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Abstract



ABSTRACT

Nanomaterials are an excellent alternative to conventional fluorescent probes (organic dyes
and fluorescent proteins) because they overcome their main limitations. Thus, they increase
resistance to photobleaching, photostability, enable multiplexing, extend lifetime, etc.
Moreover, due to the versatility of nanomaterials and especially nanoparticles that can be
modified on their surface, they increase biocompatibility in biological systems and specificity
in targeting, which makes them an excellent option for in vivo and in vitro biomedical
applications.

Rare earth nanoparticles are of great interest for biomedical applications due to their unique
physical and chemical properties. Ln3* ions have highly degenerate electronic states and
strongly favored f-f orbital transitions, which translate into specific optical properties such as
large Stokes shifts, long lifetimes, sharp and intense emission bands, and considerable
resistance to photobleaching and photochemical degradation. It is worth noting that in this type
of nanoparticles, depending on the transitions that occur after the excitation process, light
emission can occur through an upconversion process, in which multiple photons with lower
energy produce emission with higher energy, or through a downshifting process. In this
process, a photon with higher energy produces a lower emission. Thanks to this type of
emission, rare earth nanoparticles can emit light in a wide range of the electromagnetic
spectrum, from UV-vis emissions to near-infrared emissions, making them excellent
fluorescent probes. Combining the above properties with the versatility these nanoparticles to
bound biological molecules such as DNA, RNA proteins, etc., they are ideal candidates for
theracnostic applications (detection and treatment) and are also suitable for bioimaging, as
sensors and as drug carriers.

This thesis is focused on the development of rare earth nanoparticles for in vivo and in vitro
applications, focusing on the optimization of optical and physicochemical properties. The work
begins by studying the effects of dopant concentration and excitation intensity on the emission
of the "upconversion" and "downshifting" processes of f-NaYF4:Yb3* Er3+ nanoparticles. One of
the most important strategies for optimizing the luminescence properties is select the right
dopants and the optimal ratio that will give the highest possible brightness intensity. For this
purpose, nanoparticles were synthesized from -NaYF4:Yb3+ Er3+ with different ratios (between
0 and 10) of Yb3+/Er3+, keeping the other properties such as size, crystalline phase, and total
concentration of dopants in the matrix the same. Then, the effect of the ratio on the intensity of
the emissions in the visible spectrum (upconversion) and on the emissions in the near infrared
(downshifting) was observed. The results show that as the Yb3*/Er3+ ratio increases, there is a
sharp increase in luminescence that follows a power law. However, after ratio 2, it is observed
that the exponential increase in intensity decreases and that the maximum light intensity
occurs at ratio 4 for both types of emission. In order to explain the observed behavior, the
results were theoretically reproduced using a "rate equation” model that allows describing the
role of the different emission mechanisms as a function of the ratio of dopants. According to the
results, the emissions generated in nanoparticles with a Yb3*/Er3+ ratio between 0 and 2 are
mainly excited state absorption (ESA), a process based on a multistep system in which a single
ion absorbs photons successively. At ratios above 2, the main mechanism is energy transfer
upconversion (ETU), a process in which the Yb3*/Er3+* pair acts as sensitizer and activator,
respectively. In this mechanism, Yb3+, once excited, transfers its energy to Er3+, which in turn is
excited, leading to the emission of photons from an excited state of higher energy.

After studying and optimizing the luminescence of rare earth nanoparticles, the second
proposed objective was to address one of the major challenges for these nanoparticles in



biomedical applications, namely their use in aqueous or biological media. Transfer of earth
nanoparticles from an organic to an aqueous medium is usually accompanied by attenuation of
luminescence, degradation and, at low concentrations, dissolution of the particles. To solve this
problem, we followed the strategy of protecting f-NaYF4:Yb3+Er3* nanoparticles by coating
them with a hydrophobic polymer through the polymerization of styrene or a mixture of
polystyrene and methyl methacrylate. In this way, we aim to reduce the direct interaction of
water molecules with the nanoparticles leading to non-radiative relaxations of Yb3+, and
likewise reduce quenching and improve optical properties (luminescence and lifetime) in
aqueous solutions. Our approach was to combine two strategies: First, we replaced the oleic
acid ligands on the surface of the nanoparticles with 10-methacryloyldecyl phosphate to
achieve surface passivation and colloidal stability in organic media and also to obtain a highly
polymerizable end group. Second, microemulsion polymerization of the nanoparticles in
styrene and/or methyl methacrylate was used to obtain a core@shell structure in which the
polymer layer provides colloidal stability and protects the nanoparticles in aqueous media.
After the optimization of the protective layer, its efficiency was studied under different
conditions, i.e., at different concentrations of nanoparticles in solution, in media containing
different concentrations of phosphates, and also as a function of temperature. The obtained
results show that the polymer-coated f-NaYFa:Yb3+Er3*nanoparticles exhibit a high level of
protection against quenching, dissolution and degradation due to interactions with phosphates
under normal conditions. This protective layer also shows very good performance under
extreme conditions, such as low concentrations of f-NaYF4:Yb3* Er3+ (=10pug/mL) in water and
even at temperatures above 50°C. Moreover, the efficiency of this protective layer was
compared with the most commonly used layer in aqueous environment, polyacrylic acid layer.
The results show that styrene-coated f-NaYF4:Yb3+*,Er3* nanoparticles are much more resistant
to biological applications and show less decrease in luminescence and lifetime than polyacrylic
acid-coated -NaYF4:Yb3+Er3+ nanoparticles.

The efficiency of rare earth nanoparticle emission is related to the chemical composition and
interaction with the solvation spheres of the medium, as established in the previous work of
this thesis. Moreover, the emission is closely related to the structural architecture of the
nanoparticle. For this reason, the role of the structural architecture on the emission and thermal
sensitivity of NaYF4@NaYF4:Ndeo,Yb20@CaF2 nanoparticles was investigated in the third part of
the work. These nanoparticles are among the most efficient near-infrared nanothermometers
and are characterized by a sandwich-like structure in which the active layer
(@NaYF4:Ndeo,Yb2o) is located between a NaYF4 core and a CaF: protective layer. In this work,
we focused on studying the effects of the thickness of the active layer, the presence of a
protective layer, and the influence of an active or inactive core on the spectroscopic properties.
Therefore, we have synthesized a series of core, core@shell, and core@shell@shell
nanoparticles and studied the emission intensity, lifetime curves, quantum yield, and thermal
sensitivity as a function of the aforementioned properties. The results show that increasing the
thickness of the active layer is essential to improve the efficiency of the nanoparticles. The best
lifetime and the highest quantum yield were obtained with nanoparticles with a thickness of 2
nm. After evaluating the lifetime of the different sets of nanoparticles as a function of
temperature, we also found that there is a linear relationship between the absolute quantum
yield and the thermal sensitivity. The growth of the protective layer of CaF2: significantly
increases the lifetime, quantum yield, and thermal sensitivity of the nanoparticles by
preventing contact between the rare earth ions and the medium. Finally, comparing the
quantum yield between nanoparticles with an active core and an inactive core, we find that it
is more efficient for the Nd3* and Yb3* ions to be confined in a layer surrounding an inactive
core because the quantum yield is higher. All the experimentally obtained information was used
to develop a theoretical model that explains the different pathways of deexcitation of the
emitting ions and provides an understanding of the thermal sensitivity and quantum efficiency



in this type of nanostructure. The model describes the radiative and non-radiative dynamics of
the Yb3* ions as a function of their position within the matrix and the architecture of the
nanoparticles. It has been observed that the reduction of matrix and/or surface defects leads to
an increase in thermal sensitivity and quantum efficiency, since they favor the non-radiative
emissions typical of a "back energy transfer (BET)" process as a function of temperature.

In this work, the photoluminescent properties of rare earth nanoparticles were optimized from
various aspects. However, for their use in biomedical applications, it is also necessary to study
their behavior in in vitro and in vivo models and to explore not only their advantages as
fluorescent probes but also their applicability as theracnostic systems. The final work of this
thesis focused on the development of a nanosystem that promotes endothelial cell proliferation
in vitro and in mouse models. To this purpose, NaYF+s@NaYF4:Ndeo,Yb20@CaF2 nanoparticles
were used with a signaling protein (the endothelial growth factor VEGF) bound to their surface,
which plays a fundamental role in the process of cellular angiogenesis. Although VEGF is an
important target in treatments to regenerate new tissue after cardiovascular accidents, its
effects have been found to be short-lived because it has a limited lifetime within the body. To
extend the lifetime of VEGF, a nanosystem of rare-earth nanoparticles was developed to serve
as a platform, increasing the stability of the protein and thus enhancing its lifetime and effect
on biological systems. Subsequently, the NaYF4@NaYF4:Ndeo,Yb20@CaF2 nanoparticles were
synthesized and characterized, VEGF was anchored to the surface, and the effect of this
nanosystem on the proliferation of HUVEC cells was studied. The results show that thanks to
the VEGF- NaYF4@NaYF4:Ndeo,Yb20@CaF2 nanosystem, cell survival increases by 40-60%
compared to free VEGF and cell proliferation increases by 30% thanks to the stability of the
nanosystem. In vivo results in a mouse model show that 7 days after injection of the
nanosystem, cell proliferation increases by 37% compared to free VEGF, making this strategy
an excellent candidate for angiogenic therapy.
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RESUMEN

Los nanomateriales son una excelente alternativa a las sondas fluorescentes tradicionales
(colorantes organicos y proteinas fluorescentes) ya que solucionan las principales limitaciones
estas. Aumentando asi, la resistencia al fotoblanqueo, la fotoestabilidad, permitiendo la
multiplexaciéon, mejorando los tiempos de vida, etc. Adicionalmente debido a la versatilidad que
poseen los nanomateriales y mas concretamente las nanoparticulas para ser modificadas en su
superficie, aumentan la biocompatibilidad en sistemas biol6gicos y la especificidad en la
deteccion del objetivo, haciéndolas una excelente opcién para aplicaciones biomédicas in vivo
e in vitro.

Las nanoparticulas de tierras rara son de gran interés en aplicaciones biomédicas debido a sus
propiedades fisicas y quimicas unicas. Los iones Ln3* poseen estados electronicos altamente
degenerados y transiciones entre orbitales f-f altamente favorecidas, lo que se traduce en
propiedades 6pticas especificas como grandes desplazamientos de Stokes, largos tiempos de
vida, bandas de emisiones intensas y nitidas, una resistencia considerable al fotoblanqueo y a
la degradacion fotoquimica. Cabe mencionar que en este tipo de nanoparticulas dependiendo
de las transiciones involucradas, luego del proceso de excitacidn, la emisién de luz puede darse
siguiendo los procesos “upconversion”, donde multiples fotones de baja energia producen una
emision de mayor energia o procesos de “downshifting” donde un fotén de mayor energia
produce una emisiéon menor. Gracias a este tipo de emisiones las nanoparticulas de tierras raras
pueden generar luz en un amplio rango dentro del espectro electromagnético, que va desde
emisiones en el UV-Vis hasta emisiones en el infrarrojo cercano, convirtiéndolas asi en
excelentes sondas fluorescentes. Combinando las propiedades ya mencionadas con la
versatilidad que poseen estas nanoparticulas para anclar moléculas biolégicas como proteinas
DNA, RNA, etc, son candidatos ideales para aplicaciones teracnosticas (de deteccion y
tratamiento), asi mismo son utiles en bioimagen, como sensores y como transportadores de
medicamentos.

Este trabajo de tesis esta orientado en el desarrollo de nanoparticulas de tierras raras para
aplicaciones in vivo e in vitro, enfocandose principalmente en la optimizacién de las
propiedades épticas y fisicoquimicas. El trabajo de Tesis comienza estudiando el efecto de la
concentracion de los dopantes y de la intensidad de la excitacién en la emision de los procesos
de “upconversion” y “downshifting” de nanoparticulas de 3-NaYF4:Yb3*,Er3*. Esto se realiza
debido a que una de las estrategias claves para optimizar las propiedades luminicas es elegir
los dopantes correctos y el ratio dptima que den la maxima intensidad de brillo posible. Para
ello se sintetizaron nanoparticulas de 3-NaYF4:Yb3*,Er3* con diferentes ratios (entre 0 y 10) de
Yb3+/Er3* manteniendo iguales las demas propiedades como el tamano, la fase cristalina y la
concentracion total de dopantes dentro de la matriz. Posteriormente, se observé el efecto del
ratio sobre la intensidad de las emisiones en el espectro visible (“upconversion”) y en las
emisiones en el infrarrojo cercano (“downshifting”). Los resultados muestran que se produce
un gran aumento de la luminiscencia a medida que aumenta la relacion Yb3+/Er3+ siguiendo un
comportamiento de acuerdo con la ley de la potencia. Sin embargo, al incrementar el ratio por
encima de 2 se observa que el aumento exponencial de la intensidad disminuye y que la maxima
intensidad luminica se produce en el ratio 4 para los dos tipos de emisiones. Para explicar los
comportamientos observados, se reprodujeron tedricamente los resultados mediante un
modelo de “ecuaciones cinéticas” que permitio describir el papel de los diferentes mecanismos
de emision presentes en relacién con el ratio de los dopantes. De acuerdo con los resultados, en



el proceso “upconversion” las emisiones producidas en nanoparticulas con ratios de Yb3+/Er3+*
entre 0 y 2, el mecanismo de emision principal es la absorcién en estado excitado (ESA) que es
un proceso basado en un sistema multinivel donde se produce una absorcién sucesiva de
fotones por un solo ion. En ratios superiores a 2 el mecanismo principal es el mediante
transferencia de energia de conversion ascendente (ETU), proceso por el cual la pareja
Yb3+/Er3* funcionan como sensibilizador/activador respectivamente. En este mecanismo el
Yb3+ tras ser excitado transfiere su energia al Er3* que a su vez se excita produciendo una
emision de fotones desde un estado excitado de energia mayor.

Después de estudiar y optimizar la luminiscencia de nanoparticulas de tierras raras, como
segundo objetivo, se plante6 enfrentar uno de los principales desafios de estas nanoparticulas
en las aplicaciones biomédicas y es su uso en medios acuosos o bioldgicos. La transferencia de
nanoparticulas de tierras del medio organico al acuoso suele ir acompafada por una extinciéon
de la luminiscencia, una degradacion y a bajas concentraciones, una disolucién de ellas. Para
solucionar este problema se planteé una estrategia para proteger nanoparticulas [3-
NaYF4:Yb3+Er3* mediante el recubrimiento con un polimero hidrofébico a través de la
polimerizacion del estireno o de una mezcla poliestireno y metilmetacrilato, de esta forma se
pretende disminuir la interaccion directa de las moléculas de agua con las nanoparticulas, que
causen relajaciones no radiativas del Yb3+ y asi mismo se pretende disminuir el quencheo y
mejorar las propiedades dpticas (luminiscencia y tiempo de vida) en soluciones acuosas.
Nuestro enfoque fue combinar dos estrategias conjuntas, la primera fue reemplazar los
ligandos de acido oleico presentes en la superficie de las nanoparticulas, por 10-metacriloildecil
fosfato (MPD) para lograr la pasivacion de la superficie y la estabilidad coloidal en medios
organicos y también para obtener un grupo terminar altamente polimerizable. En segundo
lugar, se utiliz6 la polimerizaciéon por microemulsion de las nanoparticulas en estireno y/o
metilmetacrilato para asi conferir una estructura core@shell donde la capa del polimero aporte
estabilidad coloidal y proteja la nanoparticula en medios acuosos. Luego de optimizar la capa
protectora, se estudié su eficiencia bajo diferentes condiciones, es decir a diferentes
concentraciones de nanoparticulas en solucion, en medios con diferentes concentraciones de
fosfatos y también en funcion de la temperatura. Los resultados obtenidos muestran que las
nanoparticulas de -NaYF4:Yb3+Er3* recubiertas con polimero poseen una alto nivel de
proteccion en contra del quencheo, la disolucion y la degradacion por interaccidn con fosfatos
en condiciones normales. También fue posible demostrar que esta capa protectora funciona
muy bien bajo condiciones extremas como lo son a bajas concentraciones de 3-NaYFa:Yb3+ Er3+
(=10pg/mL)en agua, e incluso a temperaturas mayores a los 50°C. Adicionalmente, se comparé
la eficiencia de esta capa protectora con la capa cominmente mas utilizada en ambientes
acuosos, es decir la capa de acido poliacrilico; los resultados muestran que las nanoparticulas
de B-NaYF4:Yb3+Er3* cubiertas con estireno son mucho mas resistentes para aplicaciones
bioldgicas y que tienen una menor disminucién en la luminiscencia y en los tiempos de vida que
las nanoparticulas 3-NaYF4:Yb3+,Er3+ cubiertas con acido poliacrilico.

La eficiencia en la emisién de las nanoparticulas de tierras raras, como se ha observado en los
trabajos anteriores de esta tesis, esta relacionada con la composicién quimica y la interaccién
con las esferas solvataciéon del medio. Adicionalmente, la emisiéon estad estrechamente
relacionada con la arquitectura estructural propia de la nanoparticula; Por esta razén, en la
tercera parte del trabajo de tesis, se ha estudiado el papel que tiene la arquitectura estructural
en la emisién y en la sensibilidad térmica de nanoparticulas NaYF4@NaYF4:Ndeo,Yb20@CaF2.
Estas nanoparticulas son uno de los nanotermdémetros mas eficientes en la region del infrarrojo
cercano, y se caracterizan por poseer una estructura tipo sandwich donde la capa activa
(@NaYF4:Ndeo,Yb20) se encuentra entre un ndcleo de NaYF4 y una capa protectora de CaFz En
este trabajo en particular, nos hemos centrado en el estudio del efecto del grosor de la capa
activa, la presencia de una capa protectora y la influencia de poseer un nucleo activo o inactivo



en las propiedades espectroscdpicas. Por lo tanto, hemos sintetizado un conjunto de
nanoparticulas core, core@shell y core@shell@shell y se ha evaluado la intensidad de la
emision, las curvas del tiempo de vida, el rendimiento cuantico y la sensibilidad térmica en
funcién de las caracteristicas ya mencionadas. Los resultados muestran que el aumento del
grosor de la capa activa es primordial para mejorar la eficiencia de las nanoparticulas
obteniendo el mejor tiempo de vida y el mayor rendimiento cuantico con nanoparticulas con 2
nm de grosor. Ademas, luego de evaluar el tiempo de vida de los diferentes conjuntos de
nanoparticulas en funcion de la temperatura, observamos que existe una relacion lineal entre
el rendimiento cuantico absoluto con la sensibilidad térmica. En cuanto al crecimiento de la
capa protectora de CaF2 se observa que aumenta de manera significativa el tiempo de vida, el
rendimiento cuantico y la sensibilidad térmica de las nanoparticulas al evitar el contacto entre
los iones de tierras raras y el medio. Finalmente, al comparar el rendimiento cuantico de
nanoparticulas con un nucleo activo y un nucleo inactivo observamos que es mas eficiente que
los iones de Nd3+ y de Yb3* se encuentren encerrados en una capa que rodee un nucleo inactivo
ya que el rendimiento cuantico es mayor. Toda la informacién obtenida experimentalmente se
utiliz6 para desarrollar un modelo tedrico que explique las diferentes vias de desexcitacion de
los iones emisivos y que permita una comprension de la de la sensibilidad térmica y la eficiencia
cuantica en este tipo de nanoestructuras. El modelo describe la dindmica radiativa y no
radiativa de los iones Yb3+* en funcién de su localizacién dentro de la matriz y la arquitectura de
las nanoparticulas. Se observé que la disminucién de los defectos de la matriz y/o de la
superficie logran un aumento en la sensibilidad térmica y en el rendimiento cuantico debido a
que favorecen las emisiones no radiativas propias de un proceso de devolucidon de energia
(BET) térmicamente dependiente.

A través de este trabajo de tesis se han optimizado las propiedades fotoluminiscentes de las
nanoparticulas de tierras raras desde diferentes puntos de vista, sin embargo, para ser
utilizadas en aplicaciones biomédicas es necesario estudiar también su comportamiento en
modelos in vitro e in vivo y estudiar no solo las ventajas que tienen en cuanto a sondas
fluorescentes, sino también en cuanto a su aplicabilidad como sistemas teracnoésticos. El Gltimo
trabajo de esta tesis fue enfocado en desarrollar un nanosistema que participe en el aumento
de la proliferacion de células endoteliales in vitro y en modelos de ratén. Para ello se utilizaron
nanoparticulas de NaYF4s@NaYF4:Ndeo,Yb20@CaF: a las cuales se les ancl6 en su superficie una
proteina sefializadora (el factor de crecimiento endotelial VEGF), que juega un papel primordial
en el proceso de angiogénesis celular. Pese a que la VEGF es una diana importante en los nuevos
tratamientos de regeneracion de tejidos luego de accidentes cardiovasculares, se ha observado
que su efecto es de corta duraciéon debido a que posee un tiempo de vida limitado dentro del
organismo. Como estrategia para aumentar el tiempo de vida de la VEGF, se disefi6 un
nanosistema compuesto de nanoparticulas de tierras raras que sirva de soporte y por lo tanto
genere estabilidad a la proteina aumentando asi el tiempo de vida y su efecto en sistemas
biologicos. Luego se ser sintetizadas y caracterizadas las nanoparticulas de
NaYF4s@NaYF4:Ndeo,Yb20@CaF2 se anclé la VEGF a la superficie, posteriormente se estudié el
efecto de este nanosistema en la proliferacion de células HUVEC. Los resultados muestran que
gracias al nanosistema VEGF-NaYFis@NaYF4:Ndeo,Yb2o@CaF2 hay un incremento en la
supervivencia celular entre el 40-60% comparada con la VEGF libre y que la proliferacion
celular aumenta un 30% gracias a la estabilidad proporcionada por el nanosistema. Los
resultados in vivo en un modelo de ratén, muestran que luego 7 dias de ser inyectado el
nanosistema la proliferacion celular aumenta en un 37% comparada con la VEGF libre haciendo
esta estrategia una excelente candidata para la terapia angiogénica.



1. Introduction



INTRODUCTION

“May it be a light to you in dark places,
when all other lights go out”

J.R.R. Tolkien

1.1 Luminescence

Luminescence is the property associated with the emission of light as a product of a physical or
chemical reaction. This property has always been of great interest to humanity, as the Chinese
in the 8th or 9th century were fascinated by the brightness of fireflies and wrote many texts
about it, unknowingly describing luminescence for the first time.l Aristotle described in his
writings the emission of light from a fish in the process of decomposition, and sailors of the
13th century spoke in their logbooks about the bioluminescent effect caused by algae in the sea.
Scientists of the 14th and 15th centuries studied the effect of luminescence in nature, such as
Nicolas Monarde, who described the intense blue color that came out of the aqueous part of
wood, and that it only glowed when the solution came into contact with white light.1 In 1603,
Vicenzo Cascariolo described the luminous effect of barite (BaSO4), which was known to the
Greeks as sunstone. After he mixed it with charcoal and heated it, the mixture glowed in
moonlight (see Figure 1). He called this effect phosphorescence, a term used for many centuries
to describe substances that have the property of glowing for an extended period after being
illuminated by an external source. in 1888, Eilhard Wiedamann defined this effect as
luminescence, referring to any phenomenon of light emission in which there is no increase in
temperature.l

Figure 1. Barite (BaS04) and cerussite (PbCO3) A. Rock in daylight. B. Rock is illuminated by ultraviolet light. The
yellow color corresponds to cerussite and the blue color to barite.

Today we know that luminescence is an emission of energy caused by chemical reactions,
electrical energy, or subatomic motion,? and several types of luminescence are known:
Chemiluminescence, the emission of light caused by a chemical reaction. Bioluminescence,
living things produce the emission of light through biochemical reactions. Electroluminescence,
the result of an electric current flowing through a substance. And photoluminescence by the



absorption and emission of photons.?2 Figure 2 shows an example of the different types of
luminescence.

A) Chemiluminescence B) Bioluminescence
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C) Electroluminescence D) Photoluminescence
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Figure 2. The principal types of luminescence. A) Luminescence due to a chemical reaction of luminol. B)
Bioluminescence of Pelagia noctiluca (jellyfish) & Lamprey's noctiluca (common firefly). C) Thulium doped
phosphorus oxynitride-based electroluminescent material for led applications. D) Lanthanide-based
nanoparticles in solution after being excited with a laser.

In the last century, interest in photoluminescence has grown exponentially as its study has
enabled the development of new technologies that have improved the quality of people’s lives.
Applications range from the simplest, such as neon signs, to many others more complex, such
as the development of new quantitative analysis techniques that are used daily in many areas
of science. For example, it is used to detect oil spills or illegal dumping of crude oil, or to identify
pathogens in food using biosensors with photoluminescent materials, etc.3 However, the fields
in which photoluminescence has been most explored are medicine and biology with the
development of fluorescence microscopy.* In recent decades, the focus has been on the
development of new photoluminescent materials as contrast agents,> in nanothermometry,®,
and the development of new biosensors to detect various diseases.”

1.1.1 Photoluminescence

Photoluminescence, as mentioned above, is the emission of light from a material that emits it
from excited electronic states. After excitation, various relaxation processes take place in which
other photons are re-emitted to produce light. The time that elapses between the absorption of
energy and the emission of light can vary from femtoseconds to milliseconds, and in exceptional
cases the delay in emission can be minutes or hours. Depending on the relaxation type of the



atoms and the duration of the relaxation process, photoluminescence is divided into
Phosphorescence (long lifetimes) and Fluorescence (short lifetimes).8

Phosphorescence has a 1,000-year-old history and is described in a note in a Chinese text called
"Xiang Shan Yé Lu" written by Y. Wen and published in the ancient Song production (960-1279
AD). In it, the artistic work of the painter Z. Xu, which had the property of being visible at night
thanks to the "magic" ink with which it was painted, is described. This ink came from Japan and
was possibly made from the calcium of pearl oysters.? Later, the first scientific reports on the
synthesis of phosphorescent materials are attributed to the aforementioned Vicente Cascariolo
with his studies on sunstone. Curiously, the mystery of sunstone was finally solved in 2012 by
J. H6lsa and M. Bettinelli et al. Using modern experimental techniques, they demonstrated that
the luminescence of the stone was due to the 3d°4s! — 3d10 transition of monovalent copper
impurities (Cu*) in the reduced product of the mineral barite, BaS.° From then on, and
especially in the 20th century, phosphorescent materials were developed, mainly based on the
ZnS type doped with Cu* or Co?*. These materials, which emit in the green region of the
electromagnetic spectrum, were used primarily as luminous paint in the armies of World War
[ and World War II. However, they have also found friendlier applications, such as in glow-in-
the-dark toys.?

Phosphorescence occurs when, after electron excitation, the photon is emitted from a triplet
energy state (T). Thus, it is a process forbidden by the spin selection rule (i.e., that the spin of
the excited state is the same as that of the ground state). As a result, the emission has a long
lifetime. In this case, the absorption of photons is part of a phenomenon called crossover
between systems (see Figure 3), in which the excited electron changes spin and ceases to be
paired with the electron in the ground state, becoming a transition forbidden by the Pauli
exclusion principle. When an excited molecule transitions to the triplet state, it continues to
release potential energy to the environment, although it now descends the vibrational scale of
the triplet and is trapped in the lower electronic level of the triplet, which always has a lower
energy than the singlet, Figure 3. This energy cannot be absorbed, and the electron cannot
return to its ground state. However, due to spin-complexing of the orbitals, the selection law is
broken, and the molecule can return to its ground state and emit light for an extended period
until the energy is dissipated. This process is typical when atoms of high atomic weight, such as
iodine (Y) or bromine (Br), are involved.10.11

Basal electronicstate (Singlet)
Excited electronic state (Singlet)
Excited electronicstate (Triplet)
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Figure 3. The mechanism that explains the phosphorescence process



On the other hand, we have fluorescence, an emission with a shorter lifetime than
phosphorescence. The first observation of the phenomenon of fluorescence was made by Sir
Jhon Williams Herschel in 1845, he observed that quinine tonic water, when it was excited with
ultraviolet light (from the sun), emitted light with a wavelength of 450 nm. He described the
glow as a "beautiful sky blue" At the time, this phenomenon was unusual and could not be
explained by the scientific knowledge, today it is known to be a typical effect of fluorescence.!
Over time, fluorescence became a very sensitive detection method, in 1877, for example, it was
used to prove that the Danube and Rhine rivers were connected by underground currents. In
this case, fluorescein was introduced into the Danube and after 60 hours the characteristic
green color of fluorescein appeared in a small river that flowed into the Rhine.11in 1950, during
World War I], the United States War Department became interested in monitoring antimalarials
drugs with quinine. The results obtained led to the National Institutes of Health program, which
developed the first functional spectrophotometer.ll? This new analytical technique was
completely revolutionary and led to the study of photoluminescence and enabled the
development of numerous fluorescent materials.

Fluorescence is the emission from the excited electron is in a singlet energy level (S). This
process follows the spin selection rule (i.e., the excited state and ground state have opposite
spins). This makes it a more frequent process with a shorter lifetime. 810 the excited molecule
collides with other molecules in the environment, releasing energy in a non-radiative manner
and descending the scale of vibrational levels until it returns to its ground state. The molecules
in the environment may not absorb most of the energy difference. The energy is stored long
enough and the surplus of energy is realized spontaneously by radiation.10 Figure 4.
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Figure 4. The mechanism that explains the fluorescence process.

A molecule that can absorb energy from electromagnetic radiation and has multiple ways to
return to the electronic ground state. Alexander Jablonski, known as the father of fluorescence
spectroscopy, after studying the behavior of numerous luminescent substances, developed a
simple diagram that explains step by step the general mechanism of light emission, and is called



the Jablonski diagram Figure 5.11 [t shows the electronic states within the molecule and the
transitions that can occur between them. Within the diagram, the electronic states are grouped
vertically by their relative energy and horizontally by the frequency of their spins. Nonradiative
transitions are indicated by dotted arrows and radiative transitions by solid arrows. The
fundamental vibrational states for each electronic level are represented by thicker lines and the
other vibrational states by thinner lines. The energy levels shown in the Jablonski diagram were
calculated based on the wave-particle duality of photons and the Bohr model combined with
the Plank-Einstein relation. 10 From the equation shown below:

E—hp— hc
= nv = 1
Equation 1

Where E is the photon's energy (energy level), h is the Planck constant, v is the frequency, c is
the light speed, and 2 is the wavelength.
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Figure 5. The Jablonski diagram summarizes all the processes that occur in fluorescence and phosphorescence.

The Jablonski diagram excludes relaxation pathways that do not involve photons. Examples of
these mechanisms include quenching, energy transfer, solvent-solvent interactions, and solute-
solvent interactions.8

From the analysis of the Jablonski diagram, we can deduce that the energy of emission is lower
than that of absorption. Fluorescence normally occurs at lower energies and longer
wavelengths (Equation 1), this phenomenon is known as Stokes' law. Sir G.G. Stokes observed
this property in 1852 with a relatively simple experiment. He used sunlight as the source of
ultraviolet excitation and a blue glass filter that was part of a stained-glass window. This filter
selectively transmitted light below 400 nm that was absorbed by quinine. The incident light



was prevented from reaching the eye (the detector) by a yellow glass filter (of wine) filter. The
fluorescence of quinine occurs at 450 nm and is therefore clearly visible.11

A Stokes shift is when the emission from a fluorescent molecule has a lower energy and a longer
wavelength, as in his experiment, (Figure 6. Scheme it represents. A. For the Stokes shift. B. The anti-
Stokes shift. this is the usual phenomenon for most fluorophores. Conversely, there are cases
where the emitted photon has a higher energy than the absorbed photon, the emission occurs
at shorter wavelengths than the excitation; this is called an anti-Stokes shift (Figure 6B) an
example of this phenomenon is the upconversion of nanoparticles.

=== Emission band == Excitation band
A Stokes B Anti-Stokes
Wavelength(nm) Wavelength(nm)

Figure 6. Scheme it represents. A. For the Stokes shift. B. The anti-Stokes shift.

Another general property of fluorescence is that the emission spectrum is usually a mirror
image of the absorption spectrum, which is known as Kasha's rule.? In some exceptions, the
emission spectrum is not a mirror image of the absorption, which means that the vibrational
levels involved in the molecules are different in emission and absorption. In addition, the
emission spectrum is independent of the excitation wavelength if the excitation frequency is
within the absorption range of the molecule.1!

Finally, one special characteristic of the photoluminescence spectra (both fluorescence and
phosphorescence) is it provides information only about the immediate environment because
these processes are very fast, and the nuclei do not have enough time to move. Before
absorption, the molecule is in the lowest vibrational state of its basal electronic level; later,
when a transition occurs, the molecule is excited, but the nuclear environment remains
constant. Therefore, this transition occurs without a change in the geometry of the molecular
core. Electronic transitions that occur vertically pass through different vibrational levels of the
higher or excited electronic state. This transition usually occurs at the level that represents the
distance between the nuclei as the one with the lowest vibrational level of the ground state. 1.
This is referred to as the Frank-Condon principle.



1.1.2 Relaxation mechanisms of excited states within a molecule and their
influence in the fluorescence

Once the energy of the molecule is absorbed, the mechanisms by which the remaining energy
can be released and the electron returned to the ground state (the state that is statistically most
probable at room temperature) can be radiative, as emitted light, or nonradiative, with the
energy being released primarily as heat.1%11 Figure 7 shows a diagram of the most common
relaxation mechanisms.
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Figure 7. Diagram shows the most common relaxation mechanisms and the type of emission they belong.

Non-radiative emissions can be generated in three different ways: Internal conversion, a
transition without radiation between energy states of the same rotational state. Intersystem
crossing, defined by the transition of an electron from a singlet state to a triplet state in a
nonradiative manner by reversing the spin of the excited electron, is normal when the
vibrational levels of two excited states overlap and the energy exchange during the transition
is consequently small. Finally, vibrational relaxation, the most common emission, occurs in
collisions between excited molecules and solvent molecules. In these collisions, the excess
vibrational energy is transferred to the solvent molecules. The vibrational energy gain of the
solvent is reflected in a slight increase in the temperature of the medium. Vibrational relaxation
is such an efficient process that the average lifetime of an excited vibrational state is
approximately 10-15 s.10

There are certain variables that can affect radiative emissions, i.e., photoluminescence, convert
these emissions to non-radiative. Variables that significantly affect fluorescence include the
molecular structure of the fluorophore, temperature, solvent, pH, and the influence of
concentration. The fluorophore is the component of a molecule that makes it fluorescent. It is
usually a functional group of molecules that absorbs the energy of a particular wavelength and
emits it at another wavelength. Temperature, in turn, affects the quantum efficiency of
fluorescence. It decreases with increasing temperature because the frequency of collisions
increases, increasing the probability of non-radiative emission. Decreasing the viscosity of the



solvent also decreases the fluorescence because the probability of non-radiative decays also
increases. Changing the polarity of the solvent, in turn, leads to bathochromic or hypsochromic
effects, which cause a shift in the maximum absorption peak to longer or shorter wavelengths,
respectively. The pH has a significant effect on aromatic compounds with acidic or basic
functional groups. Therefore, the wavelength and emission intensity may be different for the
ionized and non-ionized forms of the same compound.12

A disadvantage of fluorescence is that its intensity can be affected by various processes. This is
referred to as quenching. These processes include excited-state reactions, energy transfer,
complex formation, and molecular collisions. Collisional quenching occurs when the excited-
state fluorophore is deactivated upon contact with some other molecules in solution, which call
quenchers. A wide variety of small molecules or ions can act as quenchers of the fluorescence,
such as iodine (I'), oxygen or acrylamide. In collisional quenching the fluorophore returns to
the ground state during a diffusive encounter with the quencher, but the molecules are not
chemically altered in this process. For the collisional quenching the decrease in the intensity is
described by the Stern-Volmer equation:

F
7" =1+ K[Q] = 1+ k,7,[Q]

Equation 2

Where the% is given by the ratio of the decay rate, K is the Stern-Volmer quenching constant,

kq is the bimolecular quenching constant, 7, is the unquenched lifetime and [Q]
is the quencher concentration. The Stern-Volmer quenching constant indicates
the sensitivity of the fluorophore to a quencher. A fluorophore inaccessible to
water soluble quenchers, the value is low, free fluorophores in solution or on the
biomolecules surface have a high, K.12 The phenomenon of quenching can also
provide a valuable context to understand the role of the excited-sate lifetime in
allowing fluorescence measurements to detect dynamic processes in solution.

1.1.3 Fluorescence Lifetimes and Quantum Yields

The lifetime and quantum yield of fluorescence are two properties that, along with light
intensity, are perhaps the most important in fluorescent materials. Fluorescence lifetime is
defined as the average time required for a fluorophore to return to its ground state after
excitation. This process is mainly considered as first-order kinetic decay and is expressed as:

1
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Equation 3

Here I, is the rate coefficient of the decay of the fluorescence of the fluorophore and K,
represents the sum of the decay rates of the non-radiative emissions. The lifetimes is important
because it determines the time available for the fluorophore to interact with or diffuse in its
environment, and hence the information is available for its emission.



Quantum yield is the way to interpret the efficiency of fluorescence. By definition, it is the ratio
between the number of photons emitted and the number of photons absorbed (Equation 4) and
can be expressed in the mathematical terms defined earlier as follows (Equation 5)13

_ Num.of photons emitted

"~ Num.of photons absorbed

Equation 4
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Equation 5

The maximum quantum yield of quantum fluorescence is 1, which means that for every photon
absorbed, one photon is emitted. However, compounds with a quantum yield of 0.10 are
considered quite fluorescent.!3> Comparison of the lifetimes and the quantum yield is very
informative to understand all the processes behind the fluorescence

1.2 Fluorescent probes

Fluorescence probes represent the most important field of fluorescence spectroscopy.
Thousands of these compounds are known, since the discovery of fluorescence, several types
of fluorescent molecules have been synthesized. The first fluorescent molecule was synthesized
in 1871 by Adolf von Baeye when he heated phthalic anhydride and resorcinol over a zinc
catalyst and obtained a deep red powder that emitted intense greenish-yellow fluorescence in
the presence of alkaline solutions. Baeyer named this compound "resorcinphthalein" Today it
is known as fluorescein (Figure 8A) and serves as a scaffold for xanthene-based fluorophores.14
In 1887, Ceresole succeeded in finding a new class of red fluorescent molecules, which he
named rhodamine (Figure 8B). An interesting property of rhodamines is the effect of solvent
polarity on their color and fluorescence emission. In nonpolar solvents, they are colorless; in
polar solvents, they fluoresce.14 This property and the ease of synthesis make rhodamines ideal
scaffolds for the construction of photoactivatable dyes. In the 1970s, Alan Waggoner began his
search for photostable, water-soluble, non-cytotoxic dyes. Inspired by the family of cyanine
dyes then used to create color in photographic film, he began to systematically modify the
structure of cyanine dyes to make them suitable for use in living cells. His work gave rise to the
cyanine dye (Cy) family, which includes Cy3 (Figure 8C) and Cy5, which are among the most
used fluorochromes in biomedical research.’> In the 1990s, Roger Y. Tsien changed the
structure of GFP (green fluorescent protein), which is responsible for bioluminescence in the
jellyfish Aequorea Victoria (Figure 8D) and created a new family of fluorescent probes that emit
light at different wavelengths.1¢ These types of fluorophores are very important in fields such
as biochemistry, microbiology, genetic engineering, and physiology.1!
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Figure 8. Schematic illustrating the first synthetically produced fluorophores. A) Chemical structure and emission
of fluorescein. B) Chemical structure and emission of rhodamine C) Chemical structure of Cy3. D) Structure of
green fluorescent protein (GFP), Natural GFP emission in jellyfish Aequorea Victoria.

Fluorescence measurements, however, are limited by factors that directly affect fluorophores,
for example organic dyes are limited by factors such as "photobleaching," in which light
intensity disappears when the fluorophore is degraded due to bond breaks in the chemical
structure or nonspecific reactions with the medium,'” or fluorescence intermittency, a
phenomenon characterized by a random change between brightness "on" and darkness "off"
while the fluorophore is continuously excited, which affects the reproducibility of
experiments.’® Another problem is the natural emission of light by biological or organic
structures (autofluorescence) because it interferes with the specific fluorescence signals,
especially if the signal is very weak.1? Moreover, some organic dyes are sensitive to the cellular
environment, which causes changes in their photophysical and photochemical behavior and
hence their spectral properties.

One solution is fluorescence imaging with nanoparticles in biological systems. This idea has
attracted much attention in recent years because it has several advantages. First, each
nanoparticle can carry many fluorescent centers. In this way, many dye molecules are
combined into a single particulate entity that integrates the fluorescence of each dye molecule,
greatly improving the sensitivity of the overall detection system.2? Second, the dye molecules
are encapsulated in the particle matrix, which protects them from photobleaching. Third,
nanoparticles are much smaller (about two to three orders of magnitude) than cells, which
makes them suitable for cellular applications. Finally, the fluorescent centers in nanoparticle
systems are protected from the external environment, which could make them suitable for both
in vitro and in vivo applications without changing the fluorescence intensity or emission
wavelength.21



1.2.1 Nanoparticles as fluorescent probes

A variety of fluorescent nanoparticles (NPs) have been described in the literature. They can be
divided into three main types: Dye-doped fluorescent NPs, crystalline semiconductor NPs (e.g.,
QDs), and metal NPs. Dye-doped NPs are usually silica nanoparticles that are colored by the
introduction of dyes after synthesis.22 Silica is particularly attractive due to its predictable and
adaptable chemistry and has led to derivatives of a number of commonly used organic dyes
such as fluorescein,?324 rhodamine,2> and cyanine,2¢ which can be covalently bound inside the
particle core or on the particle surface. This type of nanoparticles has several advantages: The
functional groups on the surface NP are available for coupling reactions, the dye molecules are
protected by the polymer matrix, which increases their photostability, and a variety of dye
molecules can be entrapped. The excellent photostability makes these NPs suitable for
applications where high intensity or long-lasting excitations are required, such as intracellular
optical imaging.20 In addition, the ability to modify their surface can create a nanosystem
available for bioconjugation and provide useful results in immunoassays. Rusling et. al. used
Ru(bpy)-doped silica NPs as markers in an electro-chemiluminescent sensor for detection of
prostate-specific antigen.2” Their system was improved and used to detect 4 biomarkers for
prostate cancer.?8 In addition, Li and Xu used FITC-doped silica NPs in a sandwich assay format
to detect Shigella flexneri, a bacterial dysentery endemic in Asia,?° to name a few examples.
However, although this type of nanoparticle is useful and versatile, its optical properties lag
behind compared with the other types of nanoparticles (QDs and metal nanoparticles).20

Quantum dots (QDs) are ultrasmall, bright, and extremely photostable nanometer-scale
semiconductor crystallites with a broad excitation band but a narrow emission band.20 The
fluorescence of QDs is due to the radiative recombination of an excited electron-hole pair.3°
They absorb photons when the excitation energy exceeds the band gap. During this process,
electrons are promoted from the valence band to the conduction band. The light emission
results from the recombination of the charge carriers.3? The band gap of QDs is size dependent,
varying the size of QDs tunes the emission wavelength from the blue to the near-infrared region,
with QDs, it is possible to image biological samples in multiple colors.31 These nanometer-sized
conjugates can be made water-soluble and biocompatible and could offer important advantages
over organic dyes. In addition, high-quality dots are very stable to photobleaching and have
narrow, symmetric emission spectra.20 This type of nanoparticles has been extensively studied
for applications in biomedicine, for molecule targeting, whole-body imaging, tumor imaging,
drug delivery and drug screening. Figure 9 is an example of the potential of QDs for bioimaging.
The figure shows an optical+infrared fluorescence fusion image of a mouse taken 5 minutes
after nanoparticle injection.32

On the other hand, metal nanoparticles have been a strong focus on developing new biosensors
and other technologies for the high-throughput and ultrasensitive detection, identification, and
quantification of biomolecules.?0 As nonradioactive labels, a variety of metal NPs such as gold,
silver, europium, and rare-earth have shown promise for bioimaging. Nanosized gold and silver
do not fluoresce but scatter light very efficiently. Light scattering by nanometer-sized particles
is mainly due to the collective oscillation of conduction electrons triggered by the incident light,
this phenomenon is known as surface plasmon resonance.33 The frequency band (color) of the
scattered light depends on the size, shape, and material properties of the particle. Silver or gold
NP in the 30-120 nm size range efficiently scatter light in the visible spectrum and are not
subject to photobleaching.33 A 100-nm plasmon resonant particle can have a brightness
equivalent to that of about 100,000 fluorescein molecules.2? Gold NPs have been extensively
studied for the treatment of oncological diseases using photodynamic therapy (PDT)34 because
gold conjugation facilitates intracellular penetration. In addition, they are excellent



nanocarriers that can transport drugs such as peptides,3> proteins,3¢37 plasmid DNAs (pDNAs),
small interfering RNAs (siRNAs), and chemotherapeutic agents.38 Also, Au NPs have been used
as efficient sensors for the detection of different analytes such as metal ions, anions, and
molecules like, saccharides, nucleotides,3 proteins#941 and toxins.*2

Intensity (Arb.Units)

Figure 9. A) In vivo imaging of an anesthetized mouse 5 min after intravenous injection of the AgzS nanoparticles
optimized here. The animal was optically excited with an 800 nm laser diode with a power density of 45 mW/cm?2
and luminescence (1000-1400 nm) was recorded with an infrared camera. B) Magnification of the lower
extremities where the femoral vessels can be seen. C) A cross-section of the intensity profile measured along the
black dashed line in (B). D) Ex vivo NIR-II images of a dissected mouse skeleton E) lungs, spleen, and liver; and F)
detailed image of mouse femur, tibia, ilium, and sacrum.32

Finally, rare earth (RE) based NPs have some advantages compared to other available materials
for biomedical applications. In general, RE -based NPs show low toxicity and high thermal and
chemical stability. Compared to other luminescent NPs, such as nanostructures functionalized
with dyes and quantum dots (QDs), RE -based NPs also exhibit high photostability, high
luminescence quantum yield, and sharp emission band, the latter offering higher selectivity for
bioassays.2? Due to these properties, rare earth nanoparticles have been used in this work to
develop biomedical applications in vitro and in vivo and to improve their optical properties.
This type of NPs will be discussed in more detail in the next section.

1.3 Rare-earth based nanoparticles

Rare earths (RE), which include yttrium, scandium, and the 14 elements of the lanthanide series
(Ln), have attracted considerable interest in recent decades in both academic research and
industry due to their unique physical and chemical properties.#3 This is reflected in the



exponential increase in the number of publications over the last two decades. Figure 10 shows
the number of publications on rare earth nanoparticles on the last 20 years, with most studies
focusing on biphotonics (42%) and nanomedicine (28%) for ultrasensitive biosensors, light-
guided cancer therapies (e.g., photothermal therapies), diagnostics, and drug delivery.*4
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Figure 10. Number of publications presenting studies that explore UCNPs and DCNPs in biophotonics,
nanomedicine, and other fields. UCNP and DCNP research has gained increasing attention, as shown by Clarivate
Analytics' Web of Science (WoS) (version 5.32) scientific citation search platform. The pie chart shows the
percentage of published research in biophotonics, nanomedicine, and other areas.**

The history of the luminescent materials compound by rare earth began in 1960 when, thanks
to breakthrough advances in purification technology, rare earth phosphors were successfully
used in lamps and cathode ray tubes.#> Since then, research into rare earth luminescent
materials has made continuous and significant progress, and the range of applications has been
constantly expanded. Today, rare earth luminescent materials are used in almost all areas of
photonics and optoelectronics, i.e., in lighting,4647 displays,*®4° sensor technology,>® and
biomedicine>! as others.

Rare earths (especially lanthanides) have unique optical, electronic, magnetic, and catalytic
properties. When a lanthanide ion is present in complexes, the outer electron shell, which
includes the 5d and 6s electron orbitals, has a large atomic radius that is susceptible to ligand
field and shielding effects. This type of ion has a relatively low ionization energy, so the three
outer electrons can be easily removed. The most common and stable electron configuration of
the lanthanide series Ln3+, i.e., [Xe]4f* (0<n<14).52 Within this configuration, the arrangement
of electrons varies greatly, and due to Coulomb interactions and orbital-spin complexes
between the f electrons, the electron distributions result in highly degenerate energy levels.>3
When Ln3* cations are incorporated into a crystalline matrix, its energy levels are easily affected
by the outer 5p and 5s orbitals by the In3* because they form a shield. However, the crystalline
field surrounding the cation can circumvent the parity selection rule and promote
intraconfigurational transitions between f-f orbitals, leading to unique properties such as large
Stokes shifts, long excited state lifetimes, sharp and intense luminescence with very narrow
emission bands, and high resistance to the blinking effect of fluorescence.>* Rare earth doped



phosphors exhibit considerable resistance to photobleaching and photochemical degradation
because 4f electrons play an essential role in chemical bonds that cannot be broken in
photochemical processes.>> Therefore, Ln3* are considered as promising luminescent
supporters for applications including bioimaging,5¢ sensing,57 therapy,>8-¢0 lighting and
displays, ¢1 and photovoltaic devices.6263

Depending on the electronic transitions involved within the complex, the energy levels of Ln3+
can emit light upon irradiation, with ultraviolet (UV) or infrared (IR) light, by various optical
processes such as downshifting (DF), downconversion (DC), and upconversion (UC). Figure 11
DFL is a photoluminescence process in which a high-energy excited photon is converted into a
lower-energy emitting photon. DC is similar to the DF process, except that one high-energy
excitation photon leads to several lower-energy emitting photons, with a higher quantum yield
than in DF. UC is an inverse process to DC and represents the combination of multiple low-
energy excitation photons producing a photon with higher emission energy.6* The DF and DC
processes are Stokes shift processes, and UC is an anti-Stokes shift process.

The magnetic moments, magnetic susceptibilities, and electronic relaxation times of Ln3+ are
determined by their 4f electron configurations and differ dramatically along the series.>! The
symmetric electron ground state of Gd3+* leads to weak spin-orbit coupling and consequently a
long electronic relaxation time, while the asymmetric electron ground states of Th3+, Dy3+, Ho3+,
and Er3+ give them a short electronic relaxation time but larger magnetic moments and
magnetic susceptibilities.®> These have been used to accelerate nuclear relaxation and shift the
resonance frequency. For example, some Gd3*-containing complexes are widely used as
contrast agents in magnetic resonance imaging (MRI) to shorten the relaxation time of protons
and increase image contrast.66-68
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Figure 11. Simplified energy level diagrams describing the basic principle of DF, DC, and UC processes using the
4f energy levels of lanthanide ions. The blue lines represent the excitation process, the red lines the emission
processes, and the gray line the relaxation of the multiphoton.

With advances in the field of nanotechnology, a new generation of fluorophores has emerged
from the development of nanostructured materials containing rare-earth ions either as dopants
or as the main component of the nanosystem. The incorporation of these ions opens the
possibility of new applications, especially in the use of nanoparticles with size between 1-100
nm, where most biomolecular interactions take place.5¢ Thus, the incorporation of RE into NPs



enables their use in many different biomedical applications, including bioimaging, biosensing,
targeting, drug delivery, and other therapies.

Some desirable requirements that NPs intended for biomedical applications should meet. For
example, uniform size, shape, composition, and surface chemistry are important, as these
parameters can have a strong influence on their physicochemical properties.®® In particular,
particle geometry has been reported to play an important role in cell-material interactions,
affecting cellular uptake and cellular functions.”’% In vivo and in vitro assays usually require
controlled particle size to improve permeation and retention efficiency,’! as well as high
colloidal stability and low toxicity. As mentioned earlier, rare earth nanoparticles have low
toxicity and high thermal and chemical stability, compared to other materials. They also exhibit
high photostability, high luminescence quantum yield, and sharp emission bands, which also
provide higher selectivity for bioassays.”0

The use of RE -based NPs for luminescent imaging is based on the luminescent properties of Ln
cations contained as dopants in a variety of inorganic matrices such as oxides, fluorides,
phosphates, vanadates, molybdates, and tungstates, inorganic matrices not necessarily based
on RE. Although RE compounds usually facilitate the doping process by favoring the
incorporation of the doping Ln cations with the same charge and very similar size.”2 Depending
on the doping cations chosen, two main groups of RE -based luminescent NPs can be formed.
First, there are up-conversion nanoparticles (UCNPs), which are capable of emitting light of
shorter wavelength after being excited by long-wavelength radiation (i.e., anti-Stokes
luminescence), and down-conversion nanoparticles (DCNPs), which convert higher-energy
photons into lower-energy photons (i.e., conventional Stokes luminescence). Both UCNPs and
DCNPs have attracted considerable research interest because they are excited by NIR radiation,
which avoids photodestruction and background fluorescence of biological systems and allows
greater penetration depth into biological tissues.”3

1.3.1 Upconversion Nanoparticles (UCNPs)

The upconversion of photons involves the absorption of two or more photons of lower energy
and the emission of one photon of higher energy. For example, the absorption of several
photons in the near-infrared (NIR) and the emission of a smaller number of photons in the UV-
visible.”4 This is not a common process typically associated with materials containing transition
metals, lanthanide ions, or actinides, as a variety of degenerate electronic states are possible in
this type of transition. To date, there are five different mechanisms for upconversion
photoluminescence in Ln3*-doped nanoparticles. These are sequential photon absorption
(ESA), energy transfer upconversion (ETU), photon avalanche (PA), cross-relaxation (CR), and
cooperative upconversion (CSU).7# Figure 12 shows a schematic representation of the most
common UCL processes.

The ESA mechanism is based on the successive absorption of two or more photons by a single
ion due to the ladder-like structure, Figure 12A. This mechanism assumes that the distances
between the ground state (G), the first energy level E1, and the second energy level Ez are equal.
When an ion is excited, the photon transitions from the ground state to the Ei level. Then
another photon is absorbed by the laser, causing the E1 photon to rise to a higher energy state
E2. Thus, a sequential absorption of photons takes place, which eventually leads to emission
from the E2 level. The efficiency of the process is independent of the concentration of the
dopant. The Ln3+ that achieve a highly efficient process are Er3+, Ho3*, Tm3+, and Nd3+.7>
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Figure 12. Simplified diagram of the most common upconversion photoluminescence processes. A
sequential photon absorption (ESA). B up-conversion energy transfer (ETU). C photon avalanche (PA).
The pink arrows indicate the absorption of photons, the gray dotted arrows represent the energy
transfer, the blue dotted arrows illustrate the spontaneous emissions, and finally, the green arrows
represent the emission of photons by the upconversion process.

The PA process is the less common mechanisms and usually happen inside the laser. The PA
mechanism starts similarly to the ESA process. It uses the cross-relaxation mechanism to
increase the population of the excited state and produce a photon avalanche effect leading to
emission (Figure 12C). An excited-state ion transfers energy to a ground-state ion in cross-
relaxation, creating two exciting ions with intermediate energy.’¢ Finally, the most efficient
process, the ETU mechanism (Figure 12B), involves two adjacent ions. [on 1, also known as the
sensitizer, is first excited by the absorption of a photon from the ground state to the metastable
state E1. Later, it transfers the energy to the E1 and G states of the activator (ion 2). As a result,
ion 2 is excited to the higher state Ez and energy emission arises. The efficiency of an
upconversion process by the ETU mechanism is related to the average distance between
neighboring sensitizer-activator ions, which is determined by the doping concentrations.”’® The
most commonly activator/sensitizer pairs are Yb3*/Tm3* and Yb3+/Er3+. The Yb3* ion is a
particular sensitizer because its emission, around 980nm, are located in a region where
biological tissues exhibit very low scattering (biological window I).74

For lanthanide-doped nanoparticles, the mechanism of upconversion is essentially the same as
for bulk materials. However, the effects associated with surface area and size have important
implications for the emission spectrum and quantum yield of UCNPs. Remember that in
fluorescence, the mechanisms of radiative and nonradiative relaxation compete and that
radiative relaxation decreases the lifetime of excited states, while the presence of phonons
increases the probability of energy transfer. Surface-related effects can also significantly affect
the color and luminescence efficiency.”3 The surface ligands of nanomaterials can possess a high
level of vibrational energy, which contributes significantly to phonon-assisted effects.

To obtain an efficient nanoparticle for the upconversion process, it is important to make a good
choice of crystal lattice matrix. Fluoride materials have long excited-state lifetimes, which are
often observed due to the low phonon energies (about 350 cm1)77 of the crystal lattice (Table
1). However, lattice impurities can increase multiphonon relaxation rates between metastable
states, thereby reducing the overall intensity of visible emission.”3 Low nonradiative losses are
also observed in lattices containing heavy halogenides, but these materials suffer from low
chemical stability. Metal oxides provide the desired chemical stability, but conventional

oxygen-based systems often have large phonon energies above 500 cm'l (Table 1).
78



Table 1. Highest phonon lattice energy commonly used matrices for rare-earths ions.”3

Material Highest Phonon Energy (cm-1)
Phosphate Glass 1200
Silica Glass 1100
Fluoride Glass 550
Chalcogenide Glass 400
LaPO04 1050
Yttrium Aluminum Garnet (YAG) 860
YVOa4 600
LaF3 300
LaCls 240

Host lattices based on cations such as Na*, Ca?*, and Y3+ with ionic radii close to those of
lanthanide dopant ions prevent the formation of crystal defects and lattice stresses. Therefore,
Na*and Ca?* fluorides are generally superior host materials for upconversion phosphors.73.7579
One of the most efficient nanocrystals in upconversion luminescence is the NaYF4: Yb3*, Er3*
nanoparticles which is 20 times higher than that of La203:Yb3+,Er3* and 6 times higher than
Laz(Mo00a4)3:Yb3* Er3+. Another crucial aspect is the crystalline structure, photoluminescence is
highly affected by nonharmonic couplings of phonons within the matrix. The non-harmonic
phononic effect is more pronounced in the cubic phase (a) than in the hexagonal phase (f3)
because the substitution of Na* and lanthanide cations in the cubic phase is random compared
to the distribution of highly ordered cations in the hexagonal lattice,80 Figure 13. In fact, The UC
efficiency of the green emission in hexagonal-phase NaYF4:Yb3+/Er3+ is approximately 10 times
stronger than that in cubic NaYF4:Yb3+/Er3+.
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Figure 13. NaYF crystal structure A) Alpha phase B) Beta phase.
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It is possible to control the formation of one or the other crystalline phase by the different
synthesis methods or the parameters used, e.g. strategies at low temperatures 290°C-295°C
promote the formation of polymorphisms with a dominance of the cubic phase, while at a high
reaction temperature of 310°C the nanoparticles obtained have a hexagonal phase.8!



1.3.2 Downconversion nanoparticles (DCNPs)

Photoluminescence bioimaging is an in vivo technique that, by collecting light in the bodies of
animals (rather than in anatomical tissues or cell cultures), allows visualization of
biological structures, processes, and functions with a high degree of precision and spatial
resolution, surpassing other imaging techniques such as X-rays or nuclear magnetic
resonance.82 For decades, bioimaging has used techniques that detect light in the visible
(400-700 nm) and infrared (NIR I 700-900 nm) regions of the spectrum. These regions
of the electromagnetic spectrum present many challenges because living tissue in this
range exhibits autofluorescence and a high scattering coefficient, resulting in a diffuse
image with reduced contrast.83 In the last decade, alternatives have emerged to address
these problems. One of these is the development of luminescent or fluorescent probes
that emit in regions of the near infrared where tissue and water have no emission. These
regions are also known as biological windows. A variety of materials that serve this
purpose have been investigated, including small molecules,8485 polymer-encapsulated
dyes,8687 "quatum dots" (QDs),888° and nanoparticles.?0.°1

Materials that emit in the NIR range include nanoparticles doped with rare earths. Taking
advantage of the unique properties of UCNPs and their potential bioapplications, numerous
studies have been conducted to optimize the optical properties of these nanomaterials. Despite
these efforts, challenges remain related to their low up-conversion efficiency, limited hosts, and
limited wavelength. 92 Recently, strategies have been developed using other types of p-
lanthanide ions such as Nd3* because their excitation wavelength provides an alternative to
UCL. As mentioned in the previous section, downconversion is a Stokes-shifted emission. It
occurs when a lanthanide ion is excited from the ground state G to the excited state E» (Figure
11). Later, the photon relaxes non-radiatively to the metastable level Ei1, from which light
emission occurs. It is important to note that the nonradiative relaxation process from the Ez to
E1 state is governed by the dynamics of the phonons within the nanophosphor.?® This
phenomenon is also known as quantum cutting or "quantum splitting” because one high-
energy photon is absorbed and two low-energy photons are produced, with emission generally
occurring in the NIR spectrum.83

Fifteen lanthanides show down-conversion luminescence. The ions of Pr3+, Nd3+, Ho3*, Er3+, and
Tm3+ are the most promising for applications in the NIR because their spectral lines lie in the
1000 to 1700 nm region of the electromagnetic spectrum.?* The main resonant energy levels
are 1G4 for the Pr3+ ion (98.80 cm1), 4F3/2 for the Nd3+ ion (11260 cm1), 5I¢ for the Ho3* ion
(8610 cm1), and *I13/2 for the Er3+ion (6610 cm-1).83 There are processes that compete with the
DCL and reduce the intensity of emission in the NIR, the upconversion process, the
luminescence quenching effect caused by nonradiative cross-relaxation processes between
neighboring ER ions or by the transfer/migration of excitation energy to a point where
electrons are trapped, such as defects or impurities in the host lattice. This quenching problem
becomes more important when lanthanide-doped probes are used in biological applications
because the energy transfer from ER ions to the OH groups of the aqueous solution is
significant.?> Apart from this, the efficiency of luminescence is determined by: (1) the
population of the resonance level by direct excitation or sensitization; (2) competing processes,
including but not limited to upconversion luminescence, nonradiative cross-relaxation, and the
aqueous quenching effect; (3) the intrinsic efficiency of the 4f-4f transitions of the electric
dipole of the RE ions themselves. The most studied emitter ions to date are Er3* and Nd3+ due
to their luminescence emission in the NIR-II window, which is at 1550 and 1050 nm,
respectively. Lanthanide-doped ions have been synthesized with a variety of inorganic hosts,
including: LaPOs, LaF3, NaYFs, and CeP04.96



DCNPS were initially focused on applications in solar energy®3 or telecommunications.’’” The
first attempts to use DCNP as biomedical imaging agents (NIR I or NIR II) were made in the last
two decades. In 2002, Veggel et al. reported Nd3+-doped LaF3 nanoparticles that exhibited
emissions in NIR I and NIR II when excited with a laser at 514 nm. These materials initially
attracted attention because they were in the second "telecommunication window" (where silica
fibers exhibited improved efficiency and enhanced long-range transmissions) and were
considered promising for polymer-based optical components.?8 In 2006, inspired by Veggel's
work, Wang et al. developed a simple method to synthesize LaF3:Nd3* in aqueous solution at
low temperature and indicated that this type of DCNP would have potential application in
biomedical imaging. Since then, research has been conducted on the development of various
biosensors, with applications in-vivo and ex-vivo, making DCNP nanoparticles a new branch of
nanophosphors.

In vivo fluorescence and luminescence based molecular imaging in the biological NIR window
makes it possible to obtain higher-resolution images at tissue depths of less than a centimeter,
taking advantage of the reduced light scattering and autofluorescence of tissue in the spectral
range of 1,000-1,700 nm.?%100 Currently, there are few probes in the literature that exhibit
emission, including CNTs,100 QDs such as lead sulfide (PbS),101 from indium arsenide®8 and
more recently the QDs from silver sulfide,32 down-converting nanoparticles doped with rare
earths can also be found.®%192 DNPs have attracted great interest for in vivo biological imaging
applications due to their unique properties such as millisecond lifetime, stable, superior
photochemistry, low toxicity, and good biodistribution.83 A recent work that combines all these
properties is that of Hao et al, who synthesized luminescent nanorods of NaLuF4: Gd/Yb/Er/Ce
that emitan intense signal at 1525 nm, which was used to diagnose small tumors and metastatic
formations in the brains of mice in a noninvasive manner and provided images with excellent
resolution.193 The impressive quality and clarity of in vivo images produced by detecting light
emitted by DCNPs in the NIR have generated tremendous interest in research and activities in
this field in recent years.10% Bioimaging techniques have the prospect of becoming
indispensable and helping us in the future to understand biological processes in vivo through
images with spatial and temporal resolution never before seen in mammals. Furthermore, in
theranostic systems may allow us not only to detect disease, but also to treat it in situ. The future
development and applicability of in vivo bioimaging depend on the optical properties of the
probes. Therefore, it is necessary to continue working on improving these optical properties,
increasing the colloidal stability of nanoparticles in aqueous systems, and building highly
specific biosensors.

1.4 Application of RE based nanoparticles in biomedicine

The use of novel RE nanoparticles for biological and therapeutic applications is an emerging
area of research. Several research groups worldwide are investigating biomedical applications
for these types of NPs. Their unique physicochemical properties help to significantly improve
conventional approaches to disease diagnosis and therapies for human health. Most important
applications of rare earth nanoparticles are discussed below.



1.4.1 Bioimaging

Magnetic resonance imaging (MRI) has become a powerful imaging tool because it provides
high spatial and temporal resolution of the anatomical and physiological systems of the
organism.195 It is a non-invasive technique with a high penetrating capability. The application
of RE nanoparticles for MRI has focused primarily on their use as contrast agents. In 2003,
Donald et al. evaluated the physicochemical properties and magnetic resonance properties of
gadolinium oxide nanoparticles. They concluded that Gd3+ is an excellent positive contrast
agent for MRI because of the seven unpaired electrons in gadolinium, high paramagnetic
stability, and slow electron relaxation.1¢ In 2013, Mignot et al. injected rodents with
gadolinium nanoparticles and followed their excretion by MRI. This showed that excretion of
these nanoparticles from the body occurs exclusively through the kidneys.107 in 2014, thanks
to ICP analysis, Sancey et al. confirmed that excretion of the nanoparticles occurs via the kidneys
(Figure 14).108

One of the most studied applications in this field is the use of ultrasmall gadolinium
nanoparticles to detect primary tumors, as it is a noninvasive technique that does not require
ionizing radiation. Since the surface of rare-earth nanoparticles can be easily modified and
seeded with different molecules, this enables the development of theracnostic systems, i.e., dual
systems suitable for both in situ detection and treatment. Li et al demonstrated this
theracnostic approach by combining gemcitabine, an anticancer drug, with gadolinium
nanoparticles used in MRI. In this study, the nanosystem was shown to be able to increase the
retention time and contrast of the signal in a mouse model with inhibition. MDA-MB-231
tumors in vivo very effectively.19? Systems combining the properties of gadolinium
nanoparticles (suitable for T1) with magnetic nanoparticles (suitable for T2) have also been
developed to create dual contrast agents for T1 and T2 that improve the quality of MRI
images.110.111
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Figure 14. Distribution of gadolinium-based nanoparticles in the kidney as a function of the time elapsed since
administration. (a), Quantitative imaging of Gd and Na in kidney coronal sections. The images were recorded at a
40-mm resolution and represent 30,000 pixels. (b), Agreement between the Gd concentrations measured via LIBS
(green) and ICP (yellow). 108




1.4.2 Biosensing

Biosensing is usually the detection of biologically active molecules or parameters that are
critical for biomedical and environmental applications. In the last decades, various researchers
have thoroughly investigated the potential of RE -nanoparticles for biosensing applications. In
the case of RE -NPs, the luminescence lifetime is independent of concentration and excitation
power, and variation in lifetimes may indicate interactions with the environment. In addition,
RE -NPs can be used for simultaneous detection of multiple substances due to the multiple and
sharp emission bands.112 Many substances, from inorganic ions to cells, have been detected
using this type of nanoparticle. Normally, biosensing with RE -NPs is based on direct detection
of luminescence, luminescence resonance transfer signal or using their lifetime.113

In 2015, Stipic et al. showed that luminescence resonance energy transfer of rare earth-based
nanoparticles can be used to detect immune responses triggered by biotoxins.11#4 Tan et al
prepared coordination polymer nanoparticles (CPNPs) based on terbium (Tb3*) and
demonstrated detection of the drug ciprofloxacin in urine samples at low. Jin et al. prepared
NaYF4:Yb20%),Tm(1%) nanoparticles with a lifetime of 160 ps and detected single Giardia
lamblia, a parasite that causes the diarrheal disease known as giardiasis, using a time-gated
orthogonal scanning automated microscopy platform.11> Zhang et. al prepared
NaGdF4:Yb,Ln3*@NaYF4:Yb@NaNdF4:Yb@NaYFs+ nanoparticles with a core-shell-shell
structure with Yb3+/Ln3+-doped activation core, a Yb3+-doped energy relay layer, a Nd3+/Yb3+-
doped energy absorption layer, and an inert outer layer. 112 The doped Ln3* in the activation
core conferred different emission colors and lifetimes when illuminated by an 808-nm laser.
These nanoparticles were incorporated into porous polystyrene microspheres, and the
composites were used for simultaneous detection of human papillomavirus (HPV) subtypes in
patient samples using a time-resolved imaging system.11?2 In our research group, Mendez
Gonzalez et al. have developed a biosensor based on NaYF4:Yb,Er@SiOz nanoparticles
functionalized with ssDNA to detect small oligonucleotides with high specificity.116

Regarding in vivo and in vitro applications of RE -NPs as biosensors, there is work such as that
of Ren et al. who developed an Er-based lanthanide nanoparticle of NaErFs.254Ce@NaYbF4
coupled with a dye-brush polymer (Dye- BP) with an emission wavelength of 1525 nm, which
is close to the infrared II biological imaging window. They also conjugated a tumor-targeting
angiopep-2 peptide that could target gliomas in a mouse model. Using this luminescent probe
(IR), they successfully removed the glioma from the mouse brain.117

1.4.3 Therapeutic Applications

Due to the characteristic properties of rare earth nanoparticles, they can be used in various
biomedical applications as part of a treatment and not only for diagnostic and imaging
applications. Their main therapeutic properties include antimicrobial, anticancer, angiogenic,
and radioprotective agents, etc.118 The combination of all these properties explains their role in
the diagnosis and treatment of cardiovascular, diabetic, vascular, inflammatory, and
immunological diseases, where they act as theracnostic systems.112



1.4.3.1 Drug Delivery

RE -NPs are considered promising for drug delivery compared to conventional therapeutics.
This is because therapeutic moieties at bulk scale possess certain limitations, such as minimal
selectivity, low specificity, and poor solubility.11® Therefore, RE-NPs nanoparticles have
successfully demonstrated that they can overcome the major challenges of bulk therapeutic
materials by showing therapeutic efficacy at lower dosages with minimal toxicities and higher
precision. Moreover, the target specificity of the ligands is an advantage for their use as drug
carriers. Rajendiran et al. synthesized lanthanum fluoride-doped terbium nanoparticles
functionalized with chitosan and used as carriers for methotrexate. This facilitated targeted
delivery of the drug to cancer cells and showed a greater extent of cytotoxicity (MCF -7) than
the free drug.l?0 Yang et al. synthesized NaREFs nanoparticles (RE including neodymium,
lutetium, and ytterbium). Their results demonstrated the biocompatibility of the complex with
certain in vitro assays and confirmed its application for the delivery of the anticancer drug
doxorubicin (DOXO0) to HeLa cells.121 Li et al. synthesized gadolinium-based nanoparticles
loaded with gemcitabine monophosphate, an anticancer drug. They observed significant in vivo
tumor inhibition in mouse model with higher retention time and better diagnosis with
improved MRI contrast.199 Wu et al. synthesized a f-NaYF4:Ce3+Tb3* complex and encapsulated
itin mesoporous silica nanocomposites. They used it as a drug carrier for the controlled release
of DOX and confirmed significant cytotoxicity (toward A549 cells) by in vitro assays.122

1.4.3.2 Imaged-Guide Therapy

In theranostics, the luminescent property of lanthanide nanoparticles helps determine the
precise location of therapeutic needs, which is referred to as "image-guided therapy." The
luminescent or fluorescent properties of lanthanide nanoparticles are induced by 4f-4f
transitions and contribute to numerous applications in therapy.123 Lanthanide nanoparticles
act as multimodal platforms that serve as systems for imaging and also for treatment. Hagan et
al. reported that the use of rare earth nanoparticles in the form of chelate markers in
immunoassays increased sensitivity and overcame the problem of autofluorescence. The
sustained luminescence of rare earth nanoparticles with very minimal interference is the most
important factor for their use in therapeutic techniques.124 Victor et al. synthesized a complex
of hydroxyapatite and conjugated alginic acid as a carrier of the drug 4-acetylsalicylic acid for
the treatment of colon cancer. When the complex was doped with neodymium, it achieved the
ability to fluoresce in the near IR, making it a good choice for early detection and targeted
treatment of tumors.125 In 2014 Rocha et al. reported that neodymium ions, when doped with
lanthanum fluoride nanoparticles, show promise as probes for bioimaging of target areas
because of their high penetrating power (up to 1 cm), high image contrast, and lower
autofluorescence.!26 Singh et al. synthesized a nanohybrid with SnO2 nanoparticles doped with
Tb3* ions incorporated into a polyvinyl alcohol matrix, the nanohybrid exhibits
biocompatibility toward HeLa cells at higher concentrations and possesses luminescent
properties, thereby supporting optical imaging of the target area both in vitro and in vivo.127 In
2021, Liu et al. reported imaging and therapy of glioblastoma using dye-sensitized core-shell
NaYF4:Yb/Tm@NaYF4:Nd nanoparticles with strong upconversion/downconversion
luminescence. Their UV upconverting emission was used to monitor the release of SO2 from the
5-amino-1,3-dihydrobenzo|[c]thiophene-2,2-dioxide prodrug for gas therapy, and the NIR-II
downconverting emission at 1340 nm was used for imaging.128



1.4.3.3 Angiogenesis/Anti-angiogenesis Activity

Angiogenesis is the process of growth and development of new blood vessels from pre-existing
vessels, which is tightly regulated in various pathophysiological processes. Under physiological
conditions, it is controlled by growth factors, such as VEGF (vascular endothelial growth factor),
etc. Under certain disease conditions, when the endogenous production or activity of growth
factors is disturbed, exogenous delivery of growth factors/molecules is required to restore the
process of angiogenesis. Recently, several research groups have thoroughly investigated the
design, development, and therapeutic application of various pro-angiogenic rare earth
lanthanide nanoparticles.

Augustine et al (2017) have demonstrated the pro-angiogenic properties of europium
hydroxide nanorods (EHNs) in vitro using different in endothelial cells and in vivo using chick
embryo and zebrafish test systems. EHNs have been shown to promote endothelial cell
proliferation, cell migration, and vessel formation, which are hallmarks of angiogenesis. EHNs
have been reported to induce blood vessel formation in vivo in chick embryos and transgenic
zebrafish.12° In 2016, Zhao et al. investigated rare earth nanoparticles such as europium
hydroxide/terbium hydroxide nanoparticles in transgenic zebrafish model. The results showed
that these nanoparticles trigger angiogenesis through redox signalling.13% Other nanoparticles,
such as cerium oxide nanoparticles, were extensively studied for their angiogenesis/anti-
angiogenesis properties. Das et al. reported the stimulation of angiogenesis by cerium oxide
nanoparticles.’31 The nanoparticles promote the formation of endothelial tubes and support
the growth of blood vessels in the chicken embryo by activating HIF-1la and VEGF via
modulation of intracellular oxygen content.131

1.4.3.4 Anticancer Therapy

Cancer is one of the most important health problems worldwide, causing about one million
deaths in the world every year. It is a disease that has accompanied mankind for thousands of
years, and over time various approaches have been studied. Currently, it is treated mainly by
surgery, chemotherapy, radiotherapy, and targeted therapies. Rare earth nanoparticles are a
more recent approach because, as mentioned earlier, they have luminescent properties that are
suitable for signaling the location of a tumor. They also have an easily modifiable surface that
allows them to bind anticancer drugs. In addition, they themselves have anticancer properties
that improve the effectiveness of therapy. Lai et al. synthesized lanthanum hexaboride
nanoparticles coated with carbon doped silica (LaBs@C-SiO2) and studied them on Hela cell
lines, showing significant cytotoxicity upon near-infrared irradiation. They found that LaBe@C-
SiO2 provides an alternative source for the use of gold nanoparticles as a cost-effective
photothermal treatment in cancer therapy.132 Bakht et al. experimented on non-small cell type
lung cancer insensitive to chemotherapy and observed dual therapeutic significances of nano
Pr203, nano Nd203 particles in cancer treatment since nano Pr203 holds radiotherapeutic
property and this when decays to nano Nd20s3 attains autophagy-inducing property to cancer
cells.’33 In 2019, Panda et al. synthesized CeO2 nanoparticles to investigate their efficacy as
anticancer agents. Their results showed that the nanoparticles exhibited remarkable
differential cytotoxicity against healthy (BHK121, baby hamster kidney cells) and human colon
cancer cells (HCT116). Nuclear fragmentation assay showed significant DNA fragmentation in
HCT116 cells, while an intact nucleus was observed in normal cells, suggesting that cerium
induces apoptotic cell death in colon cancer cells.134

Intensively researched for various applications in medicine. Therefore, it is important to
optimize the synthesis patterns, make them more stable in biological media, increase their



quantum efficiency, improve their biodistribution, avoid quenching improve the optical
properties, etc., to get more out of this tool. For this reason, the aim of this PhD thesis is to
perform a comprehensive study on lanthanide-based nanoparticles. It starts with optimizing
the optical properties of NaYF4:Yb3+/Er3* nanoparticles in UCL and DCL by varying the ratio
between the dopants. Subsequently, the stability and luminescence of the same nanoparticles
in water were improved by coating with different polymers, we also studied the increase in
fluorescence and thermal sensitivity of NaYF:@Nd3+Yb3*@CaF: downconversion
nanoparticles and how the thickness of the active shell affects these properties. Finally, these
same particles were used as a platform to stabilize VEGF protein to enhance endothelial cell
proliferation in vitro and in vivo.



2. Objetivos



OBJETIVOS

Esta tesis doctoral esta orientada a cuatro objetivos generales donde cada uno constituye un
proyecto en si, por lo que cada objetivo general representa un capitulo de este escrito.

1)

2)

3)

4)

Realizar un estudio basico sistematico de nanoparticulas de conversion ascendente de
NaYFs dopadas con Yb3+y Er3+variando la ratio entre los dopantes (entre el 0 y el 22% en
total) y la densidad de potencia con el fin de observar qué ocurre con las propiedades
Opticas de las nanoparticulas y sus emisiones de fluorescencia de conversion ascendente y
descendente.

Recubrir las nanoparticulas NaYF4:Yb3*/Er3+ con distintas capas de polimeros hidrofébicos
e hidrofilicos, volviendo asi las nanoparticulas mas estables en agua, medios biolédgicos,
resistentes a aumentos de temperatura y evitando el quencheo de la luminiscencia.

Estudiar las propiedades dpticas y la sensibilidad térmica de nanoparticulas basadas en
lantanidos de NaYF+@Nd3+,Yb3+*@CaFz en funcién del grosor del Shell activo.

Incrementar la proliferacion celular en el proceso de angiogénesis de células endoteliales,
utilizando un  complejo  compuesto  por nanoparticulas  downconversion
NaYF:@Nd3+,Yb3*@CaF2@VEGF-A.



3. Objectives



OBJECTIVES

This dissertation is guided by four general objectives, each of which is a project, so that each
general objective constitutes a chapter of this writing.

1) To perform a basic systematic study of NaYF4 nanoparticles for upconversion doped with
Yb3+ and Er3+, varying the ratio between the dopants (between 0 and 22% total) and the power
density to observe what happens to the nanoparticles. Optical properties of the nanoparticles
and their fluorescence emissions upon upconversion and downconversion.

2) Coat the NaYF4:Yb3*/Er3* nanoparticles with different layers of hydrophobic and hydrophilic
polymers to make the nanoparticles more stable in water and biological media, more resistant
to temperature increases, and prevent quenching of luminescence.

3) Investigate the optical properties and thermal sensitivity of nanoparticles based on
NaYF+@Nd3+ Yb3*@CaF: lanthanides as a function of active shell thickness.

4) Enhancement of cell proliferation in the process of angiogenesis of endothelial cells by a
complex of NaYF4@Nd3+,Yb3+*@CaF2@VEGF-A downconversion nanoparticles.



4, Materials
& Methods



Materials and Methods

4.1 Chemicals

4.1.1 Chemicals using in synthesis

The following products were bought from Sigma-Aldrich Inc (Saint Louis MO, USA) and used
without further purification: ytterbium(III) chloride hexahydrate (99.9%)(YbCl3-6H20),
yttrium(IIl) chloride hexahydrate (99.9%) (YCl3-6H20), erbium(IIl) chloride hexahydrate
(99.9%) (ErCl3-6H20), Neodymium (III) chloride hexahydrate (99.9%) (NdCl3-6H20), sodium
hydroxide (NaOH) (298%), calcium chloride (CaClz) (299%), ammonium fluoride (NH4F)
(298%), oleic acid (0OA) (290% GC), 1-octadecene (ODE) (technical grade 90%), oleylamine
(OA) (technical grade 70%), methanol (MeOH) (299.9% HPLC), absolute ethanol (EtOH), n-
hexane (297% GC), dimethyl sulfoxide (DMSO) (299.9%), Toluene (>90%), chloroform
(CHCI3)(299.8%), N,N-dimethylformamide (DMF) (>99%), nitrosyl tetrafluoroborate (NOBF4)
(95%), styrene (>99%), methyl methacrylate (99%), hexadecane (HD) (99%), sodium dodecyl
sulfate (SDS) (>99%), potassium persulfate (KPS) (299.9%), 10-methacryloyldecylphosphate
(MDP, 99%) poly-acrylic acid (PAA) (Concentration=50wt% in water; Mw~5000g/mol)
potassium phosphate dibasic trihydrate (=299%, Reagent Plus), Cyclohexane (= 97% GC),
Hydrochloric acid (HCI) (37%), Trifluoroacetic acid (99%) (TFA), sodium trifluoroacetate
(NaTFA), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (99%) (EDC-HCI),
N-hydroxysulfosuccinimide sodium (Sulfo-NHS) ( 296%), 2-(N-Morpholino)ethanesulfonic
acid (MES) (299%), Sodium chloride anhydro (NaCl) (299%), 4-(2-Hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES) (99.5%), was purchased from LGC Group, Spain. Cooper TEM
grids were brought from Structure probe Inc (west Chester, PA, USA), Formvar solution was
obtained from SIGMA.

4.1.2 in-vivo and in-vitro experiments

Dulbecco's Modified Eagle Medium (DMEM low glucose, GlutaMAX Supplement #10567014
Life Technologies), Endothelial Growth medium serum free (EGM-SFM, CellBiologics), Fetal
Bovine Serum (FBS, #10270-106 Life Technologies), Penicillin (Sigma Aldrich), Streptomycin
(Sigma Aldrich), Trypsin Protease (Ms Grade, Thermo Fisher), Gelatin Solution from porcine
skin and Fibronectin solution from bovine plasma (Sigma Aldrich), Phosphate buffered saline
solution (PBS, Thermo Fisher), Bovine Serum Albumin (BSA, Sigma Aldrich), Paraformaldehyde
Solution (PFA, Boster Solutions), Tween 20 (Sigma Aldrich), Triton™ X-100 (Sigma Aldrich),
Human monoclonal antibody anti CD31/PECAM-1 (eBioscience™, Thermo Fisher), Click-iT™
EdU Imaging Cell Proliferation Kit, Alexa Fluor™ 647 Dye (Invitrogen, Thermo Fisher), Hoechst
33342, trihydrochloride, trihydrate-10 mg/ml solution in water(Invitrogen, Thermo Fisher),
StemPro™ Accutase™ Cell Dissociation Reagent (Thermo Fisher).



4.2 Methods and instrumentation Used

4.2.1 Transmission Electron Microscopy (TEM), High Resolution Transmission
Electron Microscopy (HR-TEM) & High-angle Annular Dark-field Imaging
(HAADF)

The transmission electron microscope (TEM) takes advantage of the physical-atomic
phenomena that occur when an electron beam strikes an ultrathin sample. Depending on the
thickness and type of atoms that make up the sample, the collided electrons are selectively
scattered. Some of the electrons bounce off or are absorbed by the object, while others
penetrate it and produce a magnified image of the sample. The image is focused by a fluorescent
screen or sensor, such as a charge coupled device (CCD) camera. The electron gun, the source
of emission of the beam, which may be a tungsten filament, is connected to a voltage source that
is in the range of 80-300 kV. The electron beam is manipulated by combining several sets of
lenses. The condenser lenses are responsible for the initial formation of the beam after the
emission of electrons, the objective lenses focus the beam onto the sample, and the projection
lenses are responsible for expanding the reflected beam onto the screen.

High-resolution transmission electron microscopy (HRTEM) uses both transmitted and
scattered beams to produce an interference image. It is a phase-contrast image and can be as
small as the crystal's unit cell. Here, the outgoing modulated electron waves interfere with
themselves at minimal angles as they propagate through the objective. All the outgoing
electrons from the sample are merged into one point in the image plane. HRTEM has been used
extensively and successfully to analyze crystal structures and lattice defects in various types of
advanced materials at atomic resolution. It can characterize point defects, faults, dislocations,
precipitates, grain boundaries, and surface structures.

HAADEF is a technique that produces an annular dark field image formed by the scattering of
electrons at very high angles. The images are created based on the atomic number (Z) of the
atoms present in the sample. When the electron beam interacts with the nucleus of the atom,
many electrostatic interactions occur when the analyzed element has a high Z number, resulting
in more scattered electrons at high angles. Consequently, the HAADF detector detects a larger
signal, making these elements appear brighter on the resulting image. This strong dependence
on Z makes HAADF a useful method to easily identify small regions of high Z element in a matrix
of lower Z material. An extremely important application for HAADF is the determination of the
size and distribution of metal particles.

The chemical and morphological characterization of RE-NPs was carried out using a JEOL JEM
1010 electron transmission microscope (TEM) working at a voltage of 80 kV. High-resolution
images were taken (HR-TEM) using a microscope JEOL JEM 2100 at a working voltage of 200
kV. High-angle annular dark-field (HAADF) scanning TEM and EDX mappings have been
realized using an FEI Talos F200X (FEI, USA, 80 kV) coupled to an EDX detector. All samples
were prepared by adding 10 mL of the UCNPs solution (ca. 3mg/mL) on a Cu or Cu/C grid and
allowing the solvent to evaporate at room temperature.



4.2.2 Fluorescence Microscopy

Fluorescence microscopy, as the name implies, is a microscopic technique that uses
fluorescence and phosphorescence instead of the usual phenomena of light reflection and
absorption. In this technique, the sample is illuminated with a much higher intensity of light.
This light excites fluorescent species in the sample, which then emit light. The image produced
is based on the second light source or emission wavelength of the fluorescent species rather
than the light originally used to illuminate and excite the sample. Light of the excitation
wavelength is focused on the sample through the objective lens. The fluorescence emitted from
the sample is focused through the objective lens onto the detector. Since most of the excitation
light is transmitted through the sample, only the reflected excitation light reaches the objective
lens along with the emitted light.

Fluorescence images were acquired with Leica inverted fluorescent microscope equipped with
Leica DFC450 C camera using LAS V4.4 software (Leica Microsystems), Nikon Eclipse Ti-E inverted
fluorescent microscope equipped with DC-152Q-C00-FI using NIS V4.30 software (Nikon) and Zeiss
Laser Scanning microscope. Images were acquired at 4x or 20x magnification. Individual 4x
magnification fields were stitched together using Image Composite Editor software (Microsoft
Research).

4.2.3 Fourier transform Infrared (FT-IR) spectroscopy

Infrared spectroscopy (IR) is based on the molecular absorption of electromagnetic radiation
in the infrared region, which promotes transitions in the ground states (lowest energy) of the
molecule's rotational and vibrational energy levels. This absorption is characteristic of the type
of chemical bond present in the sample. A spectrometer is used to measure this absorption as
a function of wavelength (in terms of wavenumber, usually 4000-600 cm-1). The result is a
spectrum that serves as a characteristic "molecular fingerprint” and allows identification of
functional groups in organic and inorganic samples.135

Previously, samples were analyzed stepwise by irradiation. Diffract samples with different
lengths of the individual (scattered) waves. In Fourier transform infrared spectroscopy (FTIR),
on the other hand, spectral data at all wavelengths are obtained in a single transmission. Here,
a continuous IR source generates light at a broad infrared wavelength. The infrared light passes
through the interferometer and is then shone directly onto the sample. Unlike scattered light
measurements, an interference program is first generated, which must be converted to a IR
spectrum. This interference (a raw signal) represents the light intensity not as a function of
wavelength, but as a function of the position of the moving mirror in the interferometer.
Therefore, the signal is first subjected to a Fourier transform (FT) to obtain an IR
representation of intensity as a function of wavenumber. The acquisition of the FTIR spectrum
is not only faster than conventional instruments. In addition, these spectrometers have a much
better signal-to-noise ratio, and because the laser-calibrated wavelength scale is so precise, the
wavelength accuracy is much higher.135

To characterize the nanoparticles, in particular to confirm that the different functionalization
performed were successful, a Thermo Nicolet 200IR spectrometer was used to obtain FT-IR
spectra. The samples were prepared by grinding the dried nanoparticles with potassium
bromide (KBr) until a thin powder was obtained. The powder was then processed into a pellet
using a mechanical press (at 10 tons). While air and moisture were removed using a vacuum




pump. Background and sample spectra were recorded in absorption mode with a resolution of
4 cm-! and 128 scans. The spectra were H20 and CO:2 corrected.

4.2.4 Thermogravimetric analysis (TGA)

The thermogravimetric analysis is a characterization technique that allow to determinate the
decomposition temperature of organic compounds. TGA measures weight changes in a material
as a function of temperature (or time) under a controlled atmosphere (Nitrogen and air). When
the material is hybrid between organic an organic part (e.g., the lanthanide-based
nanoparticles) is possible to determinate the ratio between them, also is possible to
characterize and quantify the ligands linking in the nanoparticles surface.

TGA analyses were performed using a TGA/DSC 1 STAR system (Mettler Toledo). In a typical
experiment, concentrated samples (~6 mg of nanoparticles) were deposited and dried at 82° C
in a 70 pL alumina crucible, which was weighed before and after sample addition and drying by
using both the TGA/DSC internal microbalance and an external microbalance (AT261
DeltaRange, Mettler Toledo), for comparison. The samples were then introduced into the
TGA/DSC and after stabilization, the experiment was started. The heating program consisted in
i) heating to 120°C at a heating rate of 5 °C/min; ii) holding the temperature at 120 °C for 30
min to evaporate traces of adsorbed water; iii) increasing the temperature to 530 °C at a rate
of 10 °C/min; iv) maintaining the temperature at 530 °C for 10 min; v) returning to the starting
temperature. The gas flows used during the experiments were 20 cm3/min for Oz and Ny,
respectively.

4.2.5 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is photon correlation spectroscopy or semi-elastic scattering of
light. It is a physicochemical technique for determining the size distribution of suspended
particles or macromolecules in solution, such as nanoparticles, proteins, or microgels.

DLS is based on the Brownian motion of the scattered particles. The principle of Brownian
motion is based on the fact that particles constantly collide with solvent molecules. When
particles are dispersed in a solution, they move randomly in all directions. During these
collisions, a certain amount of energy is transferred, which triggers the movement of the
particles. The energy transfer is constant and therefore affects smaller particles more. As a
result, smaller particles move at higher speeds than larger particles. If all other parameters
affecting the motion of the particles are known, the hydrodynamic diameter can be determined
by measuring the velocity of the particles.136

The relationship between the velocity of the particles and the size of the particles is given by
the Stokes-Einsteins equation (Equation 6). The velocity of the particles is determined by the
translational diffusion coefficient D. In addition, the viscosity of the dispersant and the
temperature are included in the equation since these parameters directly affect the movement
of the particles. The basic requirement for the Stokes-Einstein equation is that the motion of
the particles is based solely on Brownian motion. Once deposition begins, there is no more
random motion, which would lead to inaccurate results. Thus, the onset of deposition creates
an upper size limit for DLS measurements. In contrast, the lower size limit is determined by the
signal-to-noise ratio. Small particles do not scatter much light, resulting in an inadequate
measurement signal.136



_ kgT
~ 6mnRy

Equation 6

Where D is the translational diffusion coefficient “speed of the particles”, kz is the Boltzmann
constant, 7 is the viscosity, and Ry is hydrodynamic radius.

In this project, the samples' hydrodynamic diameter (Dh) was determined using a ZetaSizer
Nano ZS (Malvern Instruments). The accumulation time was determined automatically for each
sample. The multimodal analysis method was selected in the DLS software provided by Malvern
using the Stokes-Einstein equation. For DLS experiments, samples were diluted to ~50 pg/mL.

4.2.6 X-ray powder diffraction crystallography

The physical and chemical properties of nanoparticles are strongly influenced by the size, shape
and structural strain of the particles, including: rheology, surface area, cation exchange
capacity, solubility, reflectivity, etc. The crystallite size is determined by measuring the
magnification of a particular in-plane X-ray reflectance within the crystal cell unit. The
magnification is inversely related to a single peak's width at half height (FWHM): the narrower
the peak, the larger the crystallite. This is due to the periodicity of the in-phase crystallite
domains, which enhance the X-ray diffraction and result in a tall and narrow peak. If the crystals
are free of defects and periodically arranged, the X-rays will be diffracted at the same angle,
even though the different layers of the sample. If the crystals are randomly arranged or have a
shallow degree of periodicity, the peaks will be wider.

To determine the crystalline phase, X-ray diffraction (XRD) patterns of the dried UCNP powders
were recorded using a PANalytical Model XPPert PRO MPD Multi-Purpose Diffractometer from
10°to 70 °.

4.2.7 Z-Potential

The Z-potential is the capacitance describing the intensity of the static electric field of the
Double layes (DL) at the boundary between the nano and the liquid. Colloids have a surface
charge caused by the particles and their environment.137 This leads to colloidal stability due to
Van der Waals interaction forces and repulsive forces of the DL. This stability can be affected
by pH, concentration, and conductivity. For the Z-potential, values close to 0 indicate low
colloidal stability because the repulsive forces are low, leading to aggregates of the
nanoparticles. In addition, the Z-potential measures the charge on the surface of the
nanoparticles, which helps to verify whether the surface of the nanoparticles is properly
functionalized.137

Z-potential measurements were performed using a Malvern Nano- ZS instrument. Samples for
Z-potential experiments were freshly prepared prior to measurements by diluting them to a
final concentration of ~50 pg/mL. Measurements were performed at 25°C using the automatic
mode (10 minimum runs - 100 maximum runs), with an equilibration time of 120 seconds and
the Smoluchowski fit model. At least 3 independent measurements were performed for each
sample.



4.2.8 Steady-state photoluminescence measurements

The luminescence spectra of the emission from the Lanthanide-Based nanoparticles were
measured using a fluorescence system built by Professors Dr. Oscar Calderén Dr. Sonia Melle at
the Faculty of Optics of the UCM in collaboration with Dr. Jorge Rubio-Retama at Pharmacy
Faculty of UCM.138 Figure 15 shows schematically the operation of the apparatus used to
perform the photoluminescence measurements. The excitation beam comes from a 10 W CW
twisted laser (JDSU, L4-9897603) operating at a wavelength of 976 nm and equipped with a
current and temperature controller (ILX Lightwave, LDX-36025-12 and LDT -5525B,
respectively). The laser beam is passed through a dichroic short-pass filter (Semrock, FF01-775
/ SP) and then focused with a 10x objective on a Hellma 101.015- QS microcuvette, 3X3 mm?
slice thickness. The luminescence of the sample is reflected by the dichroic mirror onto the
short pass filter, which blocks the reflected radiation between 770 and 1050 nm.

The beam is then focused onto an optical fiber connected to a monochromator (Horiba Jobin
Yvon IHR320). The monochromator uses an 1800 gram per millimeter grating fired at a
wavelength of 500 nm and a photomultiplier tube (Hamamatsu, R928). To measure the
upconversion luminescence in the emission required for each project, IR downconversion
spectra were measured using a solid-state InGaAs detector (Horiba Jobin Yvon, DSS-IGA020TC)
and a 900 gram per millimeter grating fired on at 1.5 um. Three spectra were recorded for each
sample. Intensity was calculated by integrating the area of the spectra within the emission
bands and taking the maximum deviation as the error. The results shown without error bars
correspond to a single representative measurement.
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Figure 15. Schematic representation of the system for measuring upconversion and downconversion of
luminescence.

4.2.9 Photoluminescence lifetime measurements

The time-resolved photon counting method was used to determine the luminescence lifetime
of the different samples. Excitation pulses of 40 ps duration (with 125 Hz repetition rate) were
generated using the laser current controller (LDX-36025-12, from ILX Lightwave).
Luminescence emissions were detected by the photomultiplier tube connected directly
(without using a preamplifier stage) to a 50 ( input of a digital oscilloscope (Agilent,
DS09104A). The oscilloscope is triggered by a signal from the laser current control. Our in-
house developed Matlab program was used to analyze each recorded signal in real time directly



in the oscilloscope. This code simulates the discriminator and the multichannel counter. After
analyzing more than 5000 trigger signals, a luminescence decay curve was generated. The
luminescence lifetime was determined by fitting the decay curves to a double exponential
function. The fit was made from the time when the luminescence reached 60% of its maximum
value to the last recorded time (2 ms, long enough to ensure complete decay of the
luminescence).

4.2.10Ultrasonication

The ultrasonication step was performed with an ultrasonication tip (Branson 250 Sonifier,
analog cell resolver; 200 W max output power) operating at 70% duty cycle with the output
power in the "1" position (which sets the amplitude of the power supply output voltage to 10%
of the nominal amplitude of the converter).

4.2.11 Western Blot

Western blot is generally used to separate and identify proteins. In this technique, a mixture of
proteins is separated by gel electrophoresis according to their molecular weight and thus their
type. These results are then transferred to a membrane, creating a band for each protein. The
membrane is then incubated with labelled antibodies specific for the protein of interest. Figure
16 outlines the basic steps of the Western blot. The unbound antibody is washed off, leaving
only the antibody bound to the protein of interest. The bound antibodies are then detected by
developing the film. Since the antibodies bind only to the protein of interest, only one band
should be visible. The thickness of the band corresponds to the amount of protein present. Thus,
a standard can indicate the amount of protein present.
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Figure 16. Scheme illustrating the basic steps in Western blotting. 1) Cell lysis, 2) Gel preparation, 3)
Electrophoresis 20 minutes, 180 V, 4) Gel transfer to nitrocellulose. 5) Incubation of antibodies and 6)
visualization by chemiluminescence.




4.3 Synthesis

4.3.1 Synthesis of NaYF4: Yb3*/Er3* Upconversion Nanoparticles

Monodisperse (-NaYFa:YbxEry nanoparticles were synthesized following the thermal co-
precipitation method.13° First, appropriate amount of yttrium(III) chloride hexahydrate
(236.63 mg, 0.78 mmol), ytterbium(III) chloride hexahydrate, and erbium(III) chloride
hexahydrate were dissolved in 1 mL of MeOH. Afterward, the rare earth methanol solution was
mixed with 1-octadecene (15 mL, 46.9 mmol) and oleic acid (6 mL, 19 mmol) in a three-neck
round bottom flask by moderate stirring. The resultant mixture was heated to 140°C under a
nitrogen flow at a heating rate of 5°C min-! with a heating mantle (Nahita Blue, Serie 656)
coupled to a temperature controller (JP selecta). At this point, HCI traces and solvents were
removed by using a vacuum pump over 20 min. The next step was to add 10 mL of a methanol
solution containing NaOH (100 mg, 2.5 mmol) and NH4F (148.16 mg, 4.0 mmol), allowing the
reaction to incubate for 30 minutes. The temperature was increased again to 110°C with a
heating rate of 1°C min-! under an Nz flow. Again, a vacuum pump was used over 20 min. Finally,
the solution was heated until it reached a temperature of 316°C and refluxed for 1 h. After the
solution was cooled down to room temperature, nanoparticles were purified by splitting the
product into four centrifuge tubes and vigorously mixing them with 4 mL of MeOH.
Subsequently, the phases were separated, and the methanol phase was removed. Then, the
sample was centrifuged at 8500 rpm for 20 minutes. The pellet was washed twice with 1 mL of
EtOH without redispersing it. The pellet was finally dried and dispersed in 4 mL of hexane for
storage. Figure 17 outlines the basic steps in synthesizing the UCNPS of f-NaYFa: Yb3+/ Er3+

Step 1: Salt dissolution Step 2: Methanolic Step 3: Incubation Step 4: Reflux
solution
2.5 mmol NaOH
0.78 mmol YCI o 4.0 mmol NHF 1.110°C,N
0.2 mmol YbClz \] U % -
0.02 mmol ErCly
2.140°C, vacuum 2.110°C, vacuum
15 mL de ODE 3. Ty
6 mL de OA
Paso 5: Cleaning
1. MeOH 1.316°C, N,
2. Centrifugation 2. Tomp
3. EtOH

Figure 17. General scheme illustrating the steps in synthesizing UCNPs nanoparticles by thermal co-
precipitation.



4.3.2 Removal of NaYF,: Yb3*/Er3* Nanoparticles capping agent.

Removal of oleate (capping agent) from the surface of NaYF4: Yb3*/Er3* nanoparticles
synthesized in section was performed using a slightly modified method.140.141 Briefly, 8
mL of DMF was added to a 50 mL round bottom flask with a magnetic stir bar. Then, 100 mg of
NPs in hexane were sonicated for 5 min and carefully added onto the DMF phase without
stirring. Then, 100 mg of NOBF4 was added to the flask and the two phases were mixed for 10
minutes with vigorous stirring. The removal of most of the oleate molecules from the surface of
UCNPs was confirmed by their phase transfer from hexane to DMF. Previous reports indicated
that 15-20% of the oleate could still adhere to the surface after this treatment.140 The DMF
phase was then extracted and divided into two Teflon centrifuge tubes, which were completed
by adding CHCl3 and centrifuged at 10,000xg for 10 min. Then, each pellet was redispersed in
1 mL of DMF, and the centrifuge tubes were refilled with 7 mL of CHCl3 and centrifuged again.
This procedure was repeated two more times. Finally, the NaYF4: Yb3*/Er3+ nanopaticles were
redispersed in 2 mL DMF and stored.

4.3.3 Surface Functionalization with MDP of NaYF4: Yb3*/Er3+ Nanoparticles

First, 53 mg of MDP (0.17 mmol) was added to a glass vial with a magnetic stir bar. Then, 10 mL
of CHCl3s was added and the mixture was stirred vigorously until the MDP was completely
dissolved. The amount of MDP was always adjusted to achieve a theoretical surface coating
excess of x25 MDP molecules per nm2 of UCNPs. At this point, 2 mL of uncapped UCNPs (50 mg
mL-1) in DMF ( ) was added to the vial, ultrasonicated for 2 minutes, and incubated for 1
hour with moderate agitation. Then, the resulting UCNPs-MDP dispersion was divided into two
Teflon centrifuge tubes, 600 uL of hexane was added to each, and centrifuged at 13.300xg for
12 minutes. The supernatant was then carefully discarded, the pellets were redispersed in 7
mL of CHCl3, 600 pL of hexane was added, and the tubes were centrifuged again. This washing
procedure was repeated a total of three times. Finally, the pellets were redispersed in 3 mL of
CHCIs again and stored at 4°C in a sealed vial.

4.3.4 Polymerization of UCNPs-MDP to Obtain Protective Hydrophobic Polymer
Shells

In a typical synthesis, 11 mg of UCNPs-MDP ( ) was centrifuged in CHCl3 at 21 000 x g for
10 min. The supernatant was discarded, and the CHCl3 traces were removed from the pellet
with a gentle stream of air. The resulting pellet was ultrasonically redispersed in 600uL St and
centrifuged again. The pellet was then redispersed in 600uL St by ultrasonication (2 minutes)
again, 7.2 puL. hexadecane was added, and the dispersion was vortexed and ultrasonicated for 2
minutes more. The dispersion was then added dropwise to a 10 mL round bottom flask
containing 4.5 mL SDS (40 mm) and NaHCOs3 (1.2 mm) with vigorous stirring. The flask was
sealed with a septum, and the mixture was homogenized for 1 hour. The mixture was placed in
an ice bath for 10 minutes with moderate stirring. After this time, the chilled flask was opened,
a sonication tip was inserted, and the solution was ultrasonicated for 3 minutes (Branson 250
Sonifier, analog cell resolver, 200 W maximum output power; duty cycle 70%, output power
control set to position 1). After sonication, the flask sealed with a septum was stirred for 10
minutes at RT. It was then purged with N2 for 10 minutes. The flask was then immersed in an
oil bath (which had previously been heated to 70°C), and polymerization was initiated after 4



minutes by adding 225pL of the KPS initiator (7.5 mg mL1). The mixture was gently stirred at
70 °C for 2 hours, then the flask was removed from the oil bath and cooled to RT. The product
was divided among five Eppendorf tubes and centrifuged at 21 000xg for 10 minutes. The
supernatant was discarded, and the pellets were redispersed in 200uL SDS (40 mm), diluted by
adding 1 mL deionized water (DI-H20), homogenized by vortexing, and centrifuged again. This
purification process was repeated once more. For final washing, the pellets were redispersed
in 1.2 mL DI-H20, centrifuged again, and redispersed in a final volume of 1 mL (DI-H20) and
stored.

4.3.5 Coating nanoparticles NaYF4: Yb3*/Er3* with polyacrylic acid PAA

We followed the metod described by Sirkka et al. 142 10 mg UCNPs in hexane ( ) were divided
between two Eppendorf tubes and pelleted by centrifugation at 21000xg for 10 min. The
resulting pellets were then carefully dried to remove traces of hexane. Subsequently, 1 mL of
HCl (0.1 m) was added to each Eppendorf tube, and the pellets were redispersed by
ultrasonication (5 min). The dispersed UCNPs were then incubated for 5 h with vigorous
shaking at RT to remove the oleate molecules that acted as capping agents. The UCNPs were
then recovered by centrifugation, and the supernatant was discarded. Then, the UCNPs were
again dispersed in 1 mL of DI-H20 and centrifuged again. After the supernatant was discarded,
1 mL of a 2.5% by weight aqueous PAA solution (pH = 9) was added to each UCNP pellet, which
was dispersed by sonication and vortexing. The reaction was incubated for 16 h with vigorous
shaking at RT, resulting in the formation of a thin PAA layer on the UCNP surface. UCNPs-PAA
were obtained by centrifugation (21000xg, 10min). After the supernatant was discarded, the
nanoparticles were dispersed in 1 mL DI-H20, and this step was repeated twice. Finally, the
resulting pellet was redispersed in 250 pL DI-H:20.

4.3.6 Synthesis of a-NaYF4core nanoparticles

The inert core of a-NaYF4 nanoparticles was synthesized by thermal decomposition at high
temperature from sodium and yttrium trifluoroacetates. The first step was the preparation of
the precursors, in which YCI3 (1.0 mmol, 303.3 mg) was dissolved in 10 ml of TFA at 90°C under
reflux overnight in a three-neck flask. The mixture was then evaporated at 70°C under a flow of
nitrogen until the Y(TFA)3s powder was completely dry and white in color. Y(TFA)3 was then
dissolved in OA (3.2 mL, 10 mmol), OM (3.2 mL, 10 mmol), and ODE (6.4 mL, 20 mmol); NaFTA
(136 mg, 1.0 mmol) was also added to the mixture. ). Using a nitrogen atmosphere and a heating
jacket (Nahita Blue, 656 series) connected to a temperature controller (JP selecta), the mixture
was heated to 110°C with a temperature ramp of 1°C/min. Once this temperature was reached,
vacuum was maintained for 30 minutes. Finally, the temperature was raised to 310°C under
reflux for 30 minutes. For purification, after the solution cooled naturally, 20 mL of ETOH was
added and centrifuged at 8500 RPM for 10 minutes. After removing the supernatant, the pellet
was dispersed three more times in 20 mL of ETOH. Finally, the nanoparticles were redispersed
and stored in 10 mL of hexane for further use.



4.3.7 Synthesis of a-NaYFs@NaYF4:Yb3* 2094 Nd3*s09% Core/Shell Nanoparticles

The core/shell nanoparticles were prepared by a seed-mediated epitaxial growth method using
the previously prepared o-NaYFs as the core nanoparticle. Briefly, the Re(TFA)s shell
precursors were first synthesized by the same procedure as the Y(TFA)s precursors (Section

), except that YbCls3-6H20 (77.8 mg, 0.20 mmol) NdCl3-6H20 (215.8 mg, 0.60 mmol), and
YClI3-6H20 (61.0 mg, 0.20 mmol) were used. Then, the Re(TFA)s shell precursors were mixed
with OA (10 mL, 32 mmol), ODE (10 mL, 31 mmol), NaTFA (136.1 mg, 1 mmol), and 0.5 mmol
core nanoparticles in a three-neck flask. The solution was then heated to 110°C under a
nitrogen atmosphere using a heating mantle (Nahita Blue, 656 series) connected to a
temperature controller (JP selecta) with a temperature ramp of 1°C/min. Once this temperature
was reached, vacuum was maintained for 30 minutes. Finally, the temperature was raised to
300°C under reflux for 30 minutes before cooling naturally to room temperature. The resulting
core/shell nanoparticles were collected by the same procedure as the a-NaYFs core
nanoparticles (Section ) and dispersed in 10 mL of hexane for further use.

4.3.8 Synthesis of a-NaYFs@NaYFy:Yb3*2094,Nd3*s0ss@CaFz  Core/Shell/Shell

Nanoparticles

The procedure for preparing the core/shell/shell nanoparticles is similar to that for preparing
the a-NaYF4@NaYF4:Yb3*200,Nd3*60% core/shell nanoparticles (see ). For this purpose, the
previously synthesized a-NaYF4@NaYF4:Yb3*200,Nd3*60% core/shell nanoparticles were used as
cores for the seed-mediated growth of a CaFz shell A mixture of a-
NaYF4@NaYF4:Yb3*20%,Nd3*60% core/shell nanoparticles (5 mL dispersion), OA (7 mL, 22.0
mmol), and ODE (7 mL, 21.0 mmol) was first heated to 110°C under nitrogen gas. After 30 min
under vacuum, the temperature was further increased to 310°C. Then, 1.6 mL of Ca(TFA):
dissolved in OA (0.5 mmol mL-1) was injected into the solution eight times at an interval of
about 10 minutes. The resulting core/shell/shell nanoparticles were precipitated, washed with
ethanol (see ), and finally dispersed in 10 mL of hexane.

4.3.9 Coating a-NaYF:@NaYF4:Yb3*2094, Nd3*s09@CaFz nanoparticles with PAA

5 mg of a-NaYFs@NaYF4:Yb3*20%, Nd3+60%@CaF2 nanoparticles synthesized in the previous
section were taken. Then 2 mL abs EtOH was added, and the solution was mixed with a
vortex. The solution was then centrifuged at 14,000 rpm for one hour and the supernatant was
removed. 1 mL of 0.1 M HCl was added and shaken at room temperature for 5 hours. After this
time, the solution was centrifuged at 14800 rpm for one hour. The supernatant was removed
again, and the pellet was washed with Milli-Q water and redispersed in 1 mL of a 2.5% PAA
solution adjusted to pH 9 and incubated for 16 hours. Finally, the pellet was washed twice with
Milli-Q water and centrifuged at 14800 rpm for one hour and redispersed in 250 uL of MES
20mM (pH 5.6).




4.3.10 Coupling reaction between a-NaYFi:@NaYF4:Yb3*2004, Nd3*s00@CaF:@PAA
with VEGF-A 165 protein

To 1 mg of the PAA-functionalized nanoparticles described in the previous , 1 mg
of EDC-HCl in 5 pL of 20 mM MES (pH 5.6), and 3 mg of sulfo-NHS in 10 uL of MES were added.
The solution was incubated for 2 hours and a half at room temperature in a shaker. After this
time, it was centrifuged at 13.3 rpm for 10 minutes. After two more washes, the pellet was
redispersed in 10 mM HEPES (pH 7.2). Then the solution and 10 pug of VEGF-A were incubated
at 42C and stirred for 12 hours. Then the mixture was centrifuged again at 13.3 rpm for 10 min
and washed 3 times to remove excess VEGF-A. Finally, the pellet was redispersed in 1 mL of
HEPES for use in subsequent experiments.

4.4 In vitro and in vivo Experiments

Cell cultures were performed using primary human umbilical vein endothelial cells (HUVEC).
These cells were isolated in the Cardiovascular Biology Research Group at the International
Centre for Genetic Engineering and Biotechnology (ICGEB) in Trieste, Italy. Newborn umbilical
cords were donated from the maternity ward of Cattinara Hospital in Trieste, Italy.

4.4.1 Invitro experiments using HUVEC cells

HUVEC cells were cultured in EGM-SFM medium supplemented with 10% FBS and 100ug/ml
streptomycin. First, thawed HUVEC cells were seeded in a Petri dish previously coated with 0.2
mg/mL fibronectin/gelatin and incubated at 372C for three days. After detachment of the cells
(1% StemPro™ in PBS), 4000 cells per well were seeded into a 96-well plate previously coated
with fibronectin/gelatin and left in the incubator for another 24 hours. Finally, different
concentrations of VEGF-a-NaYFs@NaYF4:Yb3*20%, Nd3*60%s@CaF2@PAA nanoparticles were
added to the wells and the cells were incubated for another time lapse depending to the
experiment.

4.4.2 Immunofluorescence analysis

Cells were washed twice with 1X PBS and fixed in 4% PFA for 15 minutes at room temperature.
The cells were again washed twice with PBS. To permeabilize the cells, Triton X-100 0.5% v/v
solution was added and incubated for 5 minutes at room temperature. We then blocked the
solution with 5% w/v BSA in PBS 1X for 1 hour at room temperature. Incubation with the
primary antibodies (CD -31, EAU kit) was performed at a ratio of 1:100 v/v with the blocking
solution overnight at 4°C. The cells were washed again 3 times with PBS 1X. Finally, we stained
the nuclei with Hoechst (1:5000) and washed them twice with PBS 1X and left them in PBS at
4°C in foil paper.



4.4.3 Western Blot

To determine the concentration of VEGF present on the surface of the nanoparticles, a Western
blot was performed (see section ). To lyse the protein, 100 pL Laemmli's 6X buffer (375
mM Tris-HCl pH 6.8, 6% SDS, 4.8% glycerol, 9% 2-mercaptoethanol, 0.03% bromophenol blue)
was added to 30 mg of the nanocomplex. A shaker was used for mechanical dissociation and
the solution was heated to 952C for five minutes. Electrophoresis was performed in 10%
polyacrylamide gels with a SDS/MOPS 10X running buffer at 180 V for 20 minutes. The
nitrocellulose membrane was probed with the VEGFR2 antibody dissolved in Immobilion®
solution.

4.4.4 In vivo experiments

All animal experiments were performed in accordance with the guidelines of the European
Parliament Directive 2010/63/UE on animal experimentation in compliance with European
directives and international laws and policies (EC Council Directive 86/609, OJL 34, 12
December 1987) and were approved by the ICGEB Animal Welfare Board, the Ethics
Committee, and the Italian Ministry of Health. Adult AplnCreER mice were used for the
experiments. They came from the Bin Zhou laboratory and were crossed with mT/mG reporter
mice (The Jackson Laboratory, stock number 007576) to obtain the "AplnCreER:mT/mG"
lineage. All animals were maintained under optimal environmental conditions. They were kept
in the bioexperimental facility of ICGEB at controlled temperature and a light/dark cycle of
12/12 hours.

4.4.5 Immunofluorescence of Tissues

Skeletal muscle was collected in PBS and fixed overnight in 2% PFA at 4°C. Tissues were then
equilibrated in 30% sucrose overnight at 4°C before embedding in OCT (Bio-Optica) and
cryosectioning. Three 100 um sections were transferred to Superfrost glass microslides,
permeabilized in 0.5% Triton X-100 for 15 minutes, blocked in 5% BSA for 30 minutes, and
incubated overnight at 4°C with primary antibodies diluted in blocking solution. The following
primary antibodies were used: Anti-CD31, 1:200. Alexa Fluor-conjugated secondary antibodies
were used to detect the primary antibodies, while the nuclei were counterstained with Hoechst.
Visualization of EAU incorporation into proliferating cells was performed using the EdU Click-
iT assay (Invitrogen) according to the manufacturer's instructions.
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Discussion



RESULTS AND DISCUSSION

5.1 The effects of dopant concentration and excitation
intensity on the upconversion and downconversion
emission processes of f-NaYF4:Yb3*, Er3+ nanoparticles.

“Let us step into the night and pursue that
flighty temptress, adventure.”

J.K. Rowling
5.1.1 Abstract

The dopant concentration of lanthanide ions in photon upconversion nanoparticles (UCNPs)
remains one of the key points to boost the brightness of these nanomaterials and, therefore,
their application developments. Here, we analyzed the effect of Er3* and Yb3* dopant
concentrations of -NaYFa:Yb3*Er3* nanoparticles on the visible upconversion and near-
infrared downconversion luminescence intensities. Our approach carefully excluded all other
factors whose variation affects luminescence properties such as the size, morphology, crystal
structure, ion distribution, ligand, and surrounding medium, allowing us to exactly infer the
influence of the ratio of Yb3* to Er3+ions on the nanoparticle luminescence. To maintain the size
and morphological properties of nanoparticles, we used a total dopant concentration of 22%
while varying the ratio of Yb3* to Er3+ ions from 0 to 10. A huge increase in luminescence takes
place as the Yb/Er ratio increases following a power-law behavior, and this luminescence
enhancement is greater at low excitation intensities. Above a Yb/Er ratio of around two,
saturation occurs with a slight peak when this ratio is around four. Simulations using a rate
equation model showed that upconversion luminescence (UCL) is mainly produced by the
energy transfer between neighboring Er3* ions at low Yb/Er ratios, while at high ratios, the
energy transfer from Yb3+* to Er3* ions dominate. However, downconversion luminescence
(DCL) is produced at all analyzed ratios, except 0, by the previous mechanism.

Keywords: Up-conversion luminescence, doping ratio, down-conversion luminescence, resonance
energy transfer, excited-state absorption, time-of-flight luminescence.

5.1.2 Resumen

La concentracion de dopantes de iones lantanidos Ln3* en nanoparticulas UCNPs, sigue siendo
uno de los puntos clave para potenciar la intensidad del brillo de estos nanomateriales y, por
tanto, su desarrollo de aplicaciones. En este trabajo, se analizara el efecto de las
concentraciones de los dopantes Yb3*y Er3+ sobre la intensidad de la conversion ascendente en
el espectro visible y la conversion descendente en el NIR. Para mantener las propiedades de las
UCNPs, como el tamafio y la fase cristalina, utilizamos una concentracién total de dopante del
22% mientras variamos la proporcion entre los iones de Yb3*y Er3* de 0 a 10. En los resultados
se observa que se produce un gran aumento de la luminiscencia a medida que aumenta la
relacién Yb/Er siguiendo un comportamiento de acuerdo con la ley de potencia. Se observa que
luego de la ratio 2 la magnitud del aumento de la intensidad disminuye levemente y que la
mayor intensidad de la luminiscencia se observa en una ratio de 4. Se reprodujeron



tedricamente los principales hallazgos experimentales mediante un modelo “rate equations”
que nos permitié describir el papel de los diferentes mecanismos de conversion ascendente de
la relacion Yb/Er de los dopantes.

Palabras Clave: Iluminiscencia por conversion ascendente, relacion entre los dopantes,
luminiscencia por conversion descendente, transferencia de energia de resonancia, absorcion en
el estado excitado, luminiscencia en el tiempo de vuelo.

5.1.3 Introduction

Nanocrystals doped with trivalent rare earths have become one of the most intriguing systems
in photoluminescence because of their intriguing ability to produce photon upconversion.’4
Other upconversion systems, such as those based on two-photon absorption or second-
harmonic generation, can also be used for upconversion emission. However, there are
significant limitations associated with the need to use expensive pulsed lasers with high
excitation intensity or nonlinear optical materials with a non-center-symmetric atomic or
molecular organization, which has made rare earth nanoparticles an ideal candidate for these
types of applications.143

As mentioned in section | .3, rare earth nanoparticles exhibit high chemical and photochemical
stability, large Stokes shifts, lower photobleaching, no flicker, long fluorescence lifetimes, sharp
emission bandwidths, and high emission matching capability, making them attractive materials
that have opened a variety of applications, such as. e.g., probes in optical imaging,103 the labeling
of biological molecules,”® biosensors,#4 in the fight against counterfeiting,14> solar energy,146
drug delivery systems,4” and nanothermometry, giving an idea of the enormous scientific and
technological potential.

One of the most studied systems is based on NaYF4:Yb3*/Er3* nanoparticles due to its high
efficiency in upconversion, which, together with other factors, is related to the low phonon
energy of the host crystal lattice (about 320cm-1).148 After excitation with a CW laser at 980
nm, these nanoparticles show three prominent upconversion bands in the blue (410 nm), green
(520 and 540 nm), and red (650 nm) regions. Their intensities are the result of radiative and
nonradiative decay events that affect the population of different energy levels involved in the
general process and are very sensitive to variations in the surface-to-volume ratio,4?
crystalline structure,’>? and concentration of ions involved in doping the nanoparticles, as well
as to the ligand and medium in which they are located.151.152 All these factors determine the
intensity of the emission bands and the efficiency of the upconversion and downconversion.
For this reason, it would be desirable for rational design of UCNPs to understand the role of
these factors in the overall process.153

One of the most important factors is the concentration of lanthanide doping within the
nanoparticle. Most NaYFs4 UCNPs are doped with 2% Er3* and 20% Yb3* and to date show the
most efficient photoluminescence in the green region of the electromagnetic spectrum, but this
is only true for microcrystals.”” Other work has examined the influence of the concentration of
Er3+ and Yb3+ in the matrix. In general, it has been suggested that the optimal concentration of
Yb3+is between 17-20%, while the Er3* concentration is usually 2 to 4%. It is important that the
doping be relatively low to ensure spacing between dopants and avoid parasitic interactions.1>4
Examples of concentration studies include the work of Cao et al.1>> where they used powder
samples of NaYF4 nanoparticles doped with 2% Er3+ and a wide range of Yb3* concentrations.
They found that the strongest luminescence emission occurred at 20% Yb3+, which was due to
a transition from a hexagonal phase to a cubic phase of the nanophosphor. Kaiser et al.1>3 found



maximum luminescence at low power densities when exciting nanoparticles doped with 14%
Yb3+ and 3% Er3+. On the other hand, core/shell UCNPs have shown the ability to enhance their
luminescence by upconversion, increasing the amount of Yb3* doping to very high
percentages.156.157

NaYFa: Yb3+, Er3* nanoparticles exhibit not only up-conversion luminescence (UCL) but also
very efficient down-conversion luminescence (DCL) in the near infrared. In both cases, the
emission depends on the size of the UCNPs. For UCL, the intensity increases with increasing
nanoparticle size, while for DCL, the strongest emission occurs at diameters between 15 and 40
nm.158 There is little published work on the effects of variations in the ratio of dopant
concentrations on upconversion and downconversion emission, and even less analyzes the
emission properties above and below the saturation excitation power density. For these
reasons, we synthesized a series of UCNPs with identical size (30 nm) and the same
morphological properties, using a NaYF4 matrix as host and varying the ratio between dopants.
To achieve this, we set a percentage of 22% for the Y3+ ions and codoping with Yb3+ and Er3*
and used different ratios of Yb3+/Er3+ between 0 and 10. According to our review of the
literature, there is no previous work that evaluates the composition and the influence of
excitation power density on the upconversion and downconversion processes in these doping
ratios.

5.1.4 Objectives

5.1.4.1 Overall Objective

Perform a systematic fundamental study of upconverting NaYF4 nanoparticles doped with Yb3+
and Er3* by varying the ratio between dopants (between 0 and 22% total) and the power
density to observe the variation into the optical properties of the nanoparticles and their
upconverting and downconverting fluorescence emissions.

5.1.4.2 Specific Objectives
e Synthesize [(-NaYF4:Yb3*/Er3+ upconverting nanoparticles with Yb3+/Er3* ratios
between 0 and 10.

e Morphological characterization of the UCNPs from NaYF4:Yb3*/Er3+ obtained in the
previous objective by TEM and HRTEM scanning electron microscopy.

e Morphological characterization of the UCNPs of NaYF4:Yb3*/Er3* by EDX and HAADF.

e Determine the crystalline phase of the NaYF4:Yb3*/Er3* UCNPs by X-ray powder
diffraction.

e Measure and analyze the luminescence emission spectra obtained from each of the
NaYF4:Yb3*/Er3+ ratios.

e Determine the effect of power density in each of the ratios of NaYF4:Yb3+/Er3+ UCNPs
e Measure and analyze the half-life in each of the ratios of the NaYF4:Yb3+/Er3+

e Perform a theoretical study to determine the predominant relaxation mechanism in
each of the ratios of NaYF4:Yb3+/Er3+



5.1.5 Experimental section

5.1.5.1 Synthesis of NaYF4:Yb3+,Er3*+ UCNPs

Monodisperse -NaYFa4:Ybx,Ery nanoparticles with different doping ratios were synthesized by
the thermal co-precipitation method described in Section of Materials and Methods. Table
X shows the different Yb3+/Er3+ dopant ratios synthesized in this work. Three exact syntheses
were performed for each dopant ratio.

Table 2. Relation between the number of moles of dopants used. In all cases, the number of moles of Y3* remained
constant at 0.78 mmol where 100% corresponds to the sum of the moles of Y3+, Yb3+, and Er3+ ions.

Ratio Yb3+/Er3+ Yb3+ (mmol) Yb3+ (%) Er3+ (mmol) Er3+ (%)
10 0.200 20.0 0.020 2.0
8 0.196 19.6 0.024 2.4
4 0.176 17.6 0.044 4.4
1 0.110 11.00 0.110 11.0
0.25 0.044 4.4 0.176 17.6
0.12 0.024 2.4 0.196 19.6
0.1 0.020 2.0 0.200 20.0
0 0 0 0.220 22.0

5.1.5.2 Characterization

Morphological Characterization: The chemical and morphological characterization of UCNPs
was carried out using a JEOL JEM 1010 electron transmission microscope (TEM) working at a
voltage of 80 kV. High-resolution images were taken (HR-TEM) using a microscope JEOL JEM
2100 at a working voltage of 200 kV. High-angle annular dark-field (HAADF) scanning TEM and
EDX mappings have been realized using an FEI Talos F200X (FEI, USA, 80 kV) coupled to an
EDX detector. All samples were prepared by adding 10 mL of the UCNPs solution (ca. 3 mg/mL
) on a Cu grid and allowing the solvent to evaporate at room temperature. To determine the
crystalline phase, X-ray diffraction (XRD) patterns of the dried UCNP powders were recorded
using a PANalytical Model XPPert PRO MPD Multi-Purpose Diffractometer.

Optical Characterization: The luminescent emission spectra of UCNPs were measured using
a fluorescence home-built system described previously in section (see the scheme in
Figure 15). Different samples were synthesized for each Yb/Er ratio. At least three spectra were
collected for each sample. Then, we computed the average intensity of the spectra integrated
area within the green, red, or IR emission bands for each ratio and we took the maximum
deviation as the error. Results presented without error bars correspond to a single
representative measurement. Luminescence lifetimes were measured using the time-resolved
photon counting method described in section for each synthesis.



5.1.6 Results and discussion.

5.1.6.1 Morphological and structural studies

The emission properties of NaYF4:Yb,Er nanoparticles depend largely on their size, crystalline
phase, dopant ion distribution, surface ligand and surrounding medium, and dopant ion
composition. To properly isolate the effect of dopant concentration, we need to hold constant
other factors that affect luminescence. Therefore, we synthesized monodisperse f-
NaYFa4:YbxEry nanoparticles with a total dopant concentration of 22% (x+y=0.22) and varied
the ratio between Yb3+ions and Er3* (y/x) from 0 to 10 (see Table 2). Some representative ratios
were confirmed by EDS measurements and are shown in Figure 18 and Table 3.
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Figure 18. (A-D) EDS spectrum for NaYF4:Er3+,Yb3* nanoparticles with representative Yb3+*/Er3+ dopant ratios: (A)
Ratio 0. (B) Ratio 0.1. (C) Ratio 0.25 (D) Ratio 1.

Table 3. Table including the atomic percent of lanthanides present into the nanoparticle unit cell obtained from
EDS analysis.

i 3+ 3+
‘l(\lbo;:l/lgzt at % Y3+ at % Yb3+ at% Er3+ FY'II‘)O n{ il;)s
0 80.23 0.00 19.77 0
0.1 76.65 1.71 21.64 0.08
0.25 77.25 4.55 18.20 0.25
1 80.14 10.77 9.09 1.2

The nanoparticles have an average diameter of 30+2 nm regardless of the doping
concentration, as shown in Figure 19 A B, and C respectively. The HR-TEM images we obtained
of the nanoparticles show their high crystallinity. Indeed, in Figure 19 D, E and F, can observe
the edge of the crystal lattice with a value of 0.524 nm, which corresponds to the crystalline
phases (100) of 3-NaYFa.
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Figure 19. Images from TEM of the synthesized nanoparticles (A, B, and C). The inset in each figure shows the size
distribution of the nanoparticles. A detailed study of the crystalline structure of the nanoparticles was performed
using HR-TEM and is shown in panels D, E, and F. Figures A and D correspond to the nanoparticles doped with Er3+
only (Yb/Er ratio 0), Figures B and E correspond to nanoparticles doped with Yb3+ and Er3+ with a ratio of 1, and
figures C and F correspond to nanoparticles doped with Yb3* and Er3+ with a ratio of 10.

As mentioned earlier 1.7, the photoluminescence of the upconverting nanoparticles is strongly
dependent on the phase of the matrix. Figure 20 shows the results obtained from the analysis
of the crystalline phase by powder X-ray diffraction. Comparing the X-ray diffraction results
with the pattern given in the "International Center for diffraction data" database for the
hexagonal (-phase of the NaYF4 crystal structure.l>® We find that the peaks agree with the
spectra obtained for all the ratios, thus confirming that the crystalline phase is beta in each of
the ratios.
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Figure 20. X-ray powder diffraction of NaYF4:Yb3*/Er3* UCNPs at different doping ratios. The black lines
correspond to the pattern reported in the literature for the 3-NaYF4 nanoparticles.



Another important effect to be considered is related to the distribution of ions. Under certain
synthesis conditions, the difference in ionic reactivity can lead to an anisotropic distribution of
ions, as has been published previously.16? This result prompts us to investigate the distribution
of dopants in the nanoparticles using element mapping analysis. Figure 21 panels A, B, and C
show an isotropic distribution of ions within the particles and the elemental profile analysis is
shown in Figure 21, panels D, E, and F, respectively. This morphological characterization shows
that there are no structural differences between the different synthesized nanoparticles with
different doping ratios, so it is possible to attribute the photoluminescent differences solely to
the presence of a different concentration of doping ions.
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Figure 21. HAADF results. Elemental mapping of the obtained nanoparticles (A, B, C). Distribution profile of doping
elements within each nanoparticle (D, E, F). Figures A and D correspond to nanoparticles doped with Er3+ only
(Yb3*/Er3+ ratio 0), figures B and E correspond to ratio 1, and figures C and F correspond to ratio 10.

5.1.6.2 Luminescence variation with Yb/Er ratio

To analyze the role of Yb/Er ratio on the luminescence properties of UCNPs, we measured,
simultaneously, their UCL and DCL spectra under a NIR excitation CW laser at 976 nm. Results
presented in Figure 22A show the spectra obtained from a 1 mg/mL hexane solution of UCNPs
with different Yb/Er ratios excited with an intensity of 5.3 kW cm-2, above the typical saturation
value of transition 2Fs/2-2Fs /2 of the Yb3+* ions, which is IY,,= 3 kW cm-2. Different emission peaks
are observed: two green emission peaks near 525 nm and 540 nm corresponding to 2H11/2



—4l15/2 and #S3/2—*l15,2 transitions of the Er3* ions, respectively; and a red emission peak
around 655 nm corresponding to the 4F9/2—4I15/2 transition of Er3+* ions (see Figure 22A ).
Figure 22A also shows the downconversion luminescence of the NIR peak near 1.55 pm
corresponding to the transition from the metastable level of Er3+ions to their ground state, that
is, 4113/2—4115/2. In both cases, upconversion and downconversion luminescence emission
strongly increases with the Yb/Er ratio. However, above a ratio of 4, no further increase is
observed. It should be noted that the range of Er3* and Yb3* concentrations investigated here
varies from an Er3* dopant concentration of 22% (ratio 0) where only Er3* ions are present to
a well-known standard ratio of 20% of Yb3+ and 2% of Er3+ (ratio 10). Thus, within this broad
dopant range, different photon upconversion mechanisms are expected to occur. Figure 22B
shows different population pathways of UCL emission bands. In the standard case of 20% of
Yb3+and 2% of Er3+ (ratio 10), the energy transfer from Yb3* ions to Er3* ions should dominate.
However, when only Er3* ions are present, the excited-state absorption from the*l11/2 level or
the energy transfer between neighboring Er3+ ions should be responsible for the UCL emission
process. On the other hand, the DCL can be achieved by the ground-state absorption (GSA) of
laser photons by both Er3+ and Yb3* ions.
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Figure 22. A upconversion and downconversion luminescence spectra for the different ratios of Yb/Er doping.
Excitation wavelength 976 nm and a power density of 5.3 kW/cm?2. B Energy level diagram summarizing the
pathways by which emission levels in the 520/540 nm (green) and 655 nm (red) region can be biphotonically
populated by Er3+ ions.

To develop a more quantitative analysis, we show in Figure 23A and B the integrated spectra
of the green and red bands as a function of the Yb/Er ratio for two different excitation
intensities, 475 W/cm? below the Yb3+ saturation intensity and 5.3 kW/cm?2 above saturation.
Both emission bands show similar behavior, namely a huge increase in luminescence intensity
up to a saturation value reached for Yb/Er ratios above 1 (see the semi-logarithmic plot in
Figure 23A). A wider range of variation (three orders of magnitude difference in luminescence)
is observed at low excitation intensities (475 W/cm?) than at high excitation intensities (5.3
kW/cm?2), where a twofold range of variation is obtained. This phenomenon can be better
illustrated in the log-log plot in Figure 23B. We found that the UCL intensity increases with the
Yb/Er ratio at ratios below 1 according to a power law. The exponent of the power law depends
on the excitation intensity. A larger exponent is obtained for the linear absorption region
(below saturation intensity), which produces the largest variation in luminescence intensity



mentioned above. Figure 23C and D also show the integrated downconversion spectra. We
observed similar behavior to upconversion luminescence (see the semilog plot in Figure 23C).
Again, the variation in luminescence intensity is larger at low laser irradiances, as shown in the
log-log plot in Figure 23D. It should be noted that the exponents of the power laws, which are
smaller for the DCL are smaller than those for the UCL. Therefore, the upconversion
phenomenon is more affected by variations in the Yb/Er ratio than the downconversion
luminescence.
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Figure 23. Upconversion (A and B) and downconversion (C and D) integrated luminescence as a function of the
Yb/Er ratio for two different excitation intensities, 475 W/cm? below saturation intensity and 5.3 kW/cm? above
saturation. Left panels (A and C) show the experimental data in the semi-log plot and the simulated intensity (solid
line) from the rate equation model (Equation 7). Right panels (B and D) show a power-law behavior in a log-log
plot and a saturation regime for Yb/Er ratios above 1. Ratio 0 has also been included in the log-log plot. Shadow
areas show the ratios at which the luminescence intensity is saturated.

In summary, contrary to common belief, there is no critical Yb/Er ratio that maximizes
luminescence intensity (usually set as a ratio of 10), but rather a wider range of ratios from
about 2 to 10 that result in approximately the same value of luminescence intensity. In addition,
the intensity decreases very slightly above ratio 4, which corresponds to a proportion of doped
ions of 17.6% Yb3* and 4.4% Er3+.

As mentioned earlier, the variation of luminescence with excitation power is larger atlow Yb/Er
ratios, which could indicate saturation of luminescence at high Yb/Er ratios. To confirm this,



we analyzed the dependence of green and red luminescence on excitation intensity for the two
extreme Yb/Er ratios 10 and O (see Figure 24). For the ratio 10 (see circles), a biphotonic
process (power law exponent close to 2) is obtained at excitation intensities below the
saturation value of the Yb3+ transition. This quadratic behavior indicates the nature of the
underlying upconversion mechanism: Two laser photons are required to obtain one visibly
emitted photon. However, at excitation intensities above the saturation value, the quadratic
behavior saturates due to absorption saturation of the Yb3+ transition, leading to an exponent
closer to one. For the Yb/Er ratio 0 (see squares), the quadratic behavior (biphotonic process)
persists for all excitation strengths. In this case, the first step of the UCL emission process occurs
through the ground state absorption of the #l15/2— #I11/2 transition from Er3+. This transition
has a larger saturation intensity, which is not reached by the laser power used in the
experiments, and therefore continues to proceed in the linear absorption region.
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Figure 24. (A) Green and red integrated upconversion luminescence as a function of laser power for two extreme
Yb/Er ratios: 0 (squares) and 10 (circles). Solid lines are linear fits to the data. (B) Simulated curves: Steady-state
population of green and red emission levels as a function of normalized excitation intensity for Yb/Er ratio 10
(solid lines) and ratio 0 (dashed lines). The UCNP show the fraction of ions for these two Yb/Er ratios and indicate
the ion responsible for the excitation absorption in each case: Yb3* GSA for ratio 10 and Er3+ GSA for ratio 0.

5.1.6.3 Time-resolved luminescence Analysis

Let us now analyze the time resolved UCL for UCNPs with different Yb/Er ratios. Figure 25
shows the luminescence decay curves at both UCL bands: the green band at 539 nm and the red
band at 654 nm. The luminescence signals generated by UCNPs with different ratios are
approximately in agreement, indicating in principle a negligible influence of the Yb/Er ratio. We
obtained a lifetime of about 127 ms for the green UCL and about 227 ms for the red UCL.
Therefore, the Yb/Er ratio has no significant effect on the decay dynamics of the UCL emission
process. The results support the idea that the UCL intensity depends on how efficient the green
and red emitting levels are with respect to the total number of sensitizers (Yb3* ions) and



emitters (Er3* ions) depends and excludes a possible variation of the surface luminescence
quenching effect with the Yb/Er ratio. The decay curves in Figure 25 show an initial slope that
is a signature of the upconversion process due to the energy transfer from Yb3+* to Er3+ ions.
Interestingly, this initial luminescence increase also occurs when the Yb/Er ratio is decreased,
even at a ratio of 0 where only Er3+ ions are present. This result suggests that there is an energy
transfer process between neighboring Er3+ ions that competes with the excited state absorption
process.
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Figure 25. (A) Green and (B) red upconversion luminescence decay signals for UCNPs with different Yb/Er ratios.
(inset) Lifetime values obtained by exponential fitting of the decay curves.

5.1.6.4 Rate Equation Analysis

To theoretically interpret the steady-state luminescence experiments by performing a rate
equation analysis. We used the following rate equation model, which describes the main
physical mechanism of our system (see details in Figure 26):

dN, 013 Wyl
—— = —W;N; + Wy, N, — K3N;NY —— (N; — N3) — 2C,NZ,

dt 002 Isat
dN, Wyl pu Wil
——= = —W,N, + W3,N3 + K;NoNY' — Ky Ny N§ — KyNo Ny + ——(Ng — Np) — — 2
dt Lsat 002 Isat

+ C1N12 - ZCZNZZ,

—_— = _W3N3 + W43N4 + K3N1N1 + e (Nl - N3),

dt 002 Isat

dN Ooa Wil
—2 = _W,N, + K,N,NY + 22N, + C,N2,

dt 002 Isat

dNY wYI

dtl = -W'N) + 2111 (N§ = N{) — K;NoNY' + Ky NoNg — KNy Ny — Ky N, Ny

sat

Equation 7



Here N; is the density of Er3+* ions in the energy level j, where the subscripts j =0, 1, 2, 3, and 4
represent the #l15/2, 4113/2,4111/2,4F9/2, and #S3/2 energy levels of Er3* ions respectively (see Figure
26). The population of fast-decaying levels as #F7,2 and #l9/2 were neglected and the populations
of energy levels 2H11/2 and 4S3/2 in thermal equilibrium. N} and N} are the Yb3+ ion density in
the *F7/2, and *Fs/2 energy levels. W, is the decay rate from level j to level ], whereas W; (ij for

Yb3+ ions) is the total decay rate of the energy level j. The decay rates from the excited-level to
the ground state were considered as radiative decay rates (in the millisecond range) and
corresponding to the next lower level as a faster nonradiative decay (microsecond range)
through multi-phonon relaxation. On the other hand, K,, K3, and K, are the coefficients of the
resonant energy transfer from Yb3*+ ions (sensitizers) to levels 2, 3, and 4 of Er3* ions
(activators), respectively. Kp, is the coefficient of the back energy transfer from Er3* ions in
level 2 to Yb3+ ions. C; and C, are the coefficients of energy transfer between neighboring Er3+*
ions. C; represents a quenching mechanism for erbium-doped amplifiers (*113/2, 4113/2) = *115/2,
4l9/2, and C, represents an upconversion energy transfer to the green-emitting level (*l11/2,
*111/2) — *l1s/2, *F7/2. 0;; is the absorption (= emission) cross-section at the laser frequency for
transition from level j to level | of Er3+ ions. The absorption cross-section of the Yb3* transition
is Y. The laser intensity is denoted as I (in units of W/cm? ) and is normalized to the saturation
intensity 1Y, = hwW{ /(20Y) for the Yb3* transition and to Iy, = hwW,;/0,, for the Er3+
transitions resonant with the excitation laser wavelength at 976 nm, where Aw is the photon

excitation energy.
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Figure 26. Energy level diagram for Yb3+ and Er3* ions describing the physical processes used in our rate equation
model. Blue lines represent the Yb-Er ETU mechanism (K, Kg,, K3, and K,), whereas orange and black dashed
lines represent different Er-Er ETU mechanisms (C; and C,). Purple lines represent the ground state absorption
of Yb3* (67 ) and Er3+ (0y,) ions and the excited-state absorption of Er3* ions (o;5 and 05,). Solid lines represent
radiative decay rates from different levels (W} for Yb3+ and W;, W, Wsq, W, for Er3+), whereas faster nonradiative
decay rates are represented by wavy lines (W,;, W5, and W,,).

In our simulations, we have given the values for the decay, the energy transfer coefficient, and
the absorption cross section in the same order of magnitude as in the literature.153.161-163 We
used them as control parameters to correctly reproduce the experimental results. Er3+ ions in
the metastable level 1, 4l13/2 (see Figure 26) radiatively decay to the ground state 4I15/2 with a
decay time of 1/W;=4 ms while Yb3+* ions in level 1 (see Figure 26) decay to the ground state
with a decay time of 1/W}=2 ms. The other energy levels of Er3* ions present two contributions,
a radiative decay rate to the ground state in the millisecond range (1/W,,=2 ms, 1/W5,=1 ms,



and 1/W,, =1 ms) and a faster nonradiative decay rate to the next lower level (partially due to
multi-phonon relaxation) which is within the microsecond range. Here, we used an intrinsic
quantum yield for the green level 4 (see Figure 26), 10 = W,,/(W,, +W,3) =0.06, which leads to
W,3 = 1.6x10% s~1 . For simplicity, we took the same value for the rest of nonradiative decay
rates, W3, = Wy, = W,3 (see Figure 26). Furthermore, the following values for the resonant
energy transfer parameters are considered. Concerning the energy transfer from Yb3+ to Er3*
ion (see Figure 26), we set K, = 5x10-17 cm3s-1, a similar value for the back energy transfer
Kg,=K,, and a lower value for K, =0.5K,. Considering our experimental results that indicate
that both UCL emission bands have the same behavior with the Yb/Er ratio, we assume that the
main population pathway for the red-emitting level is through the green-emitting level.
Therefore, we neglected in the simulations the energy transfer from level #113/2 (K3= 0) and the
excited state absorption from this level (o;3 = 0) (see Figure 26). The energy transfer
coefficients between neighbors Er3+ ions were taken C;=1.2x10-17 cm3s-! and C, =1.8x10-17
cm3s-1, The absorption cross-section of the Yb3* transition a¥= 1.7x10-20 cm? is much larger
than the corresponding to the Er3* transition gy, = 0.68x10-21cmZ2. The excited state transition
from level #1112 to the green-emitting level is similar to the previous one, i.e, 0,4, = 0y,. With
these values, we obtained a saturation intensity of 1Y,,= 3 kW/cm? for the Yb3+ transition and a
much larger saturation value for the corresponding Er3+ transition I;,;=75 kW/cm?2. For the
range of excitation laser powers used in our experiments, we operate below and above the
saturation value of Yb3* transition but very far away from the saturation value of Er3+ transition.
Therefore, the behavior of the luminescence with the laser power is expected to be different for
very low Yb/Er ratios (absorption of Er3* ions without saturation) than for high ones
(absorption of Yb3* ions with possible saturation). To numerically study the effect of the Yb/Er
ratio in the luminescence of the UCNPs, we varied the concentration of Er3+ and Yb3+ dopants
accordingly with the Yb/Er ratios. To estimate the concentration of Er3* (Ngr) and Yb3* (Nyb)
ions, we followed the molecular weight calculation of UCNPs by Mackenzie et al.164 We used the
hexagonal crystal lattice parameters a;=0.596 nm and c;=0.353 nm to calculate the volume of
a unit cell in the UCNP (u,, =~0.1086 nm3). Then, we considered the fractional percentage of RE
dopants frz(RE = Yb and Er) to compute the RE ion concentration Ngg= 1.5 frg/u,, .

The Equation 7 was solved using an explicit Runge-Kutta method in MatLab165 considering that
all population is initially in the ground states (N, = Ng, and NJ = Ny;,).After an initial
transient, the system reached the steady-state, and the final populations allowed us to compute
the luminescence intensity. By numerically solving Equation 7 we obtained the steady-state
populations for green (N, ), red (N3), and IR (N; ) emission levels which are proportional to their
luminescence emission intensities. We plotted the simulated populations (see lines in Figure
23A and C) as a function of the Yb/Er ratio for a laser intensity below (I/IY,,=0.1) and above
(1/1¥,,=1.2) the saturation intensity of the Yb3+ transition.

These simulated curves showed very good agreement with the experimental results. In
addition, we theoretically analyzed the biphotonic behavior of the upconversion mechanism for
the Yb/Er ratios used in Figure 24A. Then, we computed the population of green (4Ss,2) N, and
red (*lo/2) N3 emission levels as a function of the excitation intensity. The results, shown in
Figure 24B, showed the same behavior as the one reported in the experiments. For the Yb/Er
ratio 0, the laser always operates in the linear absorption regime since the excitation intensity
is below the saturation value of the ground state absorption of the Er3+* transition (*l15/2—
4111/2). Therefore, the quadratic behavior remains. However, for the Yb/Er ratio 10, the laser
absorption is due to the ground state absorption of the Yb3* transition (2F7,2—2Fs/2). This
transition exhibits a lower saturation value so that it can be reached with the excitation laser
intensity used in the experiments, and therefore, a saturation of the quadratic behavior occurs.



We used our theoretical model to analyze the contribution of different mechanisms leading to
upconversion and downconversion emission processes as a function of the Yb/Er ratio referred
to as r hereafter. To produce both UCL and DCL, Er3* ions need first to be excited into the
intermediate level #111/2. The population of the intermediate level is directly responsible for the
DC emission processs since #l13/2is populated through the #I11/2 level. Two possible mechanisms
populate the intermediate level: (1) direct excitation by the laser, i.e., GSA of Er3* ions (see
Figure 27C)and (2) GSA of Yb3* ions and energy transfer (ET) from the 2Fs,2 level of Yb3+ ions
to the #1172 level of Er3+ ions (see Figure 27C). We analyzed the steady-state population N; of
the 4l13/2level of Er3* ions (see Figure 27B) with and without considering ET between Yb3+ and
Er3+* ions. Figure 27B shows that the NIR emission at 1.55 mm was mainly achieved by way of
the ET from Yb3* ions to Er3+ ions even for very low values of the Yb/Er ratio. In the extreme
case of Yb/Er ratios smaller than 0.01, the only mechanism leading to DCL is the GSA of Er3+
ions since the small number of Yb3+ ions in UCNPs is not able to efficiently populate the 4I11/2
level of Er3+ ions.
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Figure 27. (A) Steady-state population of the green emission level (S3,,) N, of Er3* ions as a function of the Yb/Er
ratio for a laser intensity I/1},,=0.01. Different curves were computed using different that populate the green and
red emission levels. (B) Steady-state population of the NIR emission level (*I;5/,) N, of Er3* ions as a function of
the Yb/Er ratio for a laser intensity I/1},,=0.01. Curves were computed with and without accounting for ET
between Yb3* and Er3+ ions. (C) A schematic of the main mechanisms involved in DCL and UCL.
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To get a deeper insight, we have obtained an analytical expression for the population of the NIR
emission level 4113/2in the low excitation regime. We analytically solved the rate equation model
(Equation 7 in section ) in the steady state (time derivatives set to zero) by considering
the small excitation signal regime, i.e., I/1},,<1. In the case, most of the population remains in
the ground state (N; ~Ng, and N! ~Ny,) and the population of the excited states are obtained
linearizing the Equation 7 as follows:

0= _W1N1 + W21N2,

y Wil
0 = —-W,;N; + K;Ng,.-Ni — KgaNyp N, + I_NErt

sat
O = _W3N3 + W43N4,
O = _W4_N4 + K4_N2N1Y + Czsz,

Y nY WlYI Y
0=-WiN; + TNYIJ — K;Ng Ny + Kgy Ny Ny,

sat

Equation 8

Where N{, N; and N, are first-order perturbations, and N; and N, are second-order
perturbations in the excitation intensity respectively. We have not included the processes
neglected in our simulations (K3 = 0 and g;3=0) and the contribution of ESA (0,4=0) which has
been found to be negligible in comparison with Er-Er-ETU (see Figure 27A). From the above
linear system of equations (Equation 8) we obtained the analytical steady state populations:
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Equation 9

These analytical expressions (Equation 9) allow us to theoretically analyze the UCL and DCL
emission intensity. In jError! No se encuentra el origen de la referencia. we compare the a
nalytical populations given by Equation 9 (colored solid lines) with the result obtained by
numerically solving Equation 8 (colored open circles) in the case of low excitation intensities
(I/L5q¢= 0.001). A perfect agreement is observed. Furthermore, we also plotted (black solid
lines) the experimental power law obtained for the DCL and UCL intensities with the Yb/Er
ratio (exponent 0.6 for DCL and 1.4 for UCL from Figure 24C and Figure 24D). Both, the
numerical simulations and the analytical result from Equation 9, nicely match with the
experimental behavior.



On the other hand, with the aim of obtaining a very simple and direct expression for the
populations N; and N, as a function of the Yb/Er ratio we further simplified Equation 9. We first
simplified the population of the Yb3+ excited state 2Fs/2, N in Equation 9, by taking into account
that W} + K,Ng,~K, N, and that the second term of the right hand side of N} is smaller than
the first term since (W, + Kg,Ny},)/ KgoNg, > 602/0Y . Then, we simplified N, in Equation 9 by
keeping only the first term of the right hand side, which is larger than the second one while
Ny, /Ng>(092/0Y YW, /(W, + Kg,Nyp,), which takes place in most of the analyzed ratios.
Therefore, the population equations remain:
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Equation 10

We also plotted in jError! No se encuentra el origen de la referencia. the analytical
populations given by Equation 10 (colored dashed lines), which still show a good agreement
with the numerical simulations. More interestingly, these analytical population equations
allowed us to nicely reproduce the enhancement of the DCL and UCL intensity found in the
experiments. In particular, the best agreement between Equation 10 and the experimental
power law behavior is found for ratios within the intermediate range [0.2-1.0].
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Figure 28. Steady-state populations for the green (N,) and NIR (N;) emission levels as a function of Yb/Er ratio.
Analytical results using Equation 9 (colored solid lines) and Equation 10 (colored dashed lines). The numerical
simulated result using equation Equation 8 (symbols). The black solid lines are power laws corresponding to the fit
fitting of the experimental data: Exponent 0.6 for DCL and 1.4 for UCL



After that, we obtained an analytical expression for the population of the NIR emission level
4]13/2in the low excitation regime using N, from Equation 9 and N{ from Equation 10.
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Equation 11

Where the first term of the right-hand side comes from Yb GSA and Yb-Er ET and the second
one from Er GSA. The combination of both the ground state absorption cross sections and the
concentrations of activators and sensitizers decides which ion absorbs NIR radiation more

efficiently. A similar contribution of both terms takes place for % ~ % = 0.04. As the ground
Er

state absorption cross section of Yb3* ions is more than one order of magnitude larger than the
corresponding Er3* ions, even at very low Yb/Er ratios, the global absorption can be ascribed
to Yb3+ ions. Thus, the dependence of the population N; on the Yb/Er ratio can be mainly
described as proportional to the concentration of Yb3+*ions (Equation 11) which can be written

as a function of the Yb/Er ratio, r, as N; ~ ﬁ The behavior given by this simple expression

well matches with the power law of the DCL intensity found in the experiments with exponent
0.6. We can analytically write simple dependencies for the populations N; and N, on the Yb/Er
ratio (referred as to r) valid within this range, see Equation 12 and jError! No se encuentra el
origen de la referencia. show the results.
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Equation 12

On the other hand, to produce UCL once the Er3* ions are excited in the *I11/2 level, three
different pathways can populate the green and red emission levels: (1) ETU from the Yb3+* ion
to the excited Er3* ion (Yb-Er ETU) (see Scheme 3 in Figure 27C); (2) ESA from this level; (3)
ETU from the neighboring excited Er3+* ion (Er-Er ETU) (see Scheme 4 in Figure 27C). Equation
8 was solved by allowing independently only one of the three possible pathways: (1) Yb-Er
ETU controlled by K,; (2) ESA controlled by o,,4; and (3) Er-Er ETU controlled by C,. Figure
27A shows the population of the green emission level N, as a function of the Yb/Er ratio when
only one of the mechanisms is present at a time. For example, the red curve corresponds to Yb-
Er ETU and was obtained by setting d,,=0 and C,=0 in the simulations. We also plotted in the
same figure the result obtained when all processes were present (black dashed lines).

We observed how the dominant mechanism of upconversion changes as the Yb/Er ratio varies.
At large values of the Yb/Er ratio (above 1), Yb-Er ETU was the dominant mechanism as
expected. ET from Yb3* ions to Er3* ions dominates at both steps, first, to populate the
intermediate level 4I11/2 and then to populate the green emission level (mechanisms 2 and 3 in
Figure 27, respectively). For lower Yb/Er ratios, Yb-Er ETU seems to be negligible since there
are very few Yb3* ions to transfer their energy to the excited Er3+ ions. Therefore, for Yb/Er
ratios below 1, the primary mechanism for obtaining upconversion was the energy transfer
between Er3* ions, instead of the ESA process (see Figure 27A). As we showed in Figure 27B,
the excitation of the intermediate level 4I11/2 was due to the ET from Yb3+ ions even at values of
the Yb/Er ratio as low as 0.01. This means that the population of the green emission level is due
to a combination of two types of ET mechanisms: The Yb-Er ET to populate the intermediate
level #I11/2 and Er-Er ETU to finally populate the green emission levels (mechanisms 2 and 4 in



Figure 27). We corroborated this by numerically solving Equation 8 considering only Er-Er ETU
(using K,= 0 and o,, =0 as we did to obtain the blue line in Figure 27A) and removing ET
processes between Yb3* and Er3+ ions that populate the intermediate level (K,= Kz,= 0). In this
case (magenta line in Figure 27A), UCL is produced by GSA of Er3* ions and Er-Er ETU
(mechanisms 1 and 4 in Figure 27). These mechanisms are only relevant for very low values of
the Yb/Er ratio when there are virtually no Yb3* ions. In summary, as the Yb/Er ratio was varied,
three different mechanisms were found to explain the whole UCL emission process,
corresponding to the three different coloured regions shown in Figure 27A.

We have also obtained an analytical expression for the population of the green emission level
valid in the low excitation regime (see Equation 13):

v L W1Y2N2 K4W2+KBZNYb+C] I\
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Equation 13

The first term of the right-hand side comes from Yb-Er ETU, which dominates at large Yb/Er
ratios. At lower Yb/Er ratios, the second term of Equation 13 which comes from Er-Er ETU,
dominates so the population N, (and therefore N;) follows roughly a quadratic dependence on
the concentration of Yb3* ions and can be described in terms of the Yb/Er ratio as:
Ny~NZ,~r?(1 + r)?. This simple expression gives us the behavior of the UCL intensity with the
Yb/Er ratio, being in good agreement with the power-law behavior found in the experiments
with exponent 1.4. For comparison, jError! No se encuentra el origen de la referencia. s
hows the simulated result from Equation 8, the analytical results, and the fit to the experimental
data.

5.1.7 Conclusion

We investigated experimentally and theoretically the influence of dopant ion concentration on
the UCL and DCL properties of NaYF4:Yb3+,Er3* nanoparticles at different excitation intensities.
Our approach carefully excluded all other factors whose variation affects the luminescence
properties, such as size, morphology, crystal structure, ion distribution, ligand, and
surrounding medium, which allowed us to accurately determine the influence of the ratio of
Yb3+to Er3+ions on NP luminescence. In particular, we studied the luminescence emission from
30 nm monodisperse $-NaYF4:Yb3+Er3* nanoparticles with a fixed total amount of dopants in
the matrix of 22% by replacing this 22% Y3+ ions with a variable ratio of Yb3* ions to Er3+* ions
between 0 and 10. In both cases (UCL and DCL), the luminescence emission increased
significantly with increasing Yb/Er ratio. However, no additional increase was observed at
ratios greater than four. Larger variations in UCL and DCL were observed when the excitation
intensity was decreased. Time-resolved luminescence analyzed in UCL did not show any
appreciable change with dopant ratio, indicating a negligible effect of dopant ratio on the decay
dynamics of the UCL emission process.

Finally, a theoretical model was used to analyze the contribution of the different mechanisms
involved in UCL and DCL involved when the doping ratio is varied. The results confirm that the
dominant mechanism of UCL varies with the Yb/Er ratio. At very low Yb/Er ratios, the Yb-Er
ETU was negligible, and the Er-Er ETU process even took precedence over ESA. Above the ratio
of 1, the predominant mechanism was the Yb-Er ETU, as expected. In the middle range of dopant
ratios, both energy transfer mechanisms contribute simultaneously to luminescence in a
cooperative manner: Yb-Er ET, to occupy the intermediate level of Er3+ ions, and Er-Er ETU to



occupy the green and red emitting levels. The DCL emission process in the NIR region at 1550
nm was mainly achieved by the energy transfer from Yb3+ ions to Er3* ions. It can be concluded
that there was a competition between the GSAs of both types of ions and their concentrations.
However, since the GSA of Yb3* ions was an order of magnitude larger than that of Er3* ions, the
total absorption was attributed to Yb3* ions, even for the lowest analyzed Yb/Er ratio of 0.1
(except 0).



5.2 Upconverting Nanoparticles in Aqueous Media: Not a
Dead-End Road. Avoiding Degradation by Using
Hydrophobic Polymer Shells

“Well, I feel that we should always put a
little art into what we do. It's better that

”

way.

5.2.1 Abstract Jules Verne

One of the major challenges in using UCNPS in biomedical applications is that their transfer into
aqueous media is often accompanied by severe luminescence quenching, partial dissolution by
water, and even complete degradation by molecules such as phosphates. These are currently
the main problems hindering the use of UCNPs in the clinic. In this work, a strategy is developed
to coat and protect f-NaYF4 UCNPs from these effects by forming a hydrophobic polymer shell
(HPS) by miniemulsion polymerization of styrene (St) or St and methyl methacrylate mixtures.
This allows one to obtain single core@shell UCNPs@HPS with a final diameter of *60-70 nm.
Stability studies reveal that these HPSs serve as a very effective barrier, impeding polar
molecules to affect UCNPs optical properties. Even more, it allows UCNPs to withstand
aggressive conditions such as high dilutions (5 pg/mL), high phosphate concentrations (100
mM), and high temperatures (70°C). The physicochemical characterizations prove the potential
of HPSs to overcome the current limitations of UCNPs. This strategy, which can be applied to
other nanomaterials with similar limitations, paves the way toward more stable and reliable
UCNPs with applications in life sciences.

Keywords: Upconversion nanoparticles, polymers shells, dissolution, degradation, phosphate
protection.

5.2.2 Resumen

Uno de los principales desafios en el uso de UCNPS en aplicaciones biomédicas es que su
transferencia a medios acuosos suele ir acompafiada de una severa extincién de la
luminiscencia, una disolucién parcial en agua e incluso una degradacion por la interaccién con
moléculas como los fosfatos. Estos son actualmente los principales problemas que dificultan el
uso de UCNP en la clinica. En este trabajo, se desarroll6 una estrategia para recubrir y proteger
los UCNP (-NaYFs4 de estos efectos mediante el recubrimiento con un polimero hidrofébico
(HPS) a través de la polimerizacién de estireno (St) o una mezcla de St y metacrilato de metilo.
Esto permite obtener nanoparticulas de forma core@shell recubiertas con el polimero, con un
diametro final de *60-70 nm. Los estudios de estabilidad revelan que estos HPS sirven como
una barrera muy eficaz, impidiendo que las moléculas polares afecten las propiedades 6pticas
de las UCNPs. También permite que las UCNPs resistan condiciones agresivas como: altas
diluciones (5 pg/mL), concentraciones altas de fosfato (100 mM) y temperaturas altas (70 °C).
Las caracterizaciones fisicoquimicas demuestran el potencial de las HPS para superar las
limitaciones actuales de las UCNPs. Esta estrategia, que se puede aplicar a otros nanomateriales
con limitaciones similares, allana el camino hacia UCNPs mas estables y confiables con
aplicaciones en ciencias de la vida.

Palabras Clave: Nanoparticulas de conversién-ascendente, cubierta de polimeros hidrofébicos,
prevencion de la degradacion, proteccion de fosfatos.



5.2.3 Introduction

The transfer step of the UCNPs to water is highly detrimental to their luminescent properties,
and for their bio-applications due to several reasons.®166-168 First, the aqueous transfer of
UCNPs is usually accompanied by a strong decrease in the lifetime and luminescence of the
lanthanides forming them.168169 This is due in part to surface damping resulting from the
vibrational modes of the hydrophilic molecules used to render the UCNPs water-dispersible,
but mainly to a combination of the strong nonradiative relaxation of Yb3* when coupled to the
vibrational modes of water and the relatively high absorption by water (Aexc = 976 nm) at the
wavelength used to excite the Yb3+-sensitised UCNPs.168.169 Second, the solubility product of
UCNPs matrices such as f-NaYF4, one of the most efficient and widely used hosts, is quite low
(1.6x10-26).170 However, the high specific surface area of UCNPs (r46.4 m2/g for UNCPs of @=
30 nm), together with the low concentrations normally required in bioapplications, are in such
ranges that UCNPs often suffer time-dependent structural degradation due to dissolution and
precipitation of their host matrices in aqueous media.1”1:172 [ndeed, this effect on the structural
integrity of UCNPs has been reported for concentrations of less than 50 pg/mL in nanoparticles
with diameters of 25-31 nm.170 In this regard, it is reasonable to assume that this phenomenon
will be even more detrimental in the new generations of UCNPs, considering the current trend
toward the synthesis of ultrasmall UCNPs for biological applications or the development of
core-and-shell UCNPs, where the dissolution of the shells used to enhance or modify their
optical properties will lead to a significant decrease in their luminescence and a change in their
optical characteristics.173-177 Moreover, increasing the temperature of the medium shifts the
solubility equilibrium toward the dissolution of UCNPs. For this reason, the application of
UCNPs in fields such as nanothermometry or platforms that require thermal cycling, such as
polymerase chain reaction (PCR), is currently very difficult when low concentrations of UCNPs
are required. Third, the fact that fluoride (F-) and lanthanide ions (Ln3*) are released into the
aqueous medium until solubility equilibrium is reached has important implications. On the one
hand, the presence of chemical species (e.g., phosphates) that can trap free Ln3* and form more
stable compounds can shift the solubility equilibrium of the host matrices until the UCNPs
dissolve completely.178179

On the other hand, the presence of F- and Ln3* ions in solution raises some questions and
concerns about the biocompatibility and bioaccumulation of these ions when UCNPs are used
in biological fluids. For example, several toxicity issues have already been attributed to F- and
Ln3+180-182 [n addition, the high phosphate content may make certain sites in at specific

locations within the body, such as the mineral matrix of bone, be susceptible to bioaccumulation
Of Ln3+.183,184

These drawbacks urge the development of a strategy that satisfactorily resolves these
limitations and takes a step forward to ensure realistic prospects for these promising materials
in the life sciences while expanding their range of current applications. In this direction, several
approaches have been explored to alleviate some of these problems. For example, Lahtinen et
al. used the so-called common ion effect (addition of KF to aqueous solutions) to hinder the
dissolution of UCNPs when used at low concentrations and room temperature (RT)179. In a later
work, Palo et al. developed a strategy based on coating UCNPs with oppositely charged
polyelectrolyte bilayers to delay the disintegration of UCNPs, especially during the first 5
hours.185 A similar layer-by-layer strategy was later used to mitigate quenching caused by
water molecules.18¢ Other work has also shown that ligand replacement of the UCNP capping
agent with an appropriate molecule can prevent luminescence quenching in some cases.187
Interestingly, the resulting UCNPs appear to exhibit increased resistance to chemically
deleterious molecules such as phosphate buffers and acidic media when some




phosphate/phosphonate-containing molecules are used in this type of ligand replacement
strategy.183.186,188 This is due to the high binding affinity between the phosphonate groups and
the Ln3* on the surface of the UCNPs, which hinders the release of the ions from the host matrix
and partially shields them from other ligands and water molecules. However, not all
phosphonates effectively passivate the surface of UCNPs.18° Indeed, the literature seems to
indicate that passivation is often enhanced by capping agents that simultaneously contain one
or more phosphonate/phosphonic groups on one side that Design a protective layerstrongly
coordinates with the surface of UCNPs and a less polar moiety (e.g., aliphatic chains) on the
other side to provide shielding from water and other ligands.183190-192 |nterestingly, using
capping agents containing carboxyl or sulfonate groups instead of phosphonate groups or
keeping the original capping agents of UCNPs (e.g., oleic acid) seems to be a viable strategy to
partially shield UCNPs from the aqueous environment as long as they are coated with
amphipathic molecules containing long aliphatic chains or polymer chains with low polarity.192-
195 This highlights the importance of creating a relatively robust and effective shielding layer
around the UCNPs, as this appears to partially limit the diffusion of water and other possible
ligands that may adversely affect the optical properties and structural integrity of the UCNPs.
Indeed, the use of an interlayer with hydrophobic properties may be one of the best possible
approaches, as it not only helps to prevent polar and deleterious molecules from diffusing to
the surface of the UCNPs, but also partially maintains a local environment similar to the original
postsynthetic hydrophobic conditions (e.g., chloroform or hexane dispersions) in which the
UCNPs show their best performance.

We present a simple design of the UCNPs surface that ensures their protection in aqueous
media under various harsh conditions. Our approach is based on the combination of two
synergistic strategies: first, the oleic acid ligands on the surface of UCNPs are replaced by 10-
methacryloyldecyl phosphate (MDP) in nonpolar solvents to achieve surface passivation,
colloidal stability in organic media, and a terminal polymerizable group. Second, dispersion and
radical miniemulsion polymerization of these UCNPs in styrene (St) or a mixture of St and
methyl methacrylate (MMA) is aimed at forming a robust hydrophobic shell with controlled
thickness that isolates and protects the UCNPs from the aqueous environment. This method is
also expected to confer them colloidal stability in aqueous media, as polar groups are
incorporated during the polymerization process. The resulting polymer coated UCNPs were
extensively characterised optically, morphologically, and chemically, and their resistance to
various harsh conditions such as phosphate buffer, very high dilutions, and high temperatures
was studied. An amazing improvement in the chemical resistance of the UCNPs was
demonstrated, suggesting that this type of strategy could pave the way to safer UCNPs with
more reliable optical properties and expanded applications in life sciences.

5.2.4 Objectives

5.2.4.1 General Objective

Develop a protective coating for the NaYFa: Yb3*/Er3* upconverting nanoparticles that can
protect them from degradation in aqueous media and harsh conditions such as high
temperatures, high solutions, and phosphate buffers, avoiding quenching and preserving the
optical properties of the nanoparticles.



5.2.4.2 Specific Objectives

e Synthesis and Characterization of NaYF4:Yb3+ Er3+ Nanoparticles.
e Cover the NaYF4:Yb3* Er3* nanoparticles with an hydrophobic polymer (polystyrene).

e Optimize the coverage of the NaYF4:Yb3+ Er3* nanoparticles by modifying the synthesis
conditions.

e Optical and morphological characterization of the the NaYF4:Yb3*Er3+@Ps

nanoparticles.

e Performresistance studies under conditions of low dilution, temperature and phosphate
buffer of NaYFa:Yb3*Er3*@Ps nanoparticles and compare the results with
NaYFa4:Yb3+Er3+ covered with polyacrylic acid (PAA).

5.2.5 Experimental Section
5.2.5.1 Synthesis of UCNPs and Functionalization with MPD

First Monodisperse B-NaYF4:Yb3,*Er3* nanoparticles were synthesized by the thermal co-
precipitation method described in Section of Materials and Methods. Subsequently, the
functionalization of the surface of the NPs was carried out according to the procedure described
in sections varying the conditions such as the amount of monomer, sonication
time, nanoparticle concentration, reaction time, and protective shell composition, The different

conditions are listed in Table 4.

Table 4. List of different conditions tested during miniemulsion polymerization

Sample UCNPs | Composition (% Reaction | Ultrasonication
Monomer (vol) .
name (mass) vol) time
P1 44 mg St(100%) 1.2 mL 60 min No
P2 44 mg St(100%) 1.2 mL 60 min Yes (tip)
P3 11 mg St(100%) 1.2 mL 60 min Yes (tip)
P4 11 mg St(100%) 1.2 mL 60 min Yes (tip)
P5 11 mg St(100%) 0.6 mL 60 min Yes (tip)
P6 11 mg St(100%) 0.3 mL 60 min Yes (tip)
P71s 11 mg St(100%) 0.6 mL 15 min Yes (tip)
P730 11 mg St(100%) 0.6 mL 30 min Yes (tip)
P100% 11 mg St(100%) 0.6 mL 60 min Yes (tip)
P75% 11 mg St/MMA (75/25%) 0.45mL/0.15 mL 60 min Yes (tip)
P50% 11mg | St/MMA (50/50%) | 0.45mL/0.45 mL 60 min Yes (tip)
P25% 11 mg St/MMA (25/75%) 0.15mL/0.45 mL 60 min Yes (tip)
P8 11 mg St/MMA (50/50%) 0.45 mL/0.45 mL 60 min Yes (Bath)

During these experiments the aqueous phase (4.5 mL; SDS 40 mM, NaHCOs3, 1.2mM), hexadecane (24.6 pmoles), initiator (KPS;
225uL, 7.5 mg/mL) and polymerization temperature (70°C) were kept constant.

To compare the spectroscopic and chemical properties of the polymer-coated -
NaYF4:Yb3,*Er3+ nanoparticles, the surface of the same set of nanoparticles was modified to
obtain a polyacrylic acid shell using the method described in section



5.2.5.2 Characterization

TEM images were acquired by using a JEOL JEM 1010 working at 80 kV and a GATAN Megaview
I digital camera. High resolution TEM (HR-TEM) images were obtained using a JEOL JEM 2100
working at 200 kV and coupled to a GATAN Orius SC1000 digital camera. Samples were
prepared by depositing a drop of UCNPs dispersion onto Formvar-coated copper grids and
dried at RT. High-angle annular dark-field (HAADF) scanning TEM (STEM) and energy-
dispersive X-ray (EDX) mappings were conducted by using a FEI Talos F200X (ThermoFisher
Scientific, USA) coupled to an EDX detector. For the FT-IR analysis A Thermo Nicolet 200IR
spectrometer was used to obtain FT-IR spectra. Samples were prepared by grinding the dried
nanoparticles with potassium bromide (KBr) until a thin powder was obtained. Then, the
powder was transformed into a pellet by using a mechanical press while air and moisture were
removed using a vacuum pump. Background and sample spectra were acquired working in
absorbance mode with a resolution of 4 cm'! and 128 scans. Spectra were H20 and CO:
corrected. For the thermogravimetric analysis we used a TGA/DSC 1 STAR system (Mettler
Toledo. Following the procedure describe in section The gas flows used during the
experiments were 20 cm3/min for Oz and Nz, respectively. The Z-potential measurements were
carried out with a Malvern Nano-ZS instrument using the method described in section

The Steady-state photoluminescence measurements were obtained using the procedure of the
section

5.2.5.3 Long-Term Stability Assays at High Dilution and Room Temperature (DI-H20 and
Phosphate Buffer)

Long-term stability studies of very diluted UCNPs samples (5 pg/mL of UCNPs) were carried
out in both DI-H20 and 100 mm potassium phosphate buffer (K*PB). We analyzed the aging for
the UCNPs with different polymer shells and their results were compared with UCNPs-PAA,
used as a control sample. For each sample, as soon as it was diluted to 5 pg/mL and transferred
to the cuvette, it was placed inside the temperature controller cell holder (Jasco, ETC-273T), set
at 25°C. After 5 min (considered from here on as time zero), before any significant degradation
occurred, the luminescence spectra were measured. Then, the luminescence spectra were
measured several times during the next 72 h. For the analysis, all integrated luminescence
intensities were normalized to the intensity obtained at time zero. Once the samples aged for
72 h, we also analyzed their decay time at RT and compared it with the decay times obtained
for the corresponding not aged samples at a concentration of 100 pg/mL, when chemical
degradation was negligible. For TEM characterization after the 72 h stability study in DI-H20,
samples were concentrated by centrifuging at 21 000 x g during 30 min. To prepare the samples
for HR-TEM characterization after the 72h K*PB stability study, samples were centrifuged five
times with DI-H20 in order to remove excess buffer, and finally concentrated in DI-H20 after
the fifth centrifugation step.

5.2.5.4 Stability Assay at High Dilution and High Temperature (70°C) in DI-H20

A long-term stability study of very diluted UCNPs-P75% samples in water at 5 ug/mL was also
carried out at high temperature (70°C) to analyze the protective role of the HPS in comparison
with that provided by the PAA layer. All spectra were taken at 25°C to account only for the
luminescence decrease due to degradation and not to thermometric properties of the UCNPs
luminescence. The protocol was the following: right after diluting the samples at 5 pg/mL, the



cuvette was introduced in the temperature controller cell holder at 25°C, waited for sample
temperature stabilization (5 min), and measured the time zero luminescence spectra. Then,
temperature was increased up to 70°C, waited for sample temperature stabilization (10 min),
and left the samples at 70°C for 1h to permit the disintegration of the UCNPs. After 1h at 70°C,
the temperature was decreased again to 25°C, waited for sample temperature stabilization (20
min), and then measured the spectra again. The temperature cycle was repeated six more times
up to 7h. Once the experiments were finished, the authors also analyzed the luminescence
decay time at RT of the samples and compared it with the decay times obtained for the
corresponding not aged samples at a concentration of 100 ug/mL, when chemical degradation
was negligible.

5.2.6 Results and Discussion
5.2.6.1 Results of synthesis of UCNPs and Functionalization with MPD

The synthesis of monodisperse -NaYo.78F4:Ybo.20,Ero.02 nanoparticles was performed according
to a previously reported thermal coprecipitation method presented at section . The mean
diameter of the synthesized UCNPs used in this work was 36+1 nm. A representative TEM
picture of the resulting B-NaYo.7sF4:Ybo.20,Ero.02 UCNPs is depicted in Figure 29A, HR-TEM
analyses Figure 29B shows the crystalline structure of the synthesized UCNPs, with a
characteristic lattice distance of 0.52 nm that can be assigned to (100) lattice plane of the
hexagonal f-NaYF4196 SAED analysis further confirmed that NaY0.78F4:Ybo.20,Ero.02 UCNPs were
in their S-phase according to the JCPDS 16-0334 diffraction card. Figure 29C

Figure 29. A) TEM image of oleate-capped UCNPs showing their monodisperse, quasi-spherical morphology. B)
HR-TEM magnification of an oleate-capped UCNP showing the 100-lattice plane of the hexagonal NaYF4 phase. C)
Selected area electron diffraction (SAED) pattern of oleate-capped UCNPs. The 100 (d=0.515 nm), 101 (d= 0.290
nm), 111 (d=0.227 nm), 201 (d=0.207 nm), 212 (d=0.130 nm), and 410 (d=0.112 nm) planes from the hexagonal
phase of NaYF are easily seen, confirming that NaYF4 is in its hexagonal phase according to the JCPDS 16-0334
diffraction map.

The subsequent treatment of the UCNPs with NOBF4 removed the oleate molecules from their
surface (Figure 30A[i]) and allowed phase transfer of the resulting UCNPs from hexane to N,N-
Dimethylformamide (DMF). Their later incubation with MDP in DMF/CHClIs led to their surface
functionalization with MDP (Figure 30A[ii]), as shown by FT-IR analyses (see Figure 30B). FTIR
analyses of the initial oleate-capped UCNPs yielded the characteristic peaks of the asymmetric



and symmetric stretching vibrations of the COO~ group at 1463 and 1552 cm,
respectively.197.198 The additional peaks at 2852 and 2936 cm-! correspond to the symmetric
and asymmetric stretching vibrations of the aliphatic oleate chain, respectively.198
Interestingly, after completion of the ligand exchange with MDP, significant changes can be
observed in the FTIR spectra of the UCNPs: 1) new peaks appear at 1085 and 1164 cm!
corresponding to the P=0 stretching vibration, when substituted with —O, and the in-phase
stretching vibration of the P-0-, 2) the peaks at 1648 and 1723 cm-! prove the presence of the
methacryloyl group in the MDP, as they correspond to the stretching vibration of C=C
conjugated with carbonyl groups and of conjugated C=0 groups, respectively, 3) the peaks at
2852, 2936 and 2952 cm'! are assigned to the symmetric and asymmetric CHz stretching and
the asymmetric CHz-0 stretching of the ether in MDP, respectively.198
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Figure 30. (A) Process of surface functionalization of UCNPs involving (i) removal of oleate capping agent with
NOBF4 and (ii) functionalization of UCNPs with MDP in CHCls. B) FT-IR spectra of the UCNPs coated with oleate
and MDP. C) The main steps required to coat UCNPs-MDP with the HPS by miniemulsion polymerization. Namely,
(i) dropwise addition of UCNPs-MDP dispersed in the monomer (St or St/MMA mixtures) into the aqueous phase
containing SDS and NaHCOs; (ii) ultrasonication of the mixture to generate the nanodroplets (i.e., the
miniemulsion); (iii) addition of the radical initiator (KPS) and initiation of polymerization by heating to 70 °C.

The ligand exchange with MDP provides the resulting UCNPs with several advantages, see
Figure 30A. First, the phosphate group within MDP has a strong binding affinity toward the
surface of UCNPs,188 ensuring that the ligand does not detach easily, while providing surface
passivation. Second, the MDP aliphatic chain provides hydrophobicity to the surface, which
allows UCNPs to be dispersed in the hydrophobic monomer precursors (i.e., St and MMA) that
will be polymerized to yield the protective polymer shell in later steps. The MDP aliphatic
chains also hamper the adsorption of polar molecules onto the UCNPs’ surface, minimizing the
luminescence quenching produced by water. Third, the MDP methacryloyl moiety will provide
a starting point to initiate, propagate, or terminate the growth of polymer chains during the
formation of the protective polymer shell. Finally, MDP can also improve the wetting of UCNPs



with polystyrene (PS) and other hydrophobic polymers, favoring a more homogeneous growth
of the polymer shell barrier around them and a complete coating of their surface.

5.2.6.2 Coating of UCNPs with HPS by Miniemulsion Polymerization

Miniemulsion polymerization was used to the resulting UCNPs-MDP with a protective
hydrophobic polymer shell (HPS). In this method, St or a mixture of St and MMA formed the
dispersed oily phase; sodium dodecyl sulfate (SDS) was used as a surfactant; hexadecane was
used as hydrophobe or droplet costabilizer; and potassium persulfate (KPS) was used as a
radical initiator.199.200 Miniemulsion polymerization was chosen as a coating method because it
offers several advantages over other polymerization approaches, such as fast polymerization
kinetics, high St conversion, the possibility of encapsulating single or multiple nanoparticles
(NPs) thanks to their isolation in monomer nanodroplets (i.e.,, nanoreactors) and relatively
easy control of the composition, thickness, and morphology of the polymer shell.199-204

Interestingly, if oleate-capped UCNPs are directly used in this polymerization process, uncoated
snowman-like Janus structures are obtained because of the partial phase separation between
the polymer shell and the nanoparticles during polymerization (see Figure 31). This was one of
the reasons for replacing oleate with a potentially more suitable component such as MDP.

structure:
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Figure 31. A) TEM image of UCNPs-oleate coated with polystyrene shells. Reduced wetting between the oleate-
coated UCNPs and the polystyrene shell results in NP/shell phase separation leading to snowman-like Janus
structures where the UCNPs are exposed to the environment. B) TEM image of polystyrene shell coated UCNPs-
MDP. The improved wetting allows the formation of Core@Shell structures where the UCNPs (cores) are protected
from the environment.

The coating of UCNPs-MDP by miniemulsion polymerization is summarized in Figure 30C. First,
UCNPs-MDP were dispersed in St or St/MMA mixtures and added dropwise to a vigorously
stirred aqueous solution of 40 mm SDS and 1.2 mm NaHCOs3, see Figure 30C[i]. After stirring for
1 h, the resulting emulsion was ultrasonicated to reduce the size of the monomer droplets down
to the nanometric range, see Figure 30C[ii]. This allows to create independent nanoreactors




containing the UCNPs-MDP, where the polymerization can start in parallel to encapsulate the
UCNPs contained thereof.201 After heating the solution to 70°C, KPS was added to start the
radical polymerization of the monomer droplets, yielding the PS or polystyrene-co-poly-methyl
methacrylate (PS/PMMA) HPS, see Figure 30C[iii].

5.2.6.2.1. Ultrasonication: by studying the miniemulsion polymerization process and
optimize the coating of the UCNPs-MDP, we first tested the effect of ultrasonic treatment (see
Section ). In Figure 32P1, it can be seen that without sonication, large submicrometric
aggregates of nanoparticles are formed and their morphology is poorly controlled. In contrast,
the high energy introduced into the system with an ultrasonic tip (Figure 30C[ii]) can break and
enlarge the specific surface area of the dispersed phase (i.e., monomer+UCNPs-MDP) in the
initial emulsion, resulting in homogeneous monomer nanodroplets.1°9201 These were
effectively stabilized by hexadecane and SDS molecules,1?? allowing polymerization to proceed
in these nanoreactors and producing well-defined nanometric HPS, see Figure 32P2. We
confirmed that ultrasonic treatment is essential for the formation of the monomer
nanodroplets in which the UCNPs-MDP are encapsulated.

We have additionally tested whether it is possible that ultrasonication baths can provide
similarly excellent results, making this method more accessible with commonly available
laboratory equipment. The results shown in Figure 33 describing a polymer-coated
nanoparticle very similar to the others, demonstrate that it is possible to use commonly
available laboratory equipment (ultrasonic baths) to produce high-quality UCNPs coated with
protective polymer shells and having a simple morphology with a featuring single- core@shell
morphology.

P1

250 nm

Figure 32. TEM Images of: P1) UCNPs@PS aggregates produced when not ultrasonication step; P2) Multi-
core@shell UCNPs@PS with multiple cores and shells when the ultrasonic step is integrated into the process. All
scale bars of the inserts = 50 nm.



Figure 33. TEM images of UCNPs@PS/PMMA resulting from using an ultrasonication bath. A) TEM image of
synthesis P8 (50%/50% St/MMA). B) TEM image magnification of synthesis P8.

5.2.6.2.2. UCNPs-MDP concentration & monomer volume: Adjustment of the UCNPs-MDP
concentration in the dispersed phase using a fixed amount of SDS and monomer allowed control
of the number of encapsulated UCNPs. Thus, a 4-fold reduction in the amount of NPs used in
miniemulsion polymerization allowed a transition from nanoparticles with multiple cores
inside the shell to those with a shell containing a single nanoparticle (see Figure 34P2. and
Figure 34P3). The partial eccentric position of the core relative to the shell is attributed to the
interfacial tension between the surface of the UCNPs-MDP, the monomer/growth polymer
shell, and the aqueous phase.204-206 The resulting UCNPs-MDP coated with PS, or “UCNPs@PS”
from now on, were monodisperse in size, featuring 88 + 4 nm in diameter.

P2 P3

150 nm

150 nm

Figure 34. P2) Multi-core@shell UCNPs@PS with multiple cores and shells when the ultrasonic step is integrated
into the process; P3) Single-core@shell UCNPs@ PS prepared after adjusting the initial amount of UCNPs-MDP
from 44 to 11 mg. All scale bars of the inserts = 50 nm.
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Figure 35. A) Photograph of 1 mg/mL dispersions of UCNPS@PS for particles with different TEM diameters: i)
=88 nm and ii) § = 70 nm. B & C) Emission from the dispersion shown in A.i) & A.ii), respectively, both under
CW excitation with a 976 nm laser (~250 W/cm?). D) & E) DLS Intensity size distributions of the previous
UCNPs@PS. These analyses yielded a mean hydrodynamic diameter (Du) = 100+1 nm and Dy = 87.944.5 nm for
the UCNPs@PS with TEM Q =88 nm and § = 70 nm, respectively.

As a first strategy, the volume of the monomer used for miniemulsion polymerization was
reduced from 1.2 to 0.6 or 0.3 mL (Figure 36P4, P5, and P6). As a result, the mean diameter of
the UCNPs@PS decreased from 88+4 to 70+5 and to 60 nm+5 nm, respectively. Interestingly,
when we increased the SDS/monomer ratio after decreasing the amount of monomer, we
observed that the lower volume tested (0.3 mL of St, Figure 36P6) was accompanied by an
increase in multinucleated UCNPs@PS (23.8%), compared with only *4.8% of multinucleated
NPs in Figure 36P5 (0.6 mL of St). This can be explained by the increase in UCNPs/monomer
ratio with the decrease in monomer volume, resulting in an effective increase in UCNPs

concentration.
I

150 nm 1.2mL . 150 nm

Figure 36. UCNPs@PS produced after adjusting the initial amount of monomer (St) from P4) 1.2 mL, P5) 0.6 mL
and P6) 0.3 mL, respectively. All main image scale bars = 150 nm; All inset scale bars = 50 nm.



5.2.6.2.3. Reaction time: after selecting 0.6 mL as the optimal amount of monomer, we tested
the effect of polymerization reaction time to adjust the thickness of the PS shell (Figure 37P71s-
P760). The polymerization was stopped by quenching the flask in an ice bath 15, 30, and 60
minutes after the start. This method allowed further control of the size of the UCNPs@ PS from
48+5, to 63+4 and 70+ 5nm (Figure 37P71s, Figure 37P74s and Figure 37P760 respectively).
Longer reaction times did not increase the final diameter of the UCNP@PS significantly under
the conditions tested. The smallest size obtained tended to aggregate, attributed to the
incomplete coating of the UCNPs with PS, which resulted in hydrophobic regions leading to
interparticle interactions and aggregation in aqueous media.
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Figure 37. UCNPs@ PS produced after quenching the polymerization reaction at P715) 15 minutes, P730) 30
minutes and P760) 60 minutes after initiation, respectively. All main image scale bars = 150 nm; All inset scale
bars =50 nm.

Based on the previous experiments we chose the following conditions as optimal (coating,
protection and relatively small size, see Figure 35C and E) to obtain single-core@shell
UCNPs@PS: ultrasonication of the sample, 11 mg of UCNPs-MDP, 0.6 mL of St, and 60 min of
polymerization reaction time.

5.2.6.2.4. Modification of shell composition: Finally, modification of the shell composition was
explored by varying the monomer concentration added to the reaction from 100 vol% St to
50/50 vol% St/MMA (see Figure 38). We found that the resulting polymer shells tended to
become thinner when the %MMA content was increased. In fact, a final diameter of 58 nm was
obtained for P75%, while we obtained the same diameter, 58 nm, for P50% after increasing the
initial amount of monomer by 1.5 times (see Table 4). Further increase in MMA volume fraction
(i.e., St/MMA 25%/75%, Synth. P25%) resulted in poorer control over polymer shell thickness,
morphology, and polymerization under the conditions we tested (Figure 39).
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Figure 38. P100%-P50%) TEM images of UCNPs-MDP coated with HPSs with nominal compositions of 100% PS,
75%/25% PS/PMMA, and 50%/50% PS/PMMA, respectively.

Figure 39. UCNPs coated with a HPS containing 25%/75% St/MMA nominal composition (synthesis P25%). As
observed by the TEM image, the increase of MMA beyond 50% yielded thinner shells, and poorer control on the
polymerization process and the overall HPS homogeneity.

This can be explained by the increased nucleation and growth of PMMA particles in the aqueous
phase, which can be attributed to the higher polarity of MMA compared to St.207 Nevertheless,
the incorporation of PMMA into the protective shell was confirmed by FT-IR analyses (see
Figure 40), proving that it is possible to easily incorporate different monomers during the
polymerization process to vary the shell properties of the resulting UCNPs. The peaks at 2923
and 2848 cm! correspond to the asymmetric and symmetric vibrations of -CHz typical of PS,
while the bands at 2997, 2953, 1465, and 987 cm-! correspond to the vibrations of (O)CHs, the
band of the carbonyl group (C=0) appears in 1732 cm-1, and the vibrations from 1250 to 1150
cm1are from the ester group of PMMA.
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Figure 40. FT-IR spectra of UCNPs@PS, red line; and UCNPs@PS/PMMA (50%/50% St/MMA), blue line.

5.2.6.3 Comparison of Protective HPS with a Standard Poly-Acrylic Acid Coating

Given the polar nature of the chemicals responsible for degrading UCNPs during water transfer,
the most effective way to protect them may be to maintain a robust hydrophobic environment
near the surface of the UCNPs to prevent diffusion of these polar species toward the surface.
This should result in reducing all the adverse effects associated with the water transfer of
UCNPs with a single strategy. In this sense, miniemulsion polymerization has the advantage of
isolating UCNPs in hydrophobic nanoreactors (i.e, monomer droplets) until a thick
hydrophobic polymer layer is formed that provides protection from the aqueous environment,
while being only slightly affected by the ligand equilibrium due to its solid-state-like state,
unlike other strategies.2%8 The surface of the resulting shell is simultaneously decorated with
sulfate groups originating both from chain terminations with sulfate radicals generated by the
initiator (KPS) and from SDS surfactant molecules that remain adsorbed after
polymerization.209-211

To test the effectiveness of our coating shell, we compared the stability of our HPS-coated
UCNPs with that of poliacrylic acid (PAA)-coated UCNPS in aqueous solution. PAA is a widely
used polydentate ligand for water transfer of UCNPs and confers colloidal stability, surface
passivation, relative protection in aqueous media, and carboxyl groups that can be used for
further bioconjugation. 180212 For these reasons, we will compare both coatings in terms of
optical properties and chemical resistance using PAA-coated UCNPs as a control, as this system
has been extensively studied in previous work and we will henceforth call it "UCNPs-PAA"
186,189,195, The NaYF4.Yb3* Er3+ nanoparticles were subsequently coated with PAA. They were
synthesized exactly as described above and have a size of 351 nm. They were subsequently
coated with PAA using the method described in sec. . Figure 41 shows the images of TEM
of HPS-UCNPs with different shell composition and UCNPs-PAA. which in all cases show
homogeneous and dispersed nanoparticles in aqueous solution.
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Figure 41. P100%-P50%) TEM images of UCNPs-MDP coated with HPSs with nominal compositions of 100% PS, 75%/25%
PS/PMMA, and 50%/50% PS/PMMA, respectively. A) TEM image of UCNPs coated with PAA (control sample). All inset scale
bars = 50 nm. B) Z-potential values of P100%, P75%, P50%, and UCNPs-PAA. C) Green emission lifetime values at 540 nm (*
S3/2—*115/2) of UCNPs-Oleate (hexane), UCNPs-MDP (CHCls), UCNPs-HPS (H20), and UCNPs-PAA (Hz0). D) Upconversion
emission spectra of UCNPs-MDP, UCNPs-HPS, and UCNPs-PAA at 525 nm (2H11/2—*115/2; green), 540 nm (4S3/2—*115/2; green),
and 655 nm (*Fo/2—*l15/2; red). UCNPs-HPS, and UCNPs-PAA was 100 pg mL-! for the C) lifetime and the D) steady-state
luminescence measurements.

Sulfate groups deprotonate within a wide range of pHs (pKa<2), providing colloidal stability in
water. The presence of these highly stabilizing surface charges is demonstrated for all HPSs by
Z-potential measurements, as seen in Figure 41B. It is noteworthy that the colloidal stability
offered by those surface charges is, in principle, higher than that provided to UCNPs-PAA.

Replacement of oleate with MDP as a capping agent is associated with a 7% reduction in the
lifetime of UCNPs (see. Figure 41C), which is due to the change of solvent (from hexane to
CHCl3) and to a slight quenching effect caused by the phosphate component present in the MDP
structure. (see Figure 30A). The subsequent water transfer of the UCNPs by miniemulsion
polymerization leads to a further decrease in lifetime (8.6%), which is probably due to the
adsorption of a small number of water molecules on the surface of the UCNPs. Interestingly,
different HPS compositions yielded almost the same exact lifetime (Figure 42) indicating that
the coating process is not substantially affected by changing the hydrophobic monomer, at least
within the tested range of compositions. This indicates that the tested range of shell
compositions offer similar protection against the luminescence quenching caused by water
molecules.
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Figure 42. Decay curves of the lifetime of UCNPs coated with different HPS compositions at 0.1 mg/mL, namely
100% St (green, P100%), 75% St: 25% MMA (red, P75%), 50% St: 50% MMA (blue, P50%).

In contrast, water transfer of UCNPs with the conventional PAA ligand results in a significant
reduction in lifetime (26.2%) compared with UCNPs-MDP. This is explained by the high
permeability of this polydentate ligand to water molecules, which easily reach the surface of
UCNPs and cause a strong quenching of their luminescence. The effect of lifetime shortening on
the luminescence properties of these UCNPs was also confirmed by steady-state luminescence
measurements, as shown in Figure 41D. Indeed, the use of HPSs resulted in UCNPs with about
2-fold more intense upconversion luminescence than the same UCNPs coated with PAA (see
Figure 43), further confirming the effectiveness of our strategy to reduce luminescence
quenching in aqueous media.
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Figure 43. Steady state luminescence [(counts/s) nm] corresponding to the integration of the green ( 2H11/2—*l15/2
and 4Ss32— “l15,2) and red (*Fo/2— *l15,2) emission bands of UCNPs with different coatings under CW 976 nm
excitation (~100 W/cm? ). In all cases the UCNPs core concentration =0.1mg/mL. Left-green and left-red columns
correspond to UCNPs-MDP in chloroform. Center-green and centerred columns correspond to UCNPs protected
with HPS in water. Right-green and right-red columns correspond to UCNPs coated with PAA in water. The coating
of UCNPs with HPS translates in a ~2.2- fold and a 1.9-fold improvement in their green and red emissions,
respectively, in comparison with UCNP coated with PAA, highlighting the protective role of HPS from the
quenching produced by water vibrational modes.




To further evaluate the protective role of HPS and compare it with the PAA shell, we performed
long-term stability studies at RT with aqueous dispersions of UCNPs-HPS at very low
concentrations (5 pg/mL), which is well below the concentration at which noticeable
degradation of UCNPs occurs (=50 pg/mL).170 This low concentration allowed us to study the
effect of UCNPs dissolution on their optical and structural/morphological properties. (Figure
44).
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Figure 44. A) Time evolution (0-72 h) of the green upconversion luminescence intensity after dilution of the
samples at a core concentration of 5 ug mL . P100% (green), P75% (red), P50% (blue), and UCNPs-PAA (black).
B) Relative lifetime change of the green upconversion emission after 72 h, compared with the original lifetime at
0 h.P100% (green bar), P75% (red bar), P50% (blue bar), and UCNPs-PAA (gray bar). C-F) TEM images of UCNPs-
PAA, P100%, P75%, and P50%, after 72 h in water at a core concentration of 5 pg/mL, respectively. All inset scale
bars =50 nm.

The degradation of the samples was monitored by following their luminescence intensity for
72 h. Figure 44A shows their luminescence intensity normalized to their initial intensity, as a
function of time. Samples P100% and P75% did not exhibit any sign of degradation, since their
luminescence intensity did not change during the 72 h (see green and red lines, respectively).
On the other hand, P50% sample (blue line) showed a slight decrease in luminescence intensity
of x10%, which may be ascribed either to a slightly worse colloidal stability, or a less effective
protection compared with P100% and P75%. The luminescence from the UCNPs-PAA sample
was highly compromised (see black line in Figure 44A) especially during the first 3-4 h, with a
reduction of 50% in their luminescence intensity, and after that, a slower decrease continued
over time up to 80%. Figure 44B shows the relative luminescence lifetime change of the
samples after 72 h, in comparison with the lifetime value yielded by the original non-aged
UCNPs samples. These measurements can be used to confirm structural degradation of UCNPs,
as reported by other authors.178198 Qur results confirm once again the degradation of UCNPs-
PAA (Figure 44B, gray bar), as the 72 h aged NPs are accompanied by a *11% decrease



compared with their original lifetime. Interestingly, the relative lifetime measurements
obtained for P100%, P75%, and P50% after 72 h (see Figure 44B; green, red, and blue bars,
respectively) show negligible changes (less than 1%). These results clearly highlight the
remarkable protection exhibited by the HPS against UCNPs dissolution. This was also
corroborated by TEM, where no damage or structural/morphological changes could be found
for the UCNPs-HPS (see Figure 44D-F), whereas the UCNPs-PAA were strongly affected, as
shown in Figure 44C. Interestingly, the latter NPs presented a significant reduction of their
diameter, from the initial value of 36 nm to a final value of 27 nm. This would mean that the
degradation took place at the outer part of the nanoparticle, maintaining the spherical
symmetry. After these results, it may seem counterintuitive how the huge relative intensity
drops shown by the UCNPs@PAA (*80%) was accompanied by only a modest relative lifetime
decrease (*11%). However, this can be explained by the fact that UCNPs-PAA’s surface is
already highly quenched by water, so further lifetime reductions should be mainly due to an
increase in UCNPs’ surface-to-volume (S/V) ratio as dissolution progresses. On the contrary,
the same dissolution process has a more relevant deleterious effect on the UCNPs intensity, as
the physical separation and diffusion of Ln3* from the host matrix implies the reduction of the
number of sensitizers (Yb3+) and activators (Er3+) that can produce efficient energy transfer,
and ultimately photon upconversion. As a direct consequence, the intensity of upconversion
luminescence is highly reduced.

To test this hypothesis, we theoretically estimated the decrease in UCNPs-PAA luminescence
intensity by considering the experimentally observed decrease in UCNP diameter. In doing so,
we considered two main contributions. First, the reduction of the number of ions presents in
the UCNP, which is related to the UCNP volume. Second, the decrease in the emission efficiency
(quantum yield or lifetime) of the UCNP-PAA due to surface quenching effects as the S/V ratio
of the nanoparticles increases. Then, we theoretically calculated the luminescence intensity
when the degradation of UCNPs-PAA occurs in water at RT (control sample). The luminescence
intensity was calculated by considering the effects of the decrease in nanoparticle size (shown
by TEM images) on both the number of active ions and the emission efficiency (or lifetime).
First, the decrease in nanoparticle radius 7y leads to a decrease in the number of active ions,
which is proportional to the UCNP volume:

4 3
Ngr = pgr ?rUC

Equation 14

where Ng, and pg, are the number and the concentration of Er3+ ions in the nanoparticle,
respectively. Second, the decrease of the nanoparticle radius increases the surface area to
volume ratio (S/V) which is well known to reduce the emission efficiency (or lifetime) due to
surface quenching effects. We use the relationship between the luminescence lifetime and the
S/V given by other works213214 to characterize the emission efficiency of the transitions
involved in the upconversion mechanism, n = 7;/7,q4, Where 7,44 is the corresponding
radiative decay time. This relation is given by:
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Equation 15

Assuming that the red and green emission involved a two-step absorption process, the
luminescence intensity is expected to depend on 1 quadratically. As expected, the luminescence
intensity, calculated as Ng,n?, properly reproduced the intensity drop when decreasing the
UCNP diameter. We also plotted in the same figure the contribution of the number of active ions
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Ng, (dashed line) to show that this intensity drop is mainly due to the ion dissolution so that
the decrease in ) with particle diameter only represents a small correction. Moreover, Figure
45 allowed us to predict that the variation of the UCNP size had a logarithmic relationship with
time and that half of the reduction of the UCNP diameter took place during the first two-three
hours. As stated before, the emission efficiency n exhibited a smaller variation with particle
diameter (see dotted line in Figure 45).
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Figure 45. Experimental luminescence intensity normalized to its initial value as a function of time (circles).
Theoretical luminescence intensity calculated from Ng,n? (solid line) or from Ng, (dashed line) normalized to its
initial value as a function of particle diameter. We also plotted the variation of n (dotted line) as a function of
particle diameter which gives the behavior of the luminescence decay time.

This allowed us to confirm that the main contribution came from the ion dissolution, since more
than 50% of ions were estimated to be lost. This result helps to explain why the degradation of
the UCNPs showed a smaller decrease in the lifetime than in the luminescence intensity.
Furthermore, the reduction in UCNP size during dissolution was predicted to follow a
logarithmic relationship with time, matching quite accurately the experimental data. We also
estimated the solubility product K, = [Na*][RE3*][F~]* where RE3* represents the rare-
earth ions Y3+, Yb3+, and Er3*. For this, we assumed that ions dissolved stoichiometrically. Here
we assumed that the ions dissolve stoichiometrically. Experimental results (TEM images)
showed a mean final diameter of less than 27 nm, consistent with a RE3* ion dissolution near to
70%. Therefore, the equilibrium RE3* ijon concentration was 0.7 times the RE3* ion
concentration in the sample, being 0.0266 mM for 5 pg/mL of UCNPS. the computed solubility
product was K, = 1x10-26 which roughly agrees with previous values.186

We also studied the stability of very diluted samples of UCNPs (5 pg/ mL ) with different
protective shells in potassium phosphate buffer (K*PB) at a concentration of 100 mm, which is



ten times higher than common phosphate buffer saline. This buffer quickly and completely
degraded the control sample UCNPs-PAA, as can be observed by the 50% luminescence
reduction after 1 h and the almost complete disappearance of upconversion luminescence after
72 h (Figure 46A, black line). The reduction in luminescence was such that it was impossible
for us to measure the resulting lifetime of the sample (Figure 46B), indicating a profound
degradation of the UCNP host matrix and its structure.
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Figure 46. A) Time evolution (0-72 h) of the green upconversion luminescence intensity after dilution of the
samples to a core concentration of 5 pg/mL in concentrated K*PB (100 mm). P100% (green), P75% (red), and
UCNPs-PAA (black). B) Relative lifetime change of the green upconversion emission after 72 h at 5 pg/mL in
concentrated K*PB (100 mm), compared with the original lifetime at 0 h. P100% (green bar), P75% (red bar), and
UCNPs-PAA (gray bar). HR-TEM images of C[i]) UCNPs-PAA, DJi,ii]) P100%, and E[j,ii]) P75% after 72 h in K*PB
(100 mm) at a core concentration of 5 pg/ mL, respectively. C[ii]) HAADF-STEM image of UCNPs-PAA, where the
brightest regions within the material are likely to contain atoms of higher atomic number.

HR-TEM characterization further confirmed the complete degradation of UCNPs-PAA by K+*PB,
yielding a new inorganic phase with an acicular and entangled morphology (see Figure 46C [i]).
Characterization of the sample by HAADF-TEM indicates the presence of clusters containing
atoms of high atomic number (brighter regions), probably traces of aggregated UCNPs-PAA,
from which the acicular structures seem to originate.
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On the other hand, EDX elemental mapping analyses confirm the presence of phosphorus (P),
ytterbium (Yb), and yttrium (Y) in these structures, (see Figure 47A[i], A[ii], and Aliii],
respectively). Noteworthy, the merged image in Figure 47A[iv] shows a spatial correlation
between these elements, suggesting that the new phase formed during the degradation of
UCNPs consists of a complex mixture of RE phosphates. Interestingly, we did not detect fluorine
(F) in this sample, suggesting the complete degradation of UCNPs-PAA upon reaction with
phosphate and the release of all fluoride ions (F-) to the medium in the form of soluble species
(e.g. NaF and/or KF). These observations are consistent with the results reported in previous
work.178198 The multiple centrifugations performed prior to HR-TEM characterization, aiming
to remove excess K*PB, may have washed away these water-soluble F species, which explains
the total absence of fluorine signal during EDX elemental mapping analyze.

i ii iv

S50 nm

Figure 47. EDX elemental mapping analyses of A) UCNPs-PAA, B) P100%, and C) P75%. (A[i-iv]) corresponds to
the signals of the elements in UCNPsPAA: A[i]) Phosphorus, A[ii]) ytterbium, A[iii]) yttrium, A[iv]) Merged image
of phosphorus, ytterbium and yttrium. The scale in (A[i-iv]) is 200 nm. (B[i-iv]) corresponds to the elements in
P100%: BJ[i]) carbon, BJii]) ytterbium, BJ[iii]) yttrium and B[iv]) Fluorine. (C[i-iv]) corresponds to the elements
in P75%: C[i]) carbon, C[ii]) ytterbium, C[iii]) yttrium, and C[iv]) Fluorine. The scale in B[i-iv] and in C[i-iv] is 50
nm.

In contrast to UCNPs-PAA, the long-term study of the luminescence intensity of P100% and
P75% presented a much lower, but still moderate decrease in their upconversion luminescence
after 72 h (37% and 29% reduction, see Figure 46A, green and red symbols, respectively).
However, when measuring their relative lifetime change, an almost negligible decrease of 1.9%
and 1.4% was observed (Figure 46B green and red bars, respectively). This indicates that most
UCNPs are well protected and preserve their luminescence properties in K*PB. Nevertheless,



K*PB forms less soluble potassium salts SDS and is used at similar high concentrations in
biochemical protocols to reduce the solubility of SDS, which in our case acts as a colloidal
stabilizer at the surface of the HPS.215.216 This could indeed explain the almost negligible change
in the lifetime, but a moderate reduction in luminescence intensity. To further test this
hypothesis, we confirmed by DLS that the hydrodynamic diameter (Du) of P100% and P75%
increased in K*PB compared with the results obtained in DI-H20, which can be ascribed to a
reduction of the interparticle distance due to a decrease in colloidal stability, see Figure 48.
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Figure 48. DLS analyses of P100% (green bars) and P75% (red bars). A) P100% in DI-H20; B) P75% in DI-H20; C)
P100% in K*PB; and D) P75% in K*PB.

The results of UCNPs-HPS in K*PB represent a vast improvement over more traditional coating
such as UCNPs-PAA. To fully confirm the morphological and structural integrity of P100% and
P75%, we performed HR-TEM characterizations of the samples after 72 hours of aging in K*PB.
Figure 46D[i,ii],E[i,ii] confirms that the morphology of P100% and P75% was not affected after
72 hours in K*PB. The quasi-spherical shape of the UCNP cores is preserved, while no signs of
the acicular structures formed by the reaction between phosphate and RE3* are visible (see
Figure 46C[i,ii] for comparison). A closer look at P100% and P75% (Figure 46 [ii],E[ii])
confirms that no degradation of the UCNP cores is visible even in the areas with thinner HPS
coating. A higher magnification of these images showing the conserved crystallinity of the NPs
can be seen Figure 49, where the lattice planes can be seen. These images provide the first
evidence that an HPS shell thickness of only 3-4 nm can be sufficient to fully protect UCNPs
from chemical degradation in aqueous media.
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Figure 49. HR-TEM Magnification of the UCNP core of A) P100%; and B) P75%; showing the 3-NaYF4:Yb,Er lattice
planes after 72 h incubation in K*PB. The thinnest side of the HPS of P100% and P75% has 4 nm and 3 nm,
respectively.

For final chemical and structural characterization, we performed EDX elemental mapping of
P100% and P75% (see Figure 47B and C, respectively). A strong carbon signal was observed in
the region corresponding to the HPS, while it was not detectable in its core due to the presence
of the inorganic UCNP (Figure 47B[i],C[i]). Within this region, ytterbium, yttrium and fluorine
could be identified, very consistent with the region corresponding to the UCNP core in both
samples, see images of Yb, Y, and F merged with carbon in Figure 47B]Jii], [iii] and [iv] (for
P100%) and (Figure 47C[ii], [iii] and [iv] (for P75%), respectively. The high signal of these
elements in the UCNP core region is strong evidence that the HPS prevents the leakage of ions
from the UCNP into solution and their subsequent reaction with phosphate. Indeed, the case of
fluorine is particularly revealing, as its high abundance in the core of P100% and P75%
contrasts strongly with the complete absence of this signal in UCNPs-PAA, where all fluoride
was replaced by phosphate after 72 hours in K*PB (see Figure 47A[i,iv]). Interestingly, we were
able to detect the presence of MDP ligands at the surface of UCNP cores within the HPS, as this
is the only possible source of phosphorus that can be present at the UCNP core surface before
they come into contact with K*PB (see Figure 50).

To further verify that MDP was detected, we also confirmed that the phosphor signal in UCNPs-
PAA was not present in K*PB before ageing (data not shown). The detection of MDP suggests
that the growth of HPS not only forms a robust hydrophobic barrier, but also ensures long-term
passivation of the surface by keeping the phosphate moieties of MDP molecules in place.
Further analysis of the composition of P100% and P75% after 72-hour incubation in K*PB can
be found in Figure 51 and Figure 52. Overall, our results indicate that HPS provides great
protection against water quenching, ion leakage and dissolution, and chemically harmful
species such as phosphate.



Figure 50. Elemental mapping analyses of P75% before incubation in K*PB showing signals from A) carbon “C”;
B) “C” and sodium “Na”; C) “C” and yttrium “Y”; D) “C” and ytterbium; E) “C” and fluoride “F”; F) “C” and phosphorus
llP".
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Figure 51. Elemental mapping analyses of P100% after 72 h incubation in K*PB. i) carbon “C”; ii) “C” and sodium
“Na”; iii) “C” and yttrium “Y”; iv) “C” and ytterbium; v) “C” and fluoride “F”; vi) “C” and phosphorus “P”.
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Figure 52. Elemental mapping analyses of P75% after 72 h incubation in K*PB. i) carbon “C”; ii) “C” and sodium
“Na”; iii) “C” and yttrium “Y”; iv) “C” and ytterbium; v) “C” and fluoride “F”; vi) “C” and phosphorus “P”.

With the aim of reliably extending the current applications of UCNPs, we have explored the
potential of HPS as a protective layer under high temperature conditions in aqueous media.
Thus, we studied the stability of UCNPs in DI-H20 at 70°C and high dilution (5pg/mL). Again,
the HPS provided much higher protection against degradation than the PAA shell. Indeed,
UCNPs-PAA are completely degraded in the first 3 hours, dropping their luminescence intensity
by 90% (see Figure 53A, black). In contrast, P75%, which gave the best results in the previous
experiments, shows only a 20% decrease (red in Figure 53A). Although this is not a negligible
decrease, it is important to emphasize that the intensity of P75% after 7 hours at 70°C is still
higher than that of undegraded (unaged) UCNPs-PAA at the same concentration. The
undetectable luminescence signal obtained for the UCNP-PAA sample after 7 hours at 70°C
made it impossible to determine the lifetime. In contrast, the lifetime for P75% (dropx3%)
remains almost unchanged, see red bar in Figure 53B. This could indicate that the reduction in
their luminescence is due to a very small, but not negligible, quenching or degradation of a small
portion of P75%. We hypothesize that when the temperature is increased to 70°C, the thinnest
shell regions become partially permeable, and some H20 molecules can reach the surface of
UCNPs in a small population of UCNPs-HPS. Nevertheless, TEM characterization showed that
UCNPs-PAA were completely degraded and aggregated due to dissolution reprecipitation
processes (Figure 53C), whereas P75% showed that the HPS effectively protected the UCNPs
cores even under these extreme conditions (see Figure 53D). In fact, no evidence sign of
degradation of the particles by TEM was observed, which may indicate that only a very small
fraction of the UCNPs HPS is partially compromised. These results are very exciting as they open
the possibility of using UCNPs-HPS more reliably in novel applications such as high
temperature nanothermy, nucleic acid amplification techniques such as PCR or isothermal
approaches. In search of these new applications, we have conducted an in-depth study of the
thermometric properties of UCNPs-HPs, which is presented in the next section ( ).
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Figure 53. A) Time evolution (0-7 h) of the green upconversion luminescence intensity of the samples with a core
concentration of 5 pg/mL in DI-H20 at 70 °C. P75% (red) and UCNPs-PAA (black). B) Relative lifetime change of
the green upconversion emission after 72 h at 5 pg/mL in DI-Hz20 at 70°C, compared with the original lifetime at
0 h.P75% (red bar) and UCNPs-PAA (gray bar). C,D) HR-TEM images of UCNPs-PAA, and P75% after 7 h in DI-Hz20
at 70 °C.

5.2.6.4. Thermometric properties of UCNPs-HPs

We tested the ability of the UCNPs-HPS to be used as nanothermometers by analyzing the green
upconversion emission of the thermally coupled energy levels 2Hii2 (525 nm from
2H11/2—4115/2) and 2S3/2 (545 nm from 2S3/2 —»*I15/2) of the Er3+ ions. The small energy separation
between these two levels (several hundred of wavenumbers) provides efficient thermalization
of their populations. Then, the integrated luminescence intensities of both bands, Is25 and Isss,
follow the Boltzmann distribution and the luminescence intensity ratio (LIR) depends on
temperature as follows:

LIR = — = Ae ksT
545
Equation 16

Where AE is the energy gap between both levels kg is the Boltzmann constant, T is the absolute
temperature and A is a constant, which includes dependencies on the level degeneracy,
spontaneous emission rates and energies of the emitting states in the host. We measured the
green upconversion luminescence spectra of highly diluted UCNPs-P75% samples in water at 5
ug/mkL as a function of temperature from 20 °C (293.15 K) to 50°C (323.15 K). After determining
the integrated intensity area of both bands, we calculate the corresponding ratio at each
measured temperature. The natural logarithm of the luminescence intensity ratio shows a
linear trend with the inverse of temperature following the population ratio of the Boltzmann
distribution, as shown in the right panel of Figure 54. The linear fit yielded an energy gap AE =
710 cm1.
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Figure 54. Thermometric calibration of P75% in water at 5 pg/mL. The plot depicts the variation of the logarithm
of the green luminescence intensity ratio (Is2s/Is4s) with the inverse of temperature (K1 ).

Using the above equation, we calculatede the absolute sensitive S, and the relative sensitivity §,.:

s _|aL1R LR AE ¢ - 1 |0LIR|  AE
e~ lar | kpT? " LIR| OT | kgT?
Equation 17

The results are shown in Figure 55 the sensitivity values obtained are similar to the values found in
literature for 3-NaYF4:Yb, Er nanothermometers.217
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Figure 55. Absolute sensitivity (green squares) and relative sensitivity (pink circles) of highly diluted P75% in
water (5 pg/mL) at different temperatures.



Furthermore, we calculated the temperature resolution (or temperature uncertainty) as:

_ 1 8(LIR)
S, LIR

Equation 18

S(LIR) . . . . . . . . . .
Where % is the relative uncertainty in the determination of the luminescence intensity ratio.

The mean value in our temperature range was 0.3 K. These results show that UCNPsHPS are
rising as robust nanothermometers at temperatures of biological interest because they have
clean emissions due to the photon upconversion process, allow temperature measurements
over longer periods of time because they do not dissolve, and provide more reliable
measurements because their fluorescence is not altered by chemical environmental changes
thanks to the protective polymer shell.

As mentioned above, most of the proposed strategies aim to avoid degradation by using capping
agents or polydentate ligands with high binding affinity, sometimes in the form of multiple
layers, to passivate their surface and limit the diffusion of ions.186.195212.218,219 Nevertheless, it
is important to emphasise that these ligands inherently have a hydrophilic character (e.g., PEG-
phosphate, poly-phosphates, poly-phosphonates, PAA, and polysulfonates), which is necessary
to impart the desired water dispersibility to UCNPs. This means that they can typically be
associated with some degree of water permeability and unprotected surface areas due to
incomplete coating.183.189.220 Although these strategies effectively delay the deleterious effects
associated to water-transfer, they are expected to eventually allow diffusion of water and other
small polar molecules to the surface of UCNPs and to the inner regions of their host matrix when
degradation begins, especially at high dilution and under unstable conditions.170 A shocking
example of this permeability is the dissolution of UCNPs coated with silica shells, even when
these shells are thick and robust, which can be explained by a certain porosity of these
hydrophilic coatings. Only superthick silica shells have recently been shown to protect UCNPs
at concentrations of 50 pg mL-1 over a 72h period in aqueous media, including phosphates,
representing a significant advance over previous attempts, albeit at the expense of their
ultimate size (*166 nm in diameter).180

Based on our results, the best way to solve these problems may be to maintain a protective
hydrophobic environment around the UCNPs, as this will simultaneously abolish all these
deleterious mechanisms. Indeed, a very recent work by Markl et al. also points in this direction
by isolating UCNPs with phospholipid bilayers and showing very promising results in various
media, including phosphate buffers.221 In this regard, our strategy proved remarkably effective:
all experiments were performed at very low concentrations (5 pg mL-1; similar to ultrasensitive
bioassays), and on top of that, under extremely aggressive conditions such as highly
concentrated K*PB (100 mm) and high temperatures (70°C). In-depth characterizations
provided strong evidence that HPS provide a simultaneous solution to all problems associated
with water transfer of UCNPs, namely water quenching, dissolution/leaking, and degradation
by reaction with chemically aggressive species such as phosphates. Although further
bioconjugation of UCNPs-HPS is beyond the scope of the present work, several chemical
approaches can be used to address this problem. These include layer-by-layer deposition,222
growing a thin organosilane layer,223.224 or adding functional monomers during polymerization
(e.g., acrylic acid).225 The miniemulsion polymerization approach developed here is
characterised by its versatility and cost-effectiveness, and also allows easy TEM
characterization of the quality and thickness of the resulting HPS coating. We therefore believe
that the proven advantages of this strategy, combined with the possibility of creating exciting
new optical and multifunctional systems by embedding additional NPs or moieties into the HPS,
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will drive the development of a new wave of lanthanide-doped materials with novel
functionalities and improved properties and reliability.

5.2.7 Conclusions

In this work, we have developed a new methodology to resolve all detrimental effects
associated with the transfer of UCNPs into aqueous media. We successfully combined two
strategies: 1) substituting oleate by MDP as capping agent, to achieve higher binding affinity,
hydrophobic surface properties, and polymerizable groups; and 2) growing a robust HPS
around the UCNPs to ensure long-term and effective environmental protection. Fine tuning of
the number of encapsulated UCNPs, the thickness of the shell, and the composition (PS and PS
/PMMA HPS) was demonstrated. There is clear evidence of the high level of protection that this
HPS provides against water quenching, dissolution, and degradation by phosphates, even at the
atomic level. This was demonstrated under extremely aggressive conditions for UCNPs (high
dilution combined with high phosphate concentration or high temperature) and was even more
remarkable compared to the very strong degradation of UCNPs coated with PAA used as control
sample.

The results of the UCNPs-PAA dissolution study allowed us to theoretically estimate and
understand the causes of the decrease in luminescence. We attributed this effect largely to the
release of Ln3* from the host matrix into the environment, while a smaller part was due to the
loss of quantum efficiency as the S/V ratio of UCNPs increases during dissolution, this last effect
being responsible for the decrease in the lifetime of luminescence. This also allowed us to
roughly calculate the solubility Ksp of [-NaYFs. Finally, we successfully confirmed the
protective role of HPS in aqueous media at 70°C.

This lays the foundation to reliably extend the use of UCNPs, or more generally HPS-coated
lanthanide-doped NPs, as reporters in applications requiring high temperatures, such as
sensing platforms based on real-time PCR and isothermal amplification strategies. In addition,
their use as luminescent nanothermometers that can provide reliable thermal feedback in these
techniques could prove to be a valuable tool, especially when integrated into microfluidic
platforms or during hyperthermal and photothermal ablation therapies. Overall, the proposed
strategy proves to be a promising and versatile solution, not only for UCNPs, but potentially
also for other NPs where similar water transfer issues may arise. More interestingly, it offers
room for a new generation of multifunctional materials by exploiting the possibilities
associated with embedding additional components into the HPS.



5.3 Rational Design of Rare-Earth Nanothermometers with

Complex Core@Shell @Architceture

“There's Plenty of Room at the Bottom.”

Richard Feynman

5.3.1 Abstract

The emission efficiency of rare-earth doped nanoparticles is intrinsically related with the
chemical composition but also with their structural architecture. In this work, we have studied
the role of the structure in the emission and thermal sensitivity of
NaYFs@NaYF4:Ndeo,Yb2o0@CaF2 nanoparticles, which are one of the most efficient rare-earth
nanothermometers working in the near-infrared region. In particular, we have studied the
effect of the active shell thickness, the presence of a protective shell as well as the influence of
having an active or inactive core in the overall spectroscopic properties. For that, we have
synthesized a set of core, core@shell and core@shell@shell nanoparticles and evaluated the
emission intensity, luminescent decay time curves, absolute quantum yield, and thermal
sensitivity as a function of the core nature, active shell thickness and presence of a protective
CaF2 outer shell. The results reveal the great importance of the active shell thickness in the
photoluminescence properties as well as in the thermal sensitivity. In fact, nanocrystals with a
2-nm thick active shell exhibit the longest lifetime and the highest quantum yield. In addition,
we have observed a linear relationship between absolute quantum yield and thermal
sensitivity. These features are conspicuously enhanced when the CaF2 protective shell is grown.
This information is used to develop a simple theoretical model accounting for the different de-
excitation pathways of the emissive ions that allows a deep understanding of the thermal
sensitivity and emission efficiency of the nanocrystals and that could be used for the design of
new and more efficient thermal probes.

Keywords: Rare Earth-based nanoparticles, nanothermometry, influence of the active layer.

5.3.2 Resumen

La eficiencia de emision de las nanoparticulas dopadas con tierras raras estd intrinsecamente
relacionada con la composicién quimica, pero también con su arquitectura estructural. En este
trabajo, hemos estudiado el papel de la estructura en la emision y la sensibilidad térmica de las
nanoparticulas de NaYF4@NaYF4:Ndeo,Yb20@CaF2, que son uno de los nanotermémetros de
tierras raras mas eficientes en la region del infrarrojo cercano (NIR). En particular, hemos
estudiado el efecto del grosor de la capa activa, la presencia de una capa protectora y la
influencia de tener un nucleo activo o inactivo en las propiedades espectroscépicas generales.
Por lo tanto, hemos sintetizado un conjunto de nanoparticulas core, core@shell y
core@shell@shell y evaluando la intensidad de la emisién, las curvas del tiempo de decaimiento
luminiscente, el rendimiento cuantico absoluto y la sensibilidad térmica en funcién de la
naturaleza del nucleo, el espesor de la capa activa. y presencia de una capa exterior protectora
de CaFz. Los resultados revelan la gran importancia del espesor de capa activa en las
propiedades fotoluminiscentes asi como en la sensibilidad térmica. De hecho, los nanocristales
con una capa activa de 2 nm de espesor exhiben el tiempo de vida y el rendimiento cuantico
mas alto. Ademas, hemos observado una relacién lineal entre el rendimiento cudntico absoluto
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y la sensibilidad térmica. Estas caracteristicas se mejoran notablemente cuando se crece la capa
protectora de CaF2. Esta informacién se usa para desarrollar un modelo teérico simple que
explica las diferentes vias de desexcitacidn de los iones emisivos que permite una comprension
profunda de la sensibilidad térmica y la eficiencia de emisién de los nanocristales y que podria
usarse para el disefio de nuevos y mas eficientes sondas térmicas.

Palabras clave: Nanoparticulas basadas en lantdnidos, nanotermometria, influencia de la capa
activa.

5.3.3 Introduction

Rare earth nanoparticles (NPs) have become one of the most interesting systems as
photoluminescent probes due to their superb optical properties, such as photochemical
stability, long luminescence lifetime, no photobleaching, and large Stokes shifts.226-228 [n
addition, their multiband emission from the ultraviolet-visible range to the near infrared (NIR)
has opened a way for illumination applications such as sensors,166229 solar cells,230
photoresponsive drug delivery systems?231 or imaging applications.232-235 Moreover, these NPs
exhibit temperature-dependent emission, which can be used to reveal fundamental properties
of living tissues in a noninvasive way by remote reading. This ability of rare earth NPs to change
the intensity of light emission as a function of temperature has made them ideal candidates for
nanothermometric applications and paved the way for noninvasive temperature
measurements in vivo.236-239

However, designing these NPs with optimal and reliable properties requires a deep
understanding of how composition, structure, and architecture affect their spectroscopic
properties.240-242 Qne of the best-known strategies for tuning the luminescence properties of
rare earth nanoparticles is the design of core-shell structures.243 On the one hand, previous
work has built a protective outer shell around the optically active region to reduce surface
defects and quenching of ligand vibrations.233234 On the other hand, confining the optically
active ions in different layers can increase the versatility and efficiency of the system compared
to structures with a core. For example, forming a migration energy shell between the absorbing
layer and the emitting layer can lead to longer decay times;244 or isolating two different
absorbing ions in separate layers can allow excitation at two combinable wavelengths.24>

The inert-core@active-shell@inert-shell structure has also been selected as the ideal
architecture for nanothermometry in living mammals.24! Consequently, our goal in this work is
to evaluate how the architecture of complex core@shell@shell structures affects the
photoluminescent properties and thermal response of rare-earth probes. To this end, we varied
the thickness (from 1.1 to 2.8 nm) of an optically active shell doped with Nd3* and Yb3*ions and
confined between an inert core and a protective CaF2 shell on the NaYF4 matrix. In this way, we
explored the advantages of an inert core over an active core, as well as the optimal thickness of
the active shell and the optimal core size on which to grow the shell structure. All of this
resulted in a very fine architecture that exhibits excellent fluorescence efficiency, absolute
photoluminescence quantum yield (~15%), and high thermal sensitivity (1.1%-2C-1). This is the
result of a competition between the thermally activated energy transfer from Nd3+ to Yb3+ ions
and the non-radiative processes at the surface. Based on a simple theoretical model that
accounts for the competition between the excitation processes, the best optical performance is
associated with the highest thermal sensitivity.



5.3.4 Objectives

5.3.4.1 Overall Objective

Study the influence of the thickness of the active shell on the photoluminescence properties and
thermal sensitivity of NaYF4+@Nd3+,Yb3*@CaF2 nanoparticles.

5.3.4.2 Specific Objectives

e Synthesis and morphological characterization of the cores of NaYFa.

e Synthesis, morphological and optical characterization of NaYF4@Nd3+,Yb3* core/shell
nanoparticles with different core/shell ratios.

e Synthesis, morphological and optical characterization of core/shell/shell
NaYF:@Nd3+,Yb3*@CaF2 nanoparticles with different ratios between the
Nd3*60%,Yb3*20% shell and the CaFz shell.

e Perform thermal sensitivity studies by measuring infrared photoluminescence and
lifetimes as a function of temperature in a range of 20-50°C for both core/shell and
core/shell/shell structures.

e Measure the quantum yield of core/shell and core/shell/shell structures.

5.3.5 Experimental section
5.3.5.1 Synthesis of NaYF4@Nd3*60%, Yb3*200,@CaF2

The methodology carried out in this chapter was to prepare core/Shell/Shell structures by
varying the thickness of the Shell through the modification of the ratios between the a-NaYF4
cores and the Re(TFA)s precursors. To achieve this purpose, the methodology described in
sections for the a-NaYFa core, for the NaYF4@Nd3+,Yb3* core/Shell, and for the
NaYF+@Nd3+,Yb3*@CaF2 core/Shell /Shell was used.

5.3.5.2 Characterization

Dynamic light scattering (DLS) was performed using a Malvern Nano ZS. Images in High-angle
annular dark field (HAADF), transmission electron microscopy (TEM), and energy dispersive
X-ray spectroscopy (EDS) mappings were acquired using a FEI Talos F200X (FEI, USA) at 80 kV
and a EDS detector. Samples for TEM were prepared by pouring a 10 uL drop of each dispersion
onto a Cu grid with a carbon support membrane and then drying. X-ray diffraction (XRD)
patterns were recorded using a Philips X'pert diffractometer (Cu Ka-radiation, 45 kV and 40
mA). Data were recorded in the range of 20-90° 20 with a step size of 0.02° and a normalized
count time of 1 s-step-l. Emission spectra were collected after samples were illuminated with
an 800-nm CW laser using an Andor iDus InGaAs 491 cooled to -90°C. Luminescence decay
curves were obtained by exciting the dispersions of nanoparticles (NPs) with an OPO oscillator
(Lotis) tuned to 800 nm, providing 8 ns pulses at a repetition rate of 10 Hz. Fluorescence
intensity was measured using a Peltier-cooled photomultiplier tube with enhanced sensitivity
in the NIR region (Hamamatsu R5509-73). The contribution of scattered laser radiation was
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removed by using two bandpass filters (FEL850 from Thorlabs) and a high-brightness
monochromator (Shamrock 320 from Andor). Finally, the time evolution of the fluorescence
signal was recorded and averaged using a digital oscilloscope (LeCroy WaveRunner 6000). The
absolute photoluminescence quantum yield (PLQY) of the NPs was measured using a 6-inch
diameter integrating sphere (Labsphere, 4P- GPS -060- SF). The sample cuvette (5 mm path
length) was mounted at the center of the sphere. Light from a pigtailed 808nm laser (Omicrom,
BrixX808-2500- HP-FC) was collimated onto the sample with a beam diameter of 2.5 mm. The
collected signal was sent to a monochromator (Horiba, iHR320) for wavelength selection and
detected with a NIR InGaAs photodetector (Horiba, DSS-IGA020TC).

5.3.6 Results and analysis

The synthesis of the core@shell@shell structures NaYF4@NaYF4:Nd,Yb@CaF2 was carried out
by the thermal decomposition of trifluoroacetates starting from the core and subsequent
epitaxial growth of the shells. Synthesis of a-NaYF4 cores leads to NPs with an average diameter
of 7+1 nm as measured by TEM, Figure 56A. In HAADF and element mapping images (Figure
56G and Figure 56], respectively), we can observe that each nucleus has a homogeneous
electron density and a ubiquitous distribution of Y3+ and F- within the NPs. The epitaxial growth
of the shell around the nucleus leads to an enlargement of the NPs, as shown in Figure 56B. This
enlargement is the result of the growth of an optically active shell heavily doped with Nd3*
(60%) and Yb3* (20%). This composition was selected as optimal for use as a nanothermometer
based on previous studies.?41 This difference in composition between the core and shell is
confirmed by HAADF, where an increase in electron density can be observed in the outer part
of the NPs, which may be associated with an enhancement of the Z contrast by the Nd3* ions
(Figure 56H). Moreover, elemental mapping reveals the presence of Nd3*, which is
preferentially located in the outer part of the NPs (Figure 56K). Finally, the incorporation of an
inert and protective shell based on CaF: is clearly evident in Figure 56F. Here we observe an
increase in the size of the NPs corresponding to a CaFz shell thickness of about 2 nm, as well as
a change in the shape of the NPs from spherical to cubic after the incorporation of CaF2.
Moreover, we can observe a change in the electron density of the NPs with HAADF (Figure 56I),
while elemental mapping shows the presence of Ca?* ions distributed around the outer shell
(Figure 56L). The change in shape from spherical to cubic observed after encapsulation with
CaF2 could be due to kinetically dominated shell growth due to the lower decomposition
temperature of Ca-trifluoroacetate compared to the other alkaline earth metal
trifluoroacetates, which can produce a more crystalline structure.246.247



Figure 56. Schematic representation of an inert core (A), a core@shell (B) and core@shells@shell NP (C) with
their representative mean size and composition. The inset D, E and F represent the TEM of the core, core@shell
and core@shell@shell at the different synthetic steps. The insets G, H, I and ], K, L depict the HAADF-STEM and
elemental mapping images of the nanoparticles obtained at the different steps.

To gain insight into the ion composition, EDS and HAXPES (Figure 57) analyses of the different
NPs were performed. All these experiments provide valuable information about the
concentration of Nd3+ and Yb3* within the matrix and the hierarchical architecture of the
core@shell@shell structure. In this context, HAXPES analysis performed with a focused X-ray
beam at two different energies (7 and 9 keV) probes the depth-dependent chemical
composition of the NPs near the surface of the material, where the signals originating from the
Ca2+ ions predominate (Figure 57C and Figure 57D). Moreover, XRD analyses of the cores,
core@shell, and core@shell@shell NPs reveal their crystalline structure, which can be assigned
to the a-cubic phase of NaYFsand CaFz, respectively (Figure 57B).

Figure 58A shows a schematic energy level diagram of Nd3+ and Yb3* ions within the active shell
layer. The figure shows the absorption of the excitation beam at 800 nm by Nd3+ ions, the energy
transfer process from Nd3+* to Yb3* (and vice versa, the back transfer), and finally the PL
emission at 980 nm from the excited state 2Fs;2 of Yb3* ions. The energy gap of 1000 cm
between the metastable excited states #F3/2 (Nd3*) and 2Fs/2 (Yb3*) hinders a direct resonant
energy transfer and forces the energy transfer between 4F3/2 (Nd3+) and 2Fs/2 (Yb3+) through a
phonon-assisted process.248.249



Yb 4pas
Ybds  Ybdpizi Y 3p Y 3d Si2s

Core 5000 01. Ca 2'1' W 1
: ¥3spp iid
—_ ] | H 9 keV
£ a00f | Bu il
‘= P D
_ =] L i
£ 3000;.,4#?“’ i
Core@shell Z 1 i
2 3 L
E 2000 - P
8 :
=SS B 1000 %
L N : HEE . — L
Core@shell@shell 8200 8500 8600 8700 8800 8900
E kin (eV)
- - = ¥ T Yb 4pss
B KeV D Yb ds Ybdpizi Y 3p Y 3d Si 2s
. s ‘ cizs | ud . C1s I '
01s i Y 3s) . i
"~ 800 A P 7 keV
z = P g P
E Core 2 P i
g ;
z — Core-Shel = eoor i | *
E — Core-Shell-Shell = W’M M
S’ = i
— H
z h . w 400 i
7] \ A J\ A = i
= e o L ) = i
= i‘,T'{[‘]i- 'L"J]w‘.?'n!lf‘ B T T i e T et T 2 i
Wiy T H
£ < 200f H
; T - T - T . T T i
20 30 40 50 60 0 :

20 (Degree) — P —
6400 6500 6600 6700 6800 6900

E kin (eV)

Figure 57. A. EDS analysis of Core, core@shell and core@shell@shell Nps. B. XRD diffraction peaks of
the core, core@shell and core@shell@shell NPs. All samples show crystalline peaks corresponding to a
NaYF, and CaF; cubic phase structure. HAXPES analyses at two different energies, 9 keV (C) and 7 keV

(D).

On the other hand, thermally activated back energy transfer from 2Fs;2 (Yb3*) to 4F3/2 (Nd3+)
reduces the 2F5/2 of Yb3* steady state population and increases the 4F3/2 metastable state of Nd3+
ions that due to its low quantum efficiency decays non-radiatively,?>? rendering a reduction in
the emission intensity of the NPs and shortening the PL emission lifetime at 980 nm. This
phenomenon makes the NPs emission strongly dependent on the environmental temperature
and therefore can be used for nanothermometry applications.

Furthermore, the outer shell of inert CaF2 has been chosen as protective layer due to its
biocompatibility, stability, and lattice match with a-rare earth NPs. Upon excitation with 800
nm light source, the core@shell@shell NPs exhibit a much more intense PL emission than the
core@shell NPs, as shown in Figure 58B, highlighting the importance of the inert outer shell to
protect the ions from the large vibrational energies of the solvent and surface-associated
ligands.233,234

5.3.6.1 Optimization of the optically active shell thickness

Based on the structure NaYFs@NaYF4:Nd,Yb@CaF: analyzed in the previous section, we have
studied the influence of the optically active shell thickness on the spectroscopic and
thermometric properties of the nanosystem, varying the size of this layer from 1.1 nm to 2.8
nm. One of the most interesting results after analyzing the luminescence properties of NPs is
the fact that the emission intensity, PL quantum yield, and PL decay time increase when the
thickness of the active shell is increased. The increment of the thickness of the active shell



decreases the surface-to-volume ratio and minimizes the likelihood of unwanted energy loss
through surface quenchers, such as vibrational modes coupled with capping agents or solvent
molecules.23* However, increasing the active volume enhances energy migration and increases
the number of host defects that can quench emission,?51 so an optimal shell thickness is
expected.

Figure 58C and Figure 58D show the PL decay curves of NaYF:@Nd,Yb and
NaYF+@Nd,Yb@CaF2 NPs, respectively, for active shell thicknesses from 1.1 to 2.0 nm, in which
an increment of the PL decay time with the active shell thickness is observed. This behavior can
be clearly seen in Figure 58E where it can be observed how NaYF4@Nd,Yb and
NaYF+@Nd,Yb@CaF2 show a progressive increment of the decay time when the active shell
thickness is increased until a value of 2 nm, after which the decay time starts to decrease. The
quantum yield of NaYF4+@Nd,Yb and NaYF+@Nd,Yb@CaF2 NPs versus the active shell thickness
is also plotted in Figure 58E, showing the same trend as decay times. Therefore, an optimum
active shell thickness close to 2 nm has been found.
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Figure 58. A. Energy transfer scheme for populating the Yb3+ 980 nm emission level 2Fs;2 upon excitation of Nd3+*
ions by a 800 nm laser. B. Emission spectra of NaYF+@Nd,Yb and NaYF+@Nd,Yb@CaF2 NPs, showing an increment
in the PL emission when de CaF: is incorporated. C. and D. PL decay curves of NaYF4@Nd,Yb and
NaYF+@Nd,Yb@CaF2 NPs, respectively, when increasing the active shell thickness. E. Representation of the
experimental PL decay time (circle symbols) and absolute PL quantum yield (square symbols) as a function of the
active shell thickness for NaYF4@Nd,Yb and NaYF+@Nd,Yb@CaF.. The dashed gray line represents the theoretical
decay time of the NPs considering solely host matrix defects as the origin of the emission quenching. The brown
and pink dotted lines represent the theoretical decay time considering only surface quenching defects, while solid
lines represent the theoretical decay time when both quenching processes take place.
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To get a deeper understanding of the role played by the different layers of the heterostructure,
we developed a simple theoretical model describing the total de-excitation rate of each excited
Yb3+ ion inside the NP as a sum of a radiative decay rate I and two non-radiative decay rates
attributed to surface effects I, and defects in the active region I,:

Ion =Ty + Izq + Ing
Equation 19

Then, the excited Yb3* ion can radiatively decay by emitting a photon with a typical 2-ms
radiative decay time 7z = 1/I. On the other hand, emission quenching mechanisms can occur
which non radiatively de-excite the Yb3+* ion, being the most important the surface-related
quenching processes (I5q). Surface quenching effects can be described as a dipole-surface type
energy transfer from each Yb3+active ion (donor) to a film of acceptors around the NP which
follows the 1/d* distance dependence, being the non-radiative energy transfer rate:

1 /dg\*
’EQ=;<E)

Equation 20

where do is the Forster distance, and d is the distance from the Yb3+ion under consideration to
the external NP surface. This strong surface quenching is alleviated by the presence of the
external inert shell of CaFz. Another non-radiative pathway is the energy transfer process
between the Nd3*/Yb3* ions and defects present in the active region of the NP (I},,) which is
favored by the energy migration between ions. By confining the active ions in a thin layer, the
deactivation from the host defects is strongly minimized, as was shown in previous.76:241,252
Then, we simulated this quenching mechanism by increasing the non-radiative decay rate I,
with the volume of the active shell following the expression I,o/Ix =3-(Dshen/2.8)228, where
Dsnel is the active shell thickness. Then, [; DQ reaches a value close to three times the radiative
value at the largest thickness used (~2.8 nm).

The decay time of each Yb3+*ion depends on its position inside the NP following:

. 1 TR
,l.lOTl —_ - —
I"lO‘I’l d 4
1+ 1rlpo + (70)
Equation 21
and also the quantum yield of the ion:
Qyion — FR — 1
Fion d 4
1+ TRFDQ + <70)
Equation 22

To calculate the decay time of the NP, t, we averaged the decay time of all the Yb3+ions, Tion by
weighting each value by the quantum yield of the ion, QY*", which measures its emission
intensity. To compute the weighted average decay time, we distributed the Yb3* ions into
imaginary thin shells inside the active shell. The ions inside each thin shell are expected to have
the same interaction with the surface quenchers.
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Equation 23

Where vshellis the volume of each imaginary thin shell which measures the number of ions inside
the shell. In our calculations, the Forster distance do was used as a control parameter to fit the
experimental data, being its value 3.6 nm. We calculated the decay time 7 for a 7 nm-core NP by
varying the active shell thickness from 1.1 to 2.8 nm for the cases with and without an external
inert shell. For the sake of simplicity, we considered a spherical external inert shell with a 1 nm
thickness. The simulated curves are plotted in solid lines in Figure 58E, showing a rough
agreement with the experimental data. To analyze the contribution of both non-radiative
mechanisms we also plotted in the same figure the decay time computed when only the surface
quenching is present (dotted lines) and when only the quenching due to defects in the active
region participates (dashed line). This clearly shows how the competition between these two
non-radiative pathways leads to an optimum active shell thickness close to 2 nm, in agreement
with the experiments.

5.3.6.2 Inert core versus active core

As we mentioned above, the active ions were confined in a thin layer to minimize the
deactivation from the host defects, in accordance with previous works.”6241.252 However, we
decided here to analyze more in detail to what extent this point depends on the NP structure.
To answer this question, we synthesized NPs with active cores but following the same synthetic
procedure as for the inert core NPs. As expected, we experimentally found that
core@shell@shell NPs with inert core presented a larger decay time and quantum yield than
the active core NPs (Figure 59). However, the situation changes in the case without the
protective outer shell, the core@shell NPs with inert core presented almost the same optical
performance than the active core NPs (Figure 59). That is, the confinement of active ions in a
thin shell is not advantageous without a protective outer shell. This can be ascribed to the
strong quenching suffered by the active ions placed in the active shell when no external
protective shell is present. Once again, this result highlights the importance of covering the NP
with a protective CaF2 shell.

in Figure 59A (light colors). The same happens with the quantum yield, as shown in Figure 59B
(light colors) where a small increase takes place by doping the cores. Therefore, in the case of
core@shell NPs, without the external inert shell, the confinement of the ions in a thin layer does
not work which is due to the strong surface quenching suffered by the active ions placed in the
active shell. So, although the excitation migration in the case of an active core will produce an
overall increase of the non-radiative quenching due to host defects, the Yb3+ions in the core will
compensate for the strong surface quenching suffered by the ions placed in the active shell. We
corroborated this statement by using our model to compare the decay time t of a NP with an
active shell of 2 nm and an inert core of 7 nm with the same NP with an active core. For the
active core NP we took a non-radiative decay rate due to deactivation from host defects equal
to Ipg = 13 I; which leads to a value of T similar to the case with an inert core. Figure 59C
shows the radial distribution inside the NP of the decay time of Yb3*ions for both architectures.
Here we see how the strong surface quenching suffered by the Yb3+ions placed in the active
shell avoids that confined ions show a better performance than the ions placed in the core
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Figure 59. A. Experimental PL decay curves and B. PL quantum yield comparing inert core (core/shell and
core/shell/shell) and active core (active core/shell and active core/shell/shell) NPs. Simulated decay time of each
Yb3+* ion as a function of radial distance within the NP for the case of C. NPs with inert core@shell (light orange)
and NPs with active core@shell (light blue) and D. NPs with inert core@shell@shell (dark orange) and NPs with
active core@shell@shell (dark blue).

We found that the active core NPs have the same decay time than the inert core NPs, as shown

5.3.6.3 Inert Core Size

One of the most interesting applications of these NPs is their use as nanothermometers for in
vitro and in vivo studies. In this field, the size of the NPs is of paramount importance because it
can determine the NP pharmacokinetics and, consequently, their use.2>3 In general, smaller NPs
show better biodistribution properties than larger ones when both are similarly
functionalized.254255 In this sense, the preparation of the smallest NPs while maintaining their
spectroscopic properties could be considered the holy grail. With this goal in mind, we have
theoretically evaluated the effects of nuclear reduction on the spectroscopic properties of NPs.
However, it should be kept in mind that core reduction is accompanied by an increase in the
surface-to-volume ratio and, consequently, an increase in the surface deactivation rate.z56-258

To answer this question, we used the previous model and calculated the NP decay time t by
varying the size of the inert core for a NP with an active shell thickness of 2 nm and an outer
inert shell of 1 nm. The result is shown in Figure 60, which shows how the NP decay time
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increases with increasing core size until a plateau is reached at values close to 7 nm, the value
used in our experiments. This was a surprising result since changing the size of the inert core
had no effect on the non-radiative decay rates in the active shell, i.e., the decay time of each Yb3*
ion should remain unchanged.
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Figure 60. A. Simulated plot of NP lifetime as a function of inert core size. B. and C. Simulated decay time of each
Yb3+ ion (left axis) and the number of Yb3+ ions (right axis) as a function of radial distance within the active shell
for the case of an inert core diameter of 1.5 nm (plot B) and 10 nm (plot C). It can be clearly seen that the lifetime
of each Yb3* ion is identical for the 1.5-nm core and the 10-nm core (purple lines), while the distribution of Yb3+*
ions changes as a function of core size (red lines).

This can be seen in Figure 60B and Figure 60C (purple lines), where the distribution of tion is
plotted along the radial distance NP for a small and a large inert core, respectively. On the other
hand, the relative radial distribution of Yb3* ions in the active shell depends on the size of the
inert core. Indeed, in a NP with a small core, there are many more Yb3* ions in the outer part of
the active shell, where the ions are strongly quenched, than in the inner part, where the ions
have longer decay times (see red line in Figure 60B). In contrast, in a NP with a larger core,
there is a much more even distribution of ions with distance and comparatively more ions with
longer decay times, as shown in Figure 60C (red line). Thus, we can conclude that for a more
efficient NP the core@shell@shell ternary structure should have a core size large enough to
achieve a nearly uniform distribution of active ions along the radial distance of the NP.

5.3.6.4 Photoluminescence emission temperature dependence

The PL emission of NaYF4@Nd,Yb NPs hardly varies in the range between 15 and 50°C, (Figure
61A). In stark contrast, the same experiment with NaYF4s@Nd,Yb@CaF2 NPs shows that the PL
emission decreases sharply with increasing temperature, as shown in Figure 61B. The same
trend is observed when the PL decay curves of the NaYF4@Nd,Yb NPs and NaYF+@Nd,Yb@CaF2
NPs are analyzed, see Figure 61C through Figure 61F. The thickness of the active shell seems to
influence the thermal quenching effect. The thicker the active shell, the higher the thermal
sensitivity by up to 2 nm. As a result, the NaYF4@Nd,Yb NPs reach a maximum relative
sensitivity Sr of 0.25 %-°C-1. Such an effect is maximized when the NPs are additionally covered
with an inert shell layer of CaF2, resulting in a Sr of 1.11 %-°C-1. Analysis of these data clearly
shows that thermal sensitivity occurs only when the NPs are protected with the outer CaF:
layer, with lifetimes following a sigmoidal curve and maximum thermal sensitivity being
reached when the NPs have a maximum lifetime.
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Figure 61. A. PL emission spectra of NaYF4@NaYF4:Nd,Yb NPs and B) NaYF+@NaYF4:Nd,Yb@CaF2 NPs with an
active shell thickness of 2 nm recorded at different temperatures. From C to F PL decay curves of
NaYF+@NaYF4:Nd,Yb and NaYF+@NaYF4:Nd,Yb@CaF2 NPs with increasing active shell thickness. G Lifetimes of
NaYFs@NaYF4:Nd,Yb and H. NaYFs@NaYF4:Nd,Yb@CaF2 NPs with varying active shell thickness as a function of
temperature. I. Relative thermal sensitivity at 15°C as a function of lifetime of core@shell (squares) and
core@shell@shell (circles) NPs. The gray line serves as a guide for viewing the trend.

These results let us hypothesize that the action mechanism that rules the thermal sensitivity of
these NPs is based on a competitive process between emission, surface quenching effect and a
thermally dependent back energy transfer (BET). Basically, once the NPs are irradiated with a
800 nm laser, Nd3*ions absorb the energy and transfer the quanta to Yb3*ions via a phonon
assisted process, which populates the excited state 2Fs/2. This state can be depopulated through
different ways: 1) by radiative emission of a photon at 980 nm, 2) through surface quenching
which is related to defects, solvents and capping agent vibrational couplings and 3) through a
back energy transfer from Yb3+ to Nd3* ions, which is thermally dependent and enhanced when
high doping level of Nd3+ ions are present in the NPs1. Quenching effect through surface energy
transfer seems to be dominant when CaF: shell is not present, that can be due to its faster non-
radiative rate when comparing with the radiative rate of Yb3* (1/7 ~ 1/2000 s1). When this
non-radiative pathway is predominant, the thermal sensitivity is scarce (Figure 62A). In stark
contrast, the presence of the CaF2z outer shell significantly reduces the non-radiative pathways
due to surface quenching, increasing the NPs lifetime and favoring back energy transfer from
Yb3+ to Nd3* which renders an increment of the thermal sensitivity of the NPs (Figure 62B).
Taking into consideration the competition between surface quenching and BET, we have
modelized the lifetime of each Yb3*ion within the structure, 7°™, by adding a new non-radiative
decay rate I7, to the total de-excitation rate, I’ ton which accounts for the quenching produced
by the thermally activated BET. To theoretically reproduce the measured relative sensitivity
values the non-radiative decay rate I, was linearly increased with temperature starting from
I'7¢=0 at T=20 °C and reaching a value of I7,=2-I% at 50 °C. Figure 62C and Figure 62D show

the 7'°" as a function of the radial position inside the active shell for NPs without (Figure 62C)
and with (Figure 62D) the CaF2 protective shell at two different temperatures, 20 and 50°C. In
the case without the outer shell, the lifetime of the ion’s decays steeply with radial distance, due
to their proximity to the surface, which facilitates the energy transfer to the surface quenching
defects. As a result, only few Yb3* ions located in the inner part of the shell are less quenched



and can participate in the BET processes yielding NPs with scarce temperature sensitivity
(Figure 62C). This scenario changes significantly when the protective inert shell is grown. In
this case, the proportion of Yb3* ions quenched is drastically reduced due to the distance
enlargement to the surface quenchers. Therefore, those Yb3*ions located in the inner part of

the shell are highly shielded from quenching effects, exhibiting longer lifetimes and higher
thermal sensitivity (Figure 62D).
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Figure 62. Proposed mechanism of the radiative and non-radiative de-excitation of the Yb3*ions in the absence
(A) and in the presence (B) of an inert shell based on CaFz. Simulation of the radial distribution of the Yb3*ion
decay time for NPs without (C) and with (D) an outer inert shell at 20 and 50°C.

5.3.7 Conclusions

In this work, we have synthesized different types of NPs based on a a-NaYF+s@NaYF4:Nd,Yb
structure covered with an outer inert shell of CaFz. These NPs were parametrically
characterized to determine the influence of the architecture of the NPs on their spectroscopic
properties. Thus, we evaluated the influence of the absence or presence of the outer inert shell,
the thickness of the active middle shell, and the effect of core size and composition. This
information was used to develop a model describing the radiative and non-radiative dynamics
of Yb3* ions as a function of their localization in the host matrix and the architecture of the NPs.
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In this model, the thermally dependent BET is understood as a non-radiative process with a
slower rate than other competing non-radiative processes such as surface or host matrix
defects. For this reason, any change that leads to a decrease in the nonradiative processes, such
as surface- or host-dependent quenching, will also increase the BET probability and thus the
thermal sensitivity of the NPs, in addition to increasing the QY. In this sense, we experimentally
found that the reduction of surface quenching can be achieved by the growth of a protective
and thick outer shell that prevents the energy transfer from Yb3+ ions to solvent molecules,
capping agents, and so on. On the other hand, the reduction of non-radiative processes
associated with host defects can be achieved by using NPs in which the Nd3+ and Yb3* ions are
enclosed in an active shell. This architecture has been shown to be more efficient (QY =14.1%)
than NPs with active cores (QY =8.4%). Overall, the most efficient rare earth NPs can be
considered for NIR imaging and nanothermometry.



5.4 Stabilization of Vascular Endothelial Growth Factor
(VEGF) using NaYF,@Nd3*,Yb3*@CaF: Nanoparticles to
Increase the Endothelial Cells Proliferation to Enhance

The Angiogenesis Process
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“La sapienza é figliola dell'esperienza.”

Leonardo da Vinci

5.4.1 Abstract

Vascular endothelial Growth Factor (VEGF) works as a signaling protein for endothelial cell
recognition that, at the same time, helps to regulate cellular angiogenesis, either by increasing
its expression in tissues after cardiovascular accidents or decreasing it in presence of tumors.
However, there is a major challenge with VEGF linked to its low stability in biological systems,
i.e. it has a short lifetimes effect on organisms. Based on this constraint, the project discussed
in this section proposes a nanostructure that stabilizes VEGF-A using lanthanide-based
nanoparticles to promote the angiogenesis process in tissues. The strategy to create this
nanostructure is based on binding VEGF-A to a NaYF4+@Nd3+,Yb3*@CaF2 nanoparticles through
a "coupling reaction". In vitro studies were then performed using HUVEC cells, where the VEGF-
A-NaYF4@Nd3+,Yb3*@CaF:@PAA nanocomplex is found, in order to increase endothelial cells’
survival and proliferation by 20% compared to the same VEGF-A concentration. Ex vivo
experiments were performed in mice that were explicitly genetically engineered to express
endothelial cells by changing the color of the fluorophore. The results indicated that the number
of endothelial cells increases by 30% when the nanoplatform is used compared to free VEGF.
Moreover, the formation of tubular structures was observed, showing the growth of new blood
vessels, typically expressed in a successful angiogenesis process.

Keywords: Lanthanide-Based Nanoparticles, VEGF-A, Angiogenesis, Cardiovascular biology.

5.4.2 Resumen

El factor de crecimiento endotelial VEGF es un sistema de interés ya que es una proteina
sefalizadora que juega un papel crucial en el proceso de angiogénesis. Debido a que es un factor
para el reconocimiento de células endoteliales y sirve también como como terapia para regular
la angiogénesis celular aumentando su expresion en tejidos después de accidentes
cardiovasculares o disminuyéndola en tumores. Uno de los principales desafios con la VEGF es
su baja estabilidad en los sistemas bioldgicos. Es decir, tiene un efecto de corta duracién en los
organismos. Por esta razon, el objetivo de este proyecto fue desarrollar una nanoestructura que
pudiera estabilizar VEGF-A utilizando nanoparticulas basadas en lantanidos para promover el
proceso de angiogénesis en los tejidos. La estrategia para crear esta nanoestructura fue unir
VEGF-A a nanoparticulas de NaYF:@Nd3+Yb3*@CaF: a través de una "reaccion de
acoplamiento”. Luego se realizaron estudios in vitro usando células HUVEC, donde se encontré
que el nanocomplejo VEGF-A-NaYF:@Nd3+Yb3*@CaF2@PAA aumenta la supervivencia y
proliferacion de células endoteliales en un 20 % en comparacién con la misma concentraciéon
de VEGF-A libre. Se realizaron experimentos ex vivo en ratones manipulados genéticamente
para expresar células endoteliales cambiando el color del fluoréforo. Los resultados indican que
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el nimero de células endoteliales aumenta un 30% cuando se utiliza la nanoplataforma en
comparacién con VEGF libre. Ademads, se observa la formacién de estructuras tubulares,
mostrando el crecimiento de nuevos vasos sanguineos, propios de un proceso de angiogénesis
exitoso.

Palabras clave: Nanoparticulas basadas en lantdnidos, VEGF-A, Angiogénesis, Biologia
cardiovascular.

5.4.3 Introduction

Blood vessels are responsible for the proper transport of nutrients and oxygen through the
blood, as well as for the proper elimination of waste and CO2 from the organism. The formation
of blood vessels in the embryo is generated as a result of the differentiation in situ of angioblasts
(undifferentiated cells) into endothelial cells, which then form a network of tubular structrures;
this process is called vasculogenesis.2>? In contrast, blood vessels in adult tissues mainly
emerge from existing ones. This process is called angiogenesis and occurs mainly during the
growth of a tissue, where the sprouting of new blood vessel branches is necessary for the
enlargement of the circulatory system.260 This type of sprouting also appears during
development, inflammation, wound healing, or cancer growth.261

Figure 63 presents a schematic representation of the angiogenesis, starting with the sprouting
of new capillaries from pre-existing vessels and ending with the maturation and stabilization
of the newly formed vessels, as a result of a physiological or a pathological process.262 Several
pathologies can be associated with imbalances along the process.

Steps of Angiogenesis
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Figure 63. Steps of Angiogenesis. Sprouting represents the first phase of angiogenesis. Subsequent steps
include the recruitment of mural cells and the return of ECs to a quiescent state.

An excess of angiogenesis could be associated with solid tumor growth considering that the
abnormal enlargement of these tissues, and the vascular network that supports it, have slow
and inefficient blood flow that does not meet metabolic demands. 259263 Currently, most efforts
are focused on finding an antiangiogenic therapy that may support treatment for cancerous
tumors. In 2005, the FDA approved Avastin, an antiangiogenic therapy consisting of a specific



antibody against VEGF.264 Nevertheless, a comprehensive analysis of the angiogenesis is not
only important for cancer treatment. In some tissues, such as the heart, the process of
angiogenesis is inefficient, especially after a cardiovascular accident when the damaged tissues
are less likely to regenerate.26> The role of angiogenesis in cardiovascular diseases is still not
fully understood, but it is known that the VEGF plays a crucial role in this process.

VEGF is a signaling protein that appears in muscle tissue after a long period of cellular hypoxia.
During these phases, HIF factor (hypoxia-inducible factor-1) is overstimulated and produces
pro-angiogenic factors such as VEGF. There are several different isoforms of this growth factor
(VEGF A [isoforms 165, 121, 189], B, C, D, and E) which are produced by different gene splicing
and have different biological functions.26¢ VEGF-C and VEGF-D are primarily implicated in
regulation of lymphangiogenesis2¢7, given the dominant role of VEGF-A in the regulation of the
angiogenesis.2®8 VEGF-A are secreted mitogens with high specificity for endothelial cells and
promote proliferation, migration, and survival of these cells, and their vascular permeability.269

Several studies show that expression of VEGF in muscle increases the number of blood vessels
by stimulating proliferation of endothelial cells, migration and smooth muscle
recruitment.262.270 Jn vivo studies, such as the one of Feng et al. in rats have shown that the
administration of VEGF-A, after a few minutes of reoxygenation, leads to a significant reduction
in brain lesions after stroke.2’1, or Hendel et al, also demonstrated the efficacy of VEGF in
humans by showing a significant improvement in exercise capacity with VEGF.272 These studies
suggest that this protein is a therapeutic target with great potential for the treatment of
cardiovascular diseases. However, the results of clinical trials of VEGF delivery to the
myocardium have generally been discouraging, and research studies have failed to
demonstrate substantial improvements in patients compared to placebo control groups.

Many of these studies were based on intravenous infusion or intracoronary administration of
the recombinant protein.2’3 Some of the negative results were attributed, at least in part, to the
short-lived effect and high instability of the protein when it is injected. Intravenous
administration of VEGF is limited by its short in vivo lifetime (~30 minutes) and total dose by
off-target toxicity issues.2’4 In the case of myocardial ischemia, the amount of VEGF after
systemic administration found within the ischemic region is minimal and does not last longer
than one day.2’> To solve this problem, different types of systems have been tested, i.e.,
scaffolds,276-278 gels,279.280 fibers,281 PLGA nanoparticles282283 and hyaluronic acid/chitosan
nanoparticles,?84285 etc. In the case of nanoparticles, a strong enhancement of the therapeutic
angiogenic effect of VEGF in vivo was observed. To promote endothelial cell proliferation and
angiogenesis, we developed a nanosystem based on lanthanide-based nanoparticles linked to
VEGF-A to improve stability and increase the lifetime of the VEGF in endothelial cell and in vivo
too.

5.4.4 Objectives

5.4.4.1 Overall Objective

Enhance endothelial cell proliferation using VEGF-A-NaYF+@
NaYF4:Nd3*60%,Yb3*200,@CaF2@PAA nanostructure in HUVEC cell and in animal model.
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5.4.4.2 Specific Objective

e Synthesize and characterize NaYF+@ NaYF4:.Nd3*60%, Yb3*200,@CaF2 nanoparticles

e Functionalize the surface of NaYF4@ NaYF4:Nd3*60%, Yb3*2000@CaF2 nanoparticles with
polyacrylic acid.

e Link the NaYF4@Nd3+*60%,Yb3*200@CaF2@PAA with the VEGF-A

e Perform cytotoxicity test of VEGF-A-NaYF:@ NaYF4:Nd3*60%,Yb3*200@CaF2@PAA
nanostructure in human umbilical vein endothelial cells

e [n-vitro studies of cell proliferation using VEGF-A-NaYFs@ NaYF4.Nd3+60%,
Yb3+200,@CaF2@PAA nanostructure in human umbilical vein endothelial cells

e Invivo studies of VEGF-A-NaYF+@ NaYF4:Nd3+60%,Yb3+*2000@CaF2@PAA nanostructure in
AplInCreER mice.

5.4.5 Experimental Section

5.4.5.1 Synthesis of VEGF-A-NaYF4@Nd3*60%,Yb3*200,@CaF2@PAA nanostructure

As first step, the synthesis of the nanoparticles with the core/shell/shell
NaYF+@Nd3*60%,Yb3*204@CaF2 structure was performed. These are the same nanoparticles
described in the previous chapter (5.2). The a-NaYFs core was synthesized according to the
methodology described in Section , the NaYF4@Nd3+60%,Yb3*20% core/shell according to
Section 2.3.7, and the NaYFs@Nd3*60%,Yb3*2000@CaF2 core/shell/shell according to Section

. Once the nanoparticles were characterized, their surface was functionalized with
polyacrylic acid to achieve two goals: a) to impart hydrophilic properties to the nanoparticles
and allow their dissolution in aqueous media, and b) to promote that OH- serves as a platform
for protein binding. The procedure is described in the section Finally, the recombinant
human VEGF-A 165 protein was linked to the nanoparticles by a two-step coupling reaction
(see section ).

5.4.5.2 Characterization Methods

Transmission electron microscopy (TEM) was performed using a JEM 1010 microscope (JEOL,
Japan; 80 kV) equipped with a digital camera (Olympus, Megaview II). A Malvern Nano-ZS
instrument was used to measure the {-potential. To determine the crystalline phase, a powder
X-ray was acquired using a PANalytical Model X’Pert PRO MPD Multi-Purpose Diffractometer,
and the measurement was made from 10° to 70°. FT-IR spectrums were carried out using a
Nicolet IR 200 spectrometer. We used a TGA/DSC-1 820 from Mettler Toledo for the
thermogravimetry analysis, working under an air atmosphere. The determination of the actual
concentration of VEGF-A bound to the surface of the nanoparticles was performed by a Western
blot method described in section Fluorescence images were acquired with Leica inverted
fluorescent microscope equipped with Leica DFC450 C camera using LAS V4.4 software (Leica
Microsystems), Nikon Eclipse Ti-E inverted fluorescent microscope equipped with DC-152Q-C00-
FI using NIS V4.30 software (Nikon) and Zeiss Laser Scanning microscope. Images were acquired



at 4x or 20x magnification. Individual 4x magnification fields were stitched together using Image
Composite Editor software (Microsoft Research).

5.4.5.3 [n-vitro studies of Cell Proliferation in Human Umbilical Vein Endothelial Cells

After the isolation of endothelial cells from the umbilical cord of newborns, the cytotoxicity
tests of nanoparticles in these cells were performed. The procedure for the cytotoxicity tests is
described in section of the Materials & Methods chapter. Once the ideal concentration of
the nanosystem VEGF-A-NaYF4@Nd3*60%,Yb3*2000@CaF2@PAA was determined, we examined
its effect on endothelial cell proliferation compared to free VEGF. The procedure is described in
Sect. Cell proliferation experiments were performed 24, 36, 48, and 120 hours after
addition of the nanocomplex. In all cases, nanoparticle concentrations of 10 ug/mL and 200
ug/mL were used. As a positive control, 10 ng of free VEGF-A was used. To monitor cell
proliferation at the time of addition of the nanosystem, 10 uL (1:100) of ethynyl-labelled
deoxyuridine (5-EdU) was also added. At the end of the cell proliferation experiments, cells
were fixed according to the method described in section and the images were acquired
using a fluorescence inverted microscope. Images were processed (contrast enhancement by
brightness/contrast regulation) and analyzed using Fiji software (NIH, Bethesda). Three or
more experiments per condition were analyzed, with at least 15 images acquired per sample.

Statistical analysis was performed using Excel and GraphPad Prism 7.0. Mean and standard
error were calculated for all the datasets. Unpaired student’s T-test and One-Way ANOVA with
Student-Newman-Keuls correction were used to determine statistical significance for the
normally distributed datasets, whereas non-normally distributed datasets were analyzed by
ANOVA on ranks and Mann-Whitney U test. A p-value <0.05 was considered significant.

To determine the actual concentration of VEGF on the surface of VEGF-A-
NaYF4@Nd3+*60%,Yb3+200@CaF2@PAA NPs, a western blot was performed to generate a
calibration curve with known VEGF concentrations. Samples were prepared by first lysing the
proteins according to the protocol described in section Electrophoresis was then
performed in 10% polyacrylamide gels with a SDS/MOPS 10X running buffer at 180 V for 20
minutes. The transfer buffer was prepared with 25 mM Tris, 192 mM glycine and 20% MtOH.
Proteins were transferred to a PVDF membrane (GE Healthcare, #10600015) at 350 mA for 30
minutes. After transfer, the membranes were incubated with Immobilion® Solution 1X for 1
hour at RT. Membranes were then incubated overnight at 4°C with the anti-VEGFR2 antibody,
followed by a 1-hour incubation at room temperature with the secondary antibody, polyclonal
goat anti-rabbit IgG (H+L) HRP (1:2000; Invitrogen, #31460). Western blots were developed
using the SuperSignal West Dura kit (Thermoscientific, #34577). Images were acquired using
Biorad Chemidoc Touch and quantified using Biorad software.

5.4.5.4 Invivo studies using ApInCreER mice

Animal studies were conducted in accordance with the guidelines described in the section

Adult ApInCreER6 mice were crossed with Rosa26-mT/mG mice to obtain AplnCreER; Rosa26-
mT/mG animals. To activate Cre-mediated recombination, 4-hydroxytamoxifen was dissolved
in corn oil and injected intraperitoneally. To label proliferating cells, 5-ethynyl-20-
deoxyuridine (EAU) was administered intraperitoneally. Mice were anaesthetized with 1%
isoflurane for intramuscular injections. The nanocomplex was injected into the tibia of the mice
under different conditions. Tamoxifen was then administered for 7 days. The health of the mice
was monitored daily, and at the end of the experiment, the mice were anaesthetized with 5%
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isoflurane and euthanized by cervical dislocation. After extracting the muscle, it was fixed
according to the procedure in section Images were acquired using an inverted
fluorescence microscope. Images were processed (contrast enhancement by
brightness/contrast adjustment) and analyzed using Fiji software (NIH, Bethesda). A minimum
of three experiments per condition were analyzed, with at least 5 images taken per sample.
Statistical analysis was performed using Excel and GraphPad Prism 7.0. Mean and standard
error were calculated for all data sets. Unpaired Student's T-tests and one-way ANOVA with
Student-Newman-Keuls correction were used to determine statistical significance for the
normally distributed datasets, while non-normally distributed datasets were analyzed using
ANOVA on ranks and Mann-Whitney U-test. A p-value < 0.05 was considered significant.

5.4.6 Results

5.4.6.1 Morphology and Characterization of VEGF-NaYF4+@Nd3*60%,Yb3*200,@CaF2@PAA

Based on the results of the , hanoparticles with a core-shell-shell structure in the
ratio 0.5/1/0.5 were synthesized, as they have the best optical and morphological properties.
Figure 64 shows the images obtained from the synthesized nanoparticles by TEM. The core of
a-NaYF4 has an average size of 7.5+ 0.1 nm, whereas the core/shell NaYF+@Nd3+609%,Yb3*20%
structure increases to 11.2+0.1 nm, reaching an active shell thickness of 1.9 nm. Finally, when
the CaF: layer grew, nanoparticles with a diameter of 14+0.3 nm were obtained. As shown in
Figure 64A, all the structures are monodisperse, without any aggregates, which is consistent
with the reports from Tan et al.?41. Figure 64C shows the measured X-ray diffraction patterns
of the core NaYFs, core/shell NaYF:s@ NaYF4:Nd3+, Yb3* and core/shell/shell NaYFs+@
NaYF4:Nd3+, Yb3+*@CaF2 nanoparticles, the results demonstrate that the core, the core/shell, and
the core/shell/shell nanoparticles all have a cubic phase corresponding to the typical fluorite
structure. As the shell grow in the nanoparticles, an increase in the crystallinity of the structure
is also observed. The Figure 64B shows the emission spectrum corresponding to NaYF+@
NaYF4:Nd3+, Yb3* and NaYF+@ NaYF4:Nd3+, Yb3+@CaF2 NPs under 808 nm continuous wave
(CW) optical excitation. The emission spectrum is mainly constituted by the broadband
emission of Yb3* ions expanding from 950 up to 1100 nm.286
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Figure 64. A) Schematic representation of the nanoparticles used, accompanied by TEM images of the core, core-
shell, and core-shell shell. The distribution of sizes is shown in the histogram. Cyan for core, pink for
core/shell/shell, and light green for core/shell/shell. B) Emission spectra at 800 nm, red dots correspond to the
core/shell structure and the red line belongs to the core/shell/shell nanoparticles. C) Measured XRD patterns of
core (blue line), core/shell (green line) and core/shell/shell (red line). The standard diffraction patterns of the
two cubic phases NaYF4 (JCPDS:77-2042) and CaF2 (JCPDS 77-2096) are included for refrerence.

To impart hydrophilic behavior to the nanoparticles and enable their dispersion in aqueous
media, as well as to serve as a functional platform for their subsequent functionalization with
the VEGF-A. (Figure 65A). A full characterization of NaYFs@ NaYF4:Nd3+, Yb3+*@CaF2 NPs PAA
can be found in Figure 65. The FTIR spectrum (Figure 65D) The stronger peak at 1720 cm,
corresponding to the stretching mode of the C=0 group in the PAA-functionalized nanoparticles
compared to the untreated nanoparticles, confirms the successful ligand exchange. The bands
at 3420, 1450 and 1560 cm! originate from the asymmetric and symmetric vibrations of the C-
O-H in the carboxyl group. The peak at 1415 cm1 may be present from the carboxyl groups of
the PAA, which do not coordinate with the metal ions on the surface of the nanoparticles.?41 The
absorption bands at 2960 and 2928 cm! are from the asymmetric and symmetric stretching
modes of the -CHz group. These bands decrease after PAA modification, indicating that the
number of -CHz groups on the nanoparticle surface was reduced, which complements the
evidence for an appropriate surface modification. When the PAA shell covers the NPS surface,
the overall charge of the solution must be negative due to the COO- ions, as shown by the (-
potential with a value of -25mV for a solution in water. Figure 65B shows the TEM images where
monodisperse nanoparticles with a size of 17+1nm can be seen, i.e., the average size of the PAA
layer is about 3+1nm.
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Thermogravimetric analyses were performed to determine the amount of PAA on the surface
of NaYFs@NaYF4:Nd3+, Yb3*@CaF2 NPs. The results (Figure 65C) show that 15% corresponds
to the total mass of the polyacrylic acid layer. To confirm the binding between the protein and
the nanoparticles, the z-potential (+15 mV) was determined by changing the surface charge for
the amino acids present in VEGF-A from negative to positive.
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Figure 65. A) Schematic representation of functionalization of nanoparticles with VEGF. B) TEM image of NPS
functionalized with polyacrylic acid, average size 17+1 nm. C) Spectro-TGA, 85% inorganics and 15% organics. D)
FTIR spectra of representative nanoparticles before and after PAA modification.

5.4.6.2 In-vitro studies of Cell Proliferation in Human Umbilical Vein Endothelial Cells

To test the potential application of the NaYF4s@NaYF4:Nd3+,Yb3+*@CaF2 NPs, in vitro cytotoxicity
assessment  was studied in HUVEC cells, which were incubated the
NaYF4@NaYF4:Nd3* Yb3*@CaF2@PAA Nps in different concentrations between
0.1-5 mg/mL for 24 h at 37°C, according with similar previous works reported.z87.288 The
viability of the untreated HUVEC cells was set as 100%, and the viability of the NPs-treated
HUVEC cells was calculated. Cell viability is greater than 80% when the concentration of below
to 1000 pg/mL Figure 66A. At higher concentrations it is observed that the viability of the cells
decreases, on the images, it is seen that the cells look sick. It is concluded that the proper range
for in vitro experiments is between 100 and 500 ug/ml. Figure 66B.
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Figure 66. A) In vitro cell viability of HUVEC cells incubated with l different concentratins of
NaYF4@NaYF4:Nd3+,Yb3+*@CaF2 NPs for 24 hours. B) Immunofluorescence staining of endothelial cells with CD31
(green) for endothelial cells and HOECHST (blue) for nuclei.

The results of cell proliferation of HUVEC cells after 24 hours of incubation and without
additional factors promoting survival and proliferation are shown in Figure 67. Endothelial
cells without treatment showed a survival rate of 55% and proliferation of 35% (Figure 67A),
whereas cells with free VEGF showed a survival rate of only 60% and proliferation of 45%
(Figure 67B). Addition of nanoparticles without VEGF decreased the survival rate to 50% and
proliferation was much lower at about 30%. (Figure 67C). In contrast, the cells incubated with
the nanocomplex showed increased survival and proliferation rates. The cells added with 10
ug/ml of the nanocomplex survived 70% and proliferated 55% (Figure 67D), and the cells
added with 50 pg/ml of nanocomplex survived 78% and proliferated 60% (Figure 67E). When
the concentration of nanocomplex was increased to 200 pg/ml, cell survival increased to 88%
and proliferation increased to 66% (Figure 67F), resulting in a 30% increase in proliferation of
endothelial cells compared with VEGF-free cells. (Figure 67G). The results on cell viability in
HUVEC cells are consistent with previous reports in the literature on metallic VEGF-NPs
systems, in which cell viability ranges from 85 to 100% at a range of similar concentrations and
always below 1000 pg/mL.289290 Regarding the increase in cell proliferation, no similar studies
were found with metal- or rare earth-based nanoparticles. However, studies with PLGA
nanoparticles and hyaluronic acid/chitosan nanoparticles showed an increase in cell
proliferation of HUVEC cells due to the stabilization of VEGF by the nanoparticles compared
with free VEGF, increasing the lifetime from 30 minutes to hours and even days.282-285These
results may suggest that the 30% increase in cell proliferation with our nanosystem is due to
the stabilization of VEGF induced by the nanoparticles, which increases the lifetime within the
cell culture and consequently leading to higher survival, proliferation, and migration.
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Figure 67. A-F Representative immunofluorescence analysis of HUVEC cells treated with the nanocomplex and
kept in culture for 24 h and stained for CD31 (green), EAU (red), and with the nuclear dye Hoechst (blue). A)
Negative Control B) positive control, free VEGF (100 ng) C) 200 pg/mL of NaYF4@NaYF4:Nd3+Yb3+@CaF2@PAA
Nanoparticles D) 10 pg/mL of VEGF-nanocomplex E) 50 pg/mL of VEGF-nanocomplex F) 200 pg/mL of VEGF-
nanocomplex. G) Quantification of proliferating cells at different conditions. All data are shown as mean * S.E.M.
Statistical significance was determined using a one-wayANOVA followed by Dunnett’s multiple comparison test,
*P < 0.05, ****P < 0.0001.

To determine the therapeutic effect of the nanocomplex on cell proliferation during the time,
HUVEC cells were cultured with 200 pg/ml of the nanocomplex for different times (24 h, 36, 72,
120 h) as the same conditions showed above. The results of proliferation of HUVEC cells after
different times of incubation and without additional factors promoting survival and
proliferation are shown in Figure 68. In all cases, cells were analyzed by confocal fluorescence
microscopy. Morphology served as an indicator of their health status during the experiments,
and survival (blue areas) and proliferation (red areas) rates were calculated based on the
quantification of the number of cells and the results are shown in the Figure 69.
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Figure 68. A-L Representative immunofluorescence analysis of HUVEC cells treated with the nanocomplex and
keptin culture for different times and stained for CD31 (green), EAU (red), and with the nuclear dye Hoechst (blue).
A-D Negative control (untreated cells), E-H positive control, free VEGF (100 ng), I-L 200 pg/mL of VEGF-
nanocomplex (VEGF-NaYF:@NaYF4:Nd3+,Yb3*@CaF:2@PAA). A,E,1, corresponding to experiments into 24h. B,F,J
36h. C,G,K 72h, D,H,L 120 h.
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Figure 69. Quantification of cell viability and proliferating cells at different times. White bars negative control
(untreated cells), light gray corresponds to Free VEGF 100 ng, dark gray corresponds to 200 pg/ml of VEGF-
NaYF4@NaYF4:Nd3+, Yb3+*@CaF.@PAA. A). % Cell Viability at different times. B). % Cell Proliferation at different
times. All data are shown as mean * S.E.M. Statistical significance was determined using a one-way ANOVA
followed by Dunnett’s multiple comparison test, *P < 0.05, ****P < 0.0001.



These results suggest that all cases reach the maximum viability and proliferation of cells after
36 hours of incubation (88% and 75%, respectively), after that time it decreases significantly.
(Figure 68B,F,]). Cell viability continues be higher over time when the nanocomplex is present
in the cell culture, even after 120 hours when viability is about 30%, compared to the effect of
free VEGF, which is 18%, corresponding to an improvement of 60% (Figure 69). In cell
proliferation, an increase of 57% is observed in the presence of the nanocomplex compared to
the effect of free VEGF. These results indicate that the stabilizing effect of the nanoparticles is
not only an immediate effect, but also lasts for a longer period and their effects are noticeable.

To verify whether the effect on the improvement of viability and proliferation is an effect of
stabilization of VEGF due to the nanoparticles and not an effect of the increase of VEGF
concentration, the concentration of VEGF bound to the surface of the 200 pg nanoparticles was
determined, the results are shown in Figure 70.

A.VEGFA1 ng/mL

B.VEGF A 10 ng/mL

C. VEGF A 50 ng/mL

D. VEGF A 100 ng/mL

E. VEGF A 500 ng/mL

F. NPs10 pg
60 kDa G.NPs 200 ng

H.NP 10 pg + VEGF A (calculated 5
45 kDa ng/mlL)
‘* -— I. NP 200 pg + VEGF A (calculated 90

ng/mlL)

Figure 70. Western blotting showing the concentration of the VEGF (=45 kDa) on the surface, Channels A-E
belongs to the calibration curve. . Free-VEGF at 1 ng/mL. B. Free-VEGF at 10 ng/mL. C. Free-VEGF at 50 ng/mL. D.
Free-VEGF at 100 ng/mL. E. Free-VEGF at 500 ng/mL. Channels F,G negative control
NaYF4s@NaYF4:Nd3*,Yb3*@CaF.@PAA without VEGF. F. 10 pg of nanoparticles. G. 200 pg of nanoparticles.
Channels. 8,9 concentrations of nanoparticles using in the HUVEC cells experiments. 8. 10 pg VEGF-
NaYF4@NaYF4:Nd3*,Yb3*@CaF.@PAA. 9. 200 pg VEGF- NaYF4@NaYF4:Nd3+Yb3+@CaF.@PAA.

According to the results in Figure 70, it was found that the concentration of VEGF in 200 ug of
the surface was 90 ng. This means that even though 10% less VEGF is present in the cell culture,
its activity increases cell viability by 20% and cell proliferation by 30% due to the presence of
nanoparticles. A prolongation of therapeutic time stimulated by the nanoparticles, which
confirms the stabilizing effect of the nanocomplex.

5.4.6.3 Invivo studies using ApInCreER mice

Following the results obtained in HUVEC cells with the enhancement of cell proliferation, we
decided to study how the nanocomplex could affect the angiogenesis process in vivo. The
stimulation of angiogenesis in mice was investigated using the documented ability of Apln-
CreER; R26mT/mG mice to label sprouting endothelial cells, we implanted our nanocomplex
into their tibialis anterior. The mechanism providing foundations to the endothelial cell
labelling is shown in Figure 71.
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Figure 71. Genomic organization and functional explanation of the operation of the genetic tool (AplnCre:mT/mG).
First, activation of the Apln promoter (Apln P) is required. Downstream of the Apln promoter, the inducible Cre
recombinase (CreER) is expressed together with the Apln protein. Only in the presence of hydroxytamoxifen
(Tam.), Cre recombinase is activated and acts on LoxP target sequences (LoxP). In the Rosa26 locus, a membrane-
tagged tdTomato protein is continuously expressed under the control of a pCA promoter. The tdTomato coding
sequence is flanked by two LoxP sequences. Cre-mediated recombination generates a recombinant cell in which
only EGFP is expressed in the Rosa26 locus after excision of the tdTomato sequence. The Apln promoter and the
following construct are located on the X chromosome and are derived from AplnCreER:Rosa26-tdTomato, while
the second sequence on chromosome 6 is inserted into the Rosa26 locus of the reporter mouse.

Apelin (Apln) is a secreted protein abundantly expressed by vascular ECs during embryonic
development. During the adult life, Apln expression is significantly reduced, but during
sprouting angiogenesis, triggered by hypoxia, Apln expression is reactivated. The Apln gene
encodes for 77 amino acid peptides, which binds Apelin receptor (ApInR or APJ]), a G-coupled
protein receptor with seven transmembrane domains. The Apln-AP] signaling acts downstream
of VEGFR2 activation, particularly in hypoxic conditions, and is highly expressed by capillary of
endothelial cells. Studies in the mouse retina and zebrafish showed that EC proliferation is
reduced in the absence of either Apln or APJ, indicating that Apln on the tip cells interacts with
AP] receptor to regulate vessel growth in a paracrine fashion.2?1 Apln-AP] signaling in stalk cells
induce proliferation through mTOR activation, which is essential for EC proliferation.291

On the other hand, Cre is a 38kDa bacteriophageP1 recombinase that mediates site-specific
recombination between LoxP sites consisting of a short asymmetric sequence.2°2 The Cre-LoxP
system is widely used to study cellular and molecular functions in vivo. This recombination
results in loss of function or gain of function of the gene depending on the LoxP-flanked
sequence.2?3-295 [oss of function is achieved by placing two LoxP sites to disrupt the coding
sequence of the gene of interest, while gain of function can be achieved by removing a LoxP-
flanked STOP sequence that normally blocks expression of a construct downstream. 293-295 [n
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addition, it is possible to act on a reporter gene by removing the coding sequence for a
fluorescent protein, thereby blocking its expression by the recombinant cells, or allowing
expression of a different sequence downstream,29429 as in the system used in this project.

Tissue-specific expression of Cre can be achieved by placing the sequence encoding Cre
recombinase under the control of a tissue-specific promoter. 293-295 [n this way, Cre is expressed
whenever the promoter is active. However, Cre recombinase activity is not always necessary or
may be undesirable (e.g., during morphogenesis) because it could affect the viability of the
transgenic animal or render the reporter useless for studying a relevant biological process in
adulthood. To overcome this limitation, an inducible form of Cre (CreER or CreERT) is usually
used. This form of Cre recombinase must bind tamoxifen to enter the nucleus and act on its
targets. Therefore, CreER induces genetic recombination only after administration of tamoxifen
(or 4-hydroxytamoxifen for in vivo applications).2%>

In our case, we injected AplnCreER mice with our nanocomplex under the conditions indicated
in Table 5. Tamixofen was then administered between days 1 and 4. Mice were sacrificed on
days 7 and 21 after injection, and angiogenesis was examined by cofocal fluorescence
microscopy.

Table 5. Different conditions used in in vivo experiments. In all conditions, tests were performed in
triplicate.

Name Conditions Free VEGF | VEGF-NPs NPs
(ng/g) (ng/g) (ng/g)
Negative Control NPs without VEGF - -- 200
Positive Control Free VEGF 100 -- --
NPs+ non conjugated NPs without VEGF+ Free
VEGF-A VEGF 100 B 200
NPs+VEGF (Conjugated) VEGF-NPs - 200 -

As mentioned earlier, active endothelial cells express abundant apelin, implying that apelin
expression is activated in response to an angiogenic stimulus (as expected from the
nanocomplex). To analyze the effect of our compound on the angiogenesis process, a genetic
lineage model was used. In this model, the tamoxifen-inducible form of CreER is expressed
under the control of the Apln promoter (Figure 71). When these mice are crossed with mTmG
reporter mice, activation of Cre leads to a switch from red to green fluorescence specifically in
budding endothelial cells. Under different conditions, the angiogenic response is followed by
quantification of the endothelial cells present in the tissue. The results obtained under each
condition studied are shown in Figure 72, and their quantification is shown in Figure 73.

The results show that the angiogenic response with the nanocomplex (VEGF-NPs) after a 7-day
injection increases cell proliferation by 37% compared to the response of tissue cells injected
with VEGF alone and by 62% compared with the endothelial cells of the tissue injected with the
nanoparticles without VEGF on the surface (13%). The therapeutic effect of the nanocomplex
on angiogenesis is also confirmed when the results are compared with the addition of
nanoparticles and VEGF, free in solution and not bound to the surface. In this case, the increase
in cell proliferation thanks to the nanocomplex is about 40%.
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Figure 72. Representative inmunofluorescence images of angiogenesis sprouting in vivo after 7 days. A-C. Negative
control (tibials injected with just NaYF4@NaYF4:Nd3+,Yb3*@CaF.@PAA NPs without VEGF). D-F Positive control
(10 ng/g of Free VEGF). G-]J. NaYFs@NaYFa:Nd3+Yb3*@CaF2@PAA NPs+ non conjugated VEGF (200pg/g & 10 ng/g
respectively). K-N. 200 pg/g of VEGF-NaYF:@NaYFa:Nd3+Yb3*@CaF2@PAA. B,E,LM are zoom of the images.
C,F,L,N images taken to express the Apln. Apln-EdU (green), dTomato (red), CD31 (white) and nuclei were stained
with nuclear marker dye Hoechst (blue).
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Figure 73. Quantification of cells expressing Apln-EdU was performed. All data are shown as mean * S.E.M.
Statistical significance was determined using a one-way ANOVA followed by Dunnett’s multiple comparison test,
*P < 0.05, ****P < 0.0001

The process of angiogenesis not only involves the formation of new vessels by proliferation of
endothelial cells at an early stage after exposure to VEGF, but these new vessels must also
mature and be functional. For successful pro-angiogenic therapy, it is necessary that the effect
of cell proliferation of ECs remains constant for some time. For this reason, another study
following the same mechanisms followed before was performed, but the mice were sacrificed



after 21 days to observe the efficacy of the therapy over a longer period. The results are shown
in Figure 74, and the quantification is presented in Figure 75.

The results showed that the long-term effect of VEGF stabilized by nanoparticles is slightly
higher compared to the one of VEGF alone. These two show a slight increase (10%) in the
proliferation of endothelial cells compared to negative controls, which may indicate an effective
therapeutic effect.

Negative Control VEGF-A

NPs+ non conjugated VEGF-A NPs+ VEGF-A (conjugated)
GFP mTomato Hoechst

Figure 74. Representative inmunofluorescence images of angiogenesis sprouting in vivo after 21 days. A-B.
Negative control (tibials injected with just NaYFs@NaYF4:Nd3+,Yb3+@CaF.@PAA NPs without VEGF). C-D Positive
control (10 ng/g of Free VEGF). E-F. NaYF4@NaYF4:Nd3+Yb3*@CaF2@PAA NPs+ non conjugated VEGF (200ug/g
& 10 ng/g respectively). G-H 200 pg/g of VEGF-NaYF:@NaYF4:Nd3+Yb3*@CaF2@PAA. B,D,F,H images taken to
express the Apln. Apln-EdU (green), dTomato (red), CD31 (white) and nuclei were stained with nuclear marker
dye Hoechst (blue).

This 10% increase in cell proliferation at 21 days is like previous studies with other systems
(ref, ref), but the VEGF concentration used is two and three times higher in each case. Our
nanosystem has the advantage of achieving the same results with a lower VEGF concentration.
A future perspective is to study the same effects by increasing the concentration of the
nanosystem and to perform studies trying to inject the nanosystem regularly to develop a
therapy to improve the angiogenesis process in vivo.



GFP /CD31

* k%

1507 * %%

*kkk

100 %

++
+4

GFP area / CD31 area (%)

0 T T T T
Q & L L
S &L &
& »
&8
&
o°°
O
R
R

Figure 75. Quantification of cells expressing GFP/CD31 was performed. All data are shown as mean * S.E.M.

Statistical significance was determined using a one-way ANOVA followed by Dunnett’s multiple comparison test,
*P < 0.05, ****P < 0.0001

5.4.7 Conclusions

The effect of using rare earth nanoparticles on stabilizing VEGF and enhancing endothelial cell
proliferation in vitro in HUVEC cells and in vivo in ApInCreER mice. For this purpose, a
nanosystem consisting of NaYF4@NaYF4:Nd3*, Yb3*@CaF2@PAA nanoparticles surface-bound
with VEGF was designed. In vivo, it is observed that the influence of the nanosystem increases
cell survival at 40-60% compared with the cells with free VEGF and cell proliferation between
15-30%, depending on the concentration of the nanoparticles. These increases are due to the
stabilization of VEGF thanks to the action of the nanoparticles and a possible controlled release
of VEGF in the cells, increasing the viability of VEGF compared to the tests performed with free
VEGF. It was also confirmed that this effect is achieved by the nanosystem and not by an
increase in protein concentration, since the concentration of VEGF bound to the surface of the
nanoparticles is 10% lower than that used as a control in this study.

As for in vivo studies, we were performed with genetically modified mice expressing
proliferation of endothelial cells by changing the cell color from red for endothelial cells that do
not proliferate to green for cells that are in the process of proliferation. After injection of our
nanosystem, it was observed that after 7 days, there was an increase 37% in cell proliferation
in the mice injected with the nanosystem compared with the mice injected with VEGF alone.
This again suggests that the use of rare earth nanoparticles increases the stabilization of VEGF
and enhances its effect over a longer period. It was also observed that greater cell proliferation
persisted after 21 days thanks to the nanosystem, but this was not higher than in other studies
using other types of carriers for VEGF. Finally, as an outlook for the future, it is proposed to
systematically study how an injection of the nanosystem for several days affects cell
proliferation to observe the effect of angiogenic therapy over time.
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GENERAL CONCLUSIONS

The following is a summary of the main conclusions that can be drawn from this work:

1. The influence of dopant concentration on the UCL and DCL properties of rare earth
nanoparticles at different excitation intensities has been studied experimentally and
theoretically. In particular, the luminescence emissions of [-NaYFa:Yb3+/Er3+
nanoparticles were investigated, varying the ratio of Yb3*/Er3* dopants (22% in total)
between 0 and 10. In both cases (UCL and DCL), the light intensity increases
exponentially when the ratio of Yb3*/Er3+ increases from 0 to 2. Thereafter, the increase
is not as significant, with the highest light intensity being reached at a ratio of 4. The
influence of Yb3*/Er3* ratios on the emission processes UC was also studied. It was found
that at low ratios, between 0 and 1, the dominant process is ESA, while at higher ratios
the dominant process is ETU.

2. A new method was developed to address the adverse effects on optical properties
associated with the transfer of rare earth nanoparticles into aqueous or biological media
for biomedical applications. A dual strategy was designed to coat S-NaYF4:Yb3*/Er3+*
nanoparticles with a hydrophobic polymer such as polystyrene and/or methyl
methacrylate, first replacing the oleates on the surface of the nanoparticles with MPD
and then growing a robust HPS layer around the surface of the NPs. Effective and durable
protection was achieved in aqueous media under extreme conditions, such as: low
concentrations of NPs, high temperatures, dilutions in media with high concentrations
of phosphates.

3. The influence of rare earth nanoparticle architecture on spectroscopic properties was
determined. Different types of a-NaYF:s@NaYF4:Nd,Yb@CaF: nanoparticles were
synthesized and the influence of the presence of a protective layer, the thickness of the
active layer, and the effect of the core composition were evaluated. The results showed
that the CaF: protective layer increased the light intensity, quantum yield, lifetime, and
thermal sensitivity compared to NPs without this protection. In addition, it was found
that the most efficient NPs are those with all Yb3+, Nd3* ions inside the active layer with
a thickness of about 2 nm, since there is a better distribution of ions, which improves all
spectroscopic properties.

4. A new rare earth nanoparticle-based complex that can increase endothelial cell
proliferation in vivo and in vitro has been synthesized and could be used as a potential
pro-angiogenic therapy. A nanosystem was developed in which VEGF was linked to
nanoparticles of NaYF4@ NaYF4: Nd,Yb@CaFz. The results showed a higher cell survival
rate of 20-30% compared to free VEGF and an increase in HUVEC cell proliferation by
15%. In addition, a 37% increase in cell proliferation was observed in mouse models
after 7 days of injection.
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CONCLUSIONES GENERALES

A continuacion, se presenta un resumen de las conclusiones mas importantes que pueden ser
extraidas de este trabajo de tesis:

1. Seestudid experimental y tedricamente la influencia de la concentraciéon de dopantes en
las propiedades de UCL y DCL de nanoparticulas de tierras raras a diferentes
intensidades de excitacién. En particular se estudié las emisiones luminiscentes de
nanoparticulas de 3-NaYF4:Yb3+/Er3+ variando el ratio de los dopantes Yb3+/Er3+ (22%
en total) entre ratios de 0 a 10. En los dos casos (UCL Y DCL) la intensidad luminica crece
exponencialmente al aumentar el ratio entre Yb3+/Er3+ desde 0 hasta 2, posteriormente
el incremento no es tan significativo registrando la mayor intensidad luminica en ratios
de 4. También se estudié la influencia de los ratios de Yb3+/Er3* en los procesos de
emisién UC y se observo que a ratios bajos, entre 0 y 1, el proceso que predomina es el
ESA mientras que a ratios mayores el proceso dominante es el ETU.

2. Se desarrolld6 una nueva metodologia para resolver los efectos adversos, en las
propiedades dpticas, asociados con la transferencia de las nanoparticulas de tierras
raras en medios acuosos o biolégicos, para ser utilizadas en aplicaciones biomédicas. Se
disen6 una estrategia dual para recubrir nanoparticulas de $-NaYF4:Yb3*/Er3+ con un
polimero hidrofébico de poliestireno y/o metilmetacrilato, primero sustituyendo los
oleatos de la superficie de las nanoparticulas con MPD y posteriormente creciendo una
capa robusta de HPS que rodee la nanoparticula. Se logr6 una proteccion efectiva y
duradera en medios acuosos bajo condiciones extremas como: bajas concentraciones de
NPs, altas temperaturas, diluciones en medios con altas concentraciones de fosfatos.

3. Sedetermind la influencia de la arquitectura de las nanoparticulas de tierras raras en las
propiedades espectroscopicas. Se sintetizaron diferentes tipos de nanoparticulas a-
NaYFs@ NaYFs: Nd,Yb@CaF: y se evalud la influencia de la presencia de una capa
protectora, el grosor de la capa activa y el efecto de la composiciéon del ntcleo. Los
resultados mostraron que la capa protectora de CaFz incrementa la intensidad luminica,
el rendimiento cuantico, los tiempos de vida y la sensibilidad térmica frente a las NPs
que no tienen esta proteccion. Adicionalmente se observé que las NPs mas eficientes son
las que poseen todos los iones de Yb3*, Nd3* dentro de la capa activa con un grosor de 2
nm aproximadamente ya que hay una mejor distribuciéon de los iones mejorando asi
todas las propiedades espectroscépicas.

4. Se sintetizé6 un nuevo complejo basado en nanoparticulas de tierras raras capaz de
aumentar la proliferacion de células endoteliales in vivo e in vitro y que puede ser
utilizado como posible terapia pro-angiogénica. Se disefié un nanosistema anclando la
VEGF a nanoparticulas de NaYF4@ NaYFs4: Nd,Yb@CaF: que reporta una tasa de
supervivencia celular mayor entre el 20-30% comparado con la VEGF libre, también los
resultados muestran un aumento de la proliferacién de células HUVEC en un 15% y un
aumento de la proliferacion celular del 37% en modelos de ratén luego de 7 dias de
inyeccion.



8. Publications &

Congress



148

PUBLICATIONS & CONGRESS PUBLICATIONS

8.1 Peer-view Articles

8.1.1 Publications derived from this work.

e Diego Mendez-Gonzalez, Vivian Torres Vera, Irene Zabala Gutierrez, Concepcién
Cascales-Sedano, Enrique Lépez-Cabarcos, Jorge Rubio-Retama, Oscar G. Calderén, Sonia
Melle, Marco Laurenti. “Upconverting nanoparticles in aqueous media: not a dead-end
road. Avoiding degradation by using hydrophobic polymer shells”. Small, 2022, (18),
2105652.

e Vivian Torres Vera, Diego Mendez-Gonzalez, Diego ]. Ramos, Asmae Igalla, Marco
Laurenti, Rafael Contreras-Caceres, Enrique Lopez-Cabarcos, Elena Diaz, Jorge Rubio-
Retama, Sonia Melle, and Oscar G. Calderdn. “Effect of dopant concentration and
excitation intensity on the upconversion and downconversion emission of [-
NaYF4:Yb3*Er3* nanoparticles”. ]. Mater. Chem. C, 2021 (9), 8902-8911.

e Hamraoui Khouloud, Torres Vera Vivian, Zabala Gutierrez Irene, Casilllas-Rubio
Alejandro, Benayas Antonio, Marin Riccardo, Natile Martha, Manso Silvan Miguel, Rubio-
Zuazo Juan, Melle Sonia, Jaque Daniel, Caledron G. Oscar, Rubio-Retama Jorge. “Rational
Design of Rare-Earth Nanothermometers with Complex Core@Shell@Shell Architecture”
Submitted article.

e Torres Vera Vivian, Vuerich Roman, Cauteruccio Matteo, Lopez-Cabarcos Enrique,
Zacchigna Serena, Rubio-Retama Jorge. “Stabilization of Vascular Endothelial Growth
Factor (VEGF) using NaYF:@Nd3*,Yb3*@CaF2 Nanoparticles to Increase the Endothelial
Cells Proliferation to Enhance The Angiogenesis Process”. Article in writing process

8.1.2 Other Publications

e Alicia Ortega-Rodriguez, Yingli Shen, Irene Zabala Gutierrez, Harrison D. A. Santos,
Vivian Torres Vera, Erving Ximendes, Gonzalo Villaverde, José Lifante, Christoph Gerke,
Nuria Fernandez, Oscar G. Calderdn, Sonia Melle, José Marques-Hueso, Diego Mendez-
Gonzalez, Marco Laurenti, Callum M. S. Jones, Juan Manuel Lopez-Romero, Rafael
Contreras-Caceres, Daniel Jaque, and Jorge Rubio-Retama. “10-Fold Quantum Yield
Improvement of Ag2S Nanoparticles by Fine Compositional Tuning”. ACS Applied
Materials & Interfaces 2020 12 (11), 12500-12509.

e Yingli Shen, José Lifante, Erving Ximendes, Harrison D.A. Santos, Diego Ruiz, Beatriz H.
Juarez, Irene Zabala Gutiérrez, Vivian Torres Vera, Jorge Rubio Retama, Emma Martin
Rodriguez, Dirk H. Ortgies, Daniel Jaque, Antonio Benayas and Blanca del Rosal.
“Perspectives for Ag2S NIR-II nanoparticles in biomedicine: from imaging to
multifunctionality”. Nanoscale, 2019 11, 19251-19264.



8.2 Congress presentation

e “Stabilization of VEGF to enhance the angiogenesis process in Cardiac Tissue" NALS
2022. (26-29 April 2022) Santander, Spain. Oral presentation.

e "Detection of Brain Tumors by Exploiting the Thermal Sensitivity Using Nanoparticles"
NALS 2022. (26-29 April 2022) Santander, Spain. Poster presentation.

e "Avoiding degradation of upconverting nanoparticles in aqueous media by using
hydrophobic polymer shells" Upcon 2020. (6-9 April 2021) Compiegne, France. Oral
presentation.

e "Effect of dopant concentration and excitation intensity of UC and DC emission of f3-
NaYF4:Yb3+Er3* NPs" Upcon 2020. (6-9 April 2021) Compiegne,France. Poster
presentation.

e “Avoiding degradation of upconverting nanoparticles in aqueous media by using
hydrophobic polymer shells”. ECIS 2019 33rd Conference of The European Colloid and
Interface Society (8-13 Sep 2019). Leuven, Belgium. Oral presentation.

e “UCNPS of NaYF4: Yb3+/Er3+: The relationship between the ratio of the dopants and the
size, luminescence and lifetimes.” ECIS 2019 33rd Conference of The EuropeanColloid
and Interface Society (8-13 Sep 2019). Leuven, Belgium. Poster presentation.
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