laser radiation to the cells was also studied and it

was found that under our experimental conditions it was negligible.
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8.3 Conclusions

In this work a new kind of Dox-loaded NaYF4:Yb,Tm@SiO, nanosystem has
been successfully prepared. The obtained material showed upconversion
fluorescence when it was exposed to a CW 980 nm laser, emitting UV photons
at 346 nm and 369 nm. This emission was able to cleave a photodegradable
molecule anchored on the surface of the nanoparticles, which acted as linker for
covalently immobilizing Doxorubicin. As result, Doxorubicin was released from
the nanoparticles when they were exposed to the CW 980 nm laser. This
phototriggered drug delivery system was tested in vitro on HelLa cells and the
cytotoxicity was calculated via MTT assay. The results of this study showed that
effectively the Dox-loaded UCNP@SIiO, nanoparticles reduced the cell viability
of the HelLa cancer cells when exposed to the NIR light stimulus. This cytotoxic
effect was dependent on the sample concentration and it was not observed in
the absence of NIR light, absence of Dox, or absence of nanoparticles, which
demonstrated the capacity of the proposed system to minimize the side effects
of highly toxic drugs with potential application on cancer therapy.
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10. CONCLUSIONS

1.- The synthesis of a star shaped amphiphilic block copolymer based on
biocompatible poly(e-caprolactone) and poly(ethylene glycol) has been
achieved. The self-assembling of this macromolecule in water rendered
different structures as a function of the polymer concentration. These polymeric
nanoparticles could effectively solubilize in water a highly hydrophobic
chlorophenyl carbazole derivate, demonstrating their potential as drug nano-

carriers.

2.- A systematic study of the synthesis of core@shell Fe;sO,@Au nanoparticles
was performed. It was demonstrated that the Au:Fe3;O4 ratio is a key parameter
that should be optimized in order to obtain the maximum yield of Fe;0,@Au
nanoparticles, but it did not affect the Au shell thickness, which could be tuned
by varying the reaction temperature. The coprecipitation of the Fe3O,@Au
nanoparticles with the star shaped amphiphilic block copolymer yielded a
magnetic responsive hybrid material with plasmonic properties and a
remarkable stability in aqueous solution, which could find potential applications

in multimodal contrast imaging and theranostics.

3.- The silica coating of inorganic nanoparticles by the controlled polymerization
of TEOS in a reverse microemulsion has been systematically studied. This
methodology produced core@shell nanoparticles with a remarkable
homogeneity that proved to be very reproducible and versatile: the silica shell
thickness could be finely tuned by varying the reaction parameters, it was
possible to co-encapsulate different molecules within the silica, and the method
could be extended to nanoparticles of different nature. Importantly, the silica
shell provided aqueous stability and protected the inorganic cores from the
environment without altering their inner properties. In addition, it was
demonstrated that the silica surface could be easily modified and functionalized
with different functional groups and biomolecules. We conclude that this
methodology is very interesting for the construction of multifunctional materials

assembled in the nanoscale.
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4.- A DNA biosensor platform was prepared by exploiting the FRET pair formed
between ssDNA-functionalized upconversion nanoparticles and graphene
oxide. In the absence of the cDNA, the fluorescence of the ssDNA-coated
UPCNs was quenched. On the contrary, when the cDNA was present, the
UCNPs remained fluorescent. The fluorescence intensity was correlated to the
concentration of cDNA with a detection limit in the picomolar range. It was
demonstrated that this sensor was sequence specific, which could serve as a
detector for a variety of diseases with a very low detection limit, by using the

appropriate probe sequence.

5.- A NIR-light responsive drug delivery system has been prepared. The system
was based on silica coated upconversion nanoparticles and doxorubicin that
was covalently attached to a photodegradable linker in the surface of the
nanoparticles. Upon the NIR-light stimulus, the UCNPs emitted UV photons that
provoked the photodegradation of the linker and consequently the doxorubicin
release. The in vitro studies with HeLa cells revealed that neither the NIR-light
stimulus nor the upconverted UV photons produced any cytotoxic effect. In
addition, the doxorubicin was inactive without the NIR stimulus. When the NIR-
light was applied, the cell viability decreased as a function of the concentration,

which demonstrated that the released doxorubicin retained the cytotoxic activity.
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10. CONCLUSIONES

1.- Se ha sintetizado un copolimero anfifilico dibloque en forma de estrella
basado en componentes biocompatibles como son poli(s-caprolactona) y
poli(etilén glicol). El auto-ensamblado de esta macromolécula en medio acuoso
da lugar a distintas estructuras en funcién de la concentracion de polimero.
Estas nanoparticulas poliméricas fueron capaces de solubilizar eficazmente en
agua una molécula altamente hidrofobica derivada del clorofenil carbazol,

demostrando asi su potencial como nano-transportador de farmacos.

2.- Se ha realizado un estudio sistematico sobre la sintesis de nanoparticulas
de tipo nucleo@corteza de Fe3O,@Au. Se ha demostrado que el ratio
Au:Fe304 es un parametro clave que debe ser optimizado con el fin de obtener
el maximo rendimiento de nanoparticulas de FesO,@Au, pero que no afecta al
grosor de la capa de oro, la cual pudo ser modificada mediante el control de la
temperatura de reaccidn. La co-precipitacibn de las nanoparticulas de
Fes04@Au con el copolimero anfifilico dibloque en forma de estrella dio lugar a
un material hibrido con propiedades magnéticas y plasmédnicas y una alta
estabilidad en medio acuoso, con potencial aplicacion como agentes de

contraste en contraste de imagen multimodal y en terandstica.

3.- Se ha realizado un estudio sistematico sobre el recubrimiento de
nanoparticulas inorgéanicas con silice mediante la polimerizacién controlada de
TEOS en microemulsion de fase inversa. Esta metodologia da lugar a
nanoparticulas de tipo nucleo@corteza muy homogéneas y se prueba que es
muy reproducible y versatil: el grosor de la capa de silice pudo ser controlado a
escala nanométrica con gran precision variando los parametros de reaccion de
forma adecuada; es posible co-encapsular diferentes moléculas dentro de la
capa de silice; el método permite el recubrimiento de nanoparticulas
inorganicas de diferente naturaleza. Es importante destacar que la capa de
silice confiere estabilidad al sistema en medio acuoso y permite proteger a los
ndcleos inorganicos del medio externo, pero no afecta negativamente a las
caracteristicas propias de dichas nanoparticulas. Ademas, se demuestra que la
superficie de las nanoparticulas recubiertas con silice puede ser modificada
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con diferentes grupos funcionales y se pueden anclar distintas biomoléculas.
Esta metodologia, por tanto, se considera de gran interés en la construccion de

materiales multifuncionales con estructuracién a escala nanométrica.

4.- Se ha preparado un biosensor de ADN que se basa en la pareja FRET
formada por 6xido de grafeno y nanoparticulas con fluorescencia de conversion
ascendente funcionalizadas con ADN de hebra simple. En ausencia de la hebra
complementaria, la fluorescencia de las nanoparticulas se encuentra
amortiguada. Por el contrario, en presencia de la hebra de ADN
complementaria, las nanoparticulas mantienen su fluorescencia. La intensidad
de la fluorescencia es proporcional a la concentracion de la hebra de ADN
complementaria, con un limite de deteccibn en el rango picomolar. Se
demuestra que este sensor es especifico para la secuencia complementaria
por lo cual podria ser empleado como medio de deteccion de distintas
enfermedades con un limite de deteccion muy bajo, utilizando la secuencia

apropiada como sonda.

5.- Se ha preparado un sistema de liberacion de farmaco con respuesta a luz
NIR. El sistema se basa en nanoparticulas con fluorescencia de conversién
ascendente (UCNPs) recubiertas con silice y funcionalizadas con
doxorrubicina, la cual se une de forma covalente a un conector fotodegradable
basado en un derivado del orto-bencilalcohol presente en la superficie de las
nanoparticulas. Bajo el estimulo de luz NIR, las UCNPs emiten fotones con
longitud de onda en el rango del ultravioleta (UV) que provocan la
fotodegradacién del conector y la consecuente liberacion de la doxorrubicina.
Los estudios in vitro demostraron que ni el estimulo con luz NIR ni los fotones
UV emitidos por las nanoparticulas produjeron una reduccién significativa de la
viabilidad celular. Ademas, el sistema cargado con doxorrubicina no produjo
una actividad citotdoxica significativa en ausencia del estimulo con luz NIR.
Cuando el sistema se estimulé con luz NIR, la viabilidad celular se redujo en
funcidén de la concentracién, lo cual demuestra que la doxorrubicina mantenia

su actividad citotéxica una vez liberada del sistema.
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