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1. Introduction 

La théranostique est un domaine prometteur en nanomédecine qui vise à combiner la 

thérapie et le diagnostic en un vecteur unique. Ce vecteur doit avoir le rôle de cargo pour 

transporter et délivrer un principe actif, mais aussi avoir des capacités d’imagerie permettant 

le suivi de ce vecteur. Diverses approches ont été explorées pour le développement de 

vecteurs pour la théranostique incluant des systèmes basés sur des sondes luminescentes 

(par exemple, BOPIDY et la porphyrine) ainsi que des nanoparticules (par exemple, les 

quantum dots, les particules d’oxyde de fer, d’or et de silice). Récemment, les particules à 

conversion photonique ascendante (upconversion nanoparticles, UCNPs) ont émergé comme 

de bons candidats pour la bioimagerie et la théranostique car ces nanoparticules inorganiques 

peuvent convertir une lumière d’excitation dans le proche infrarouge en une lumière 

d’émission dans le visible. 

L’objectif de ce projet doctoral était de préparer des polymères linéaires et hyperramifiés à 

base de méthacrylamide de N-(2-hydroxypropyle) (HPMA) par polymérisation radicalaire 

contrôlée par transfert de chaine réversible par addition-fragmentation (RAFT) depuis la 

surface des UCNPs pour la théranostique. Les polymères hyperramifiés (HBPs) ont en effet 

attirés l’attention dans le domaine du développement des systèmes de délivrance de 

principes actifs en raison des cavités internes de leur structure globulaire qui peuvent être 

utilisées pour encapsuler des principes actifs, mais aussi du grand nombre de groupements 

fonctionnels présents à leur périphérie permettant d’introduire des ligands pour la délivrance 

de principes actifs ciblés. Ce projet doctoral (Figure 1) s’est donc intéressé à 1) la synthèse 

d’UCNPs à base de nanocristaux de NaYF4:Yb3+,Er3+ en étudiant notamment leur transition de 

phase, 2) la modification de surface de ces UCNPs pour la croissance de polymères linéaires 

et hyperramifiés depuis leur surface et  
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Figure 1. Description globale du projet doctoral : de la synthèse d’UCNPs de forme, taille et 

phase contrôlées à la croissance d’HBPs depuis leur surface pour le design de nanohybrides 

pour la délivrance de 5-fluorouracil (5-FU). 
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3) le design de nanoobjets à base d’UCNPs et de polymères hyperramifiés pour la 

théranostique.  

2. Résultats et discussion 

2.1. Synthèse et étude de la transition de phase de nanocristaux de NaYF4:Yb3+,Er3+ 

Cette partie du projet porta sur une nouvelle méthode pour contrôler la taille et la forme des 

nanocristaux de conversion ascendante. L'objectif de cette partie était d'étudier l'effet du 

réacteur sur la croissance des nanocristaux. Les UCNPs ont été synthétisées selon une 

méthode de coprécipitation utilisant différents types de réacteurs pour le post traitement 

thermique à haute température (~ 300°C), tels qu’un ballon à fond rond ou des microtubes 

de diamètres internes et de longueurs variables. Compte tenu de la clairance corporelle des 

nanoparticules et de la sensibilité à l'imagerie, les nanocristaux de très petite taille sont 

privilégiés comme sondes de contraste pour des applications biomédicales. Par ailleurs, il est 

possible de modifier les propriétés de surface des UCNPs de tailles supérieures à 10 nm pour 

en faire des nanocarriers pour l'administration de médicaments. L'objectif de cette partie 

était donc de contrôler la taille et la forme des UCNPs afin d'obtenir des tailles ultra petites 

jusqu'à 100 nm. La modification du procédé de traitement thermique a été plus 

particulièrement étudiée pour obtenir des UCNPs ultra petites monodisperses. Pour cela, des 

microtubes en acier inoxydable de diamètres internes et de longueurs différents ont été 

utilisés pour l'étape du traitement thermique, et les résultats ont été comparés à ceux 

obtenus avec la méthode standard en utilisant un simple ballon à fond rond. On a constaté 

que la taille et les propriétés des UCNPs étaient influencées par le type de réacteur thermique 

(ballon ou microtube). Par exemple, les nanocristaux avaient un taux de croissance modéré 

dans les microtubes malgré un excellent transfert de chaleur. En outre, les nanocristaux 

avaient tendance à se développer sous la forme anisotrope de nanobatônnets contrairement 

à ceux sphériques obtenus avec le réacteur ballon. Ainsi, cette étude a mis en évidence l’effet 

tangible de la nature du réacteur sur la taille et la forme des nanocristaux. Des nanocristaux 

présentant différentes phases, largeurs, diamètres et formes (bâtonnet, ovoïdes) ont été 

synthétisés pour une formulation unique. La Figure 2 montre les images TEM de nanocristaux 

de NaYF4:Yb3+,Er3+ qui ont été synthétisés dans des microtubes de différents diamètres 

internes. La stratégie développée au cours de ce projet peut être étendue à d'autres 

nanocristaux ou à d'autres formulations, et travailler en flux continu serait une autre 
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excellente perspective.  

 

Figure 2. UCNPs, préparés dans différents microtubes, présentant diverses tailles, formes et 

phases. 

2.2. Synthèse de polymères linéaires et hyperramifiés depuis la surface d’UCNPs 

La préparation de polymères greffés à la surface de nanoparticules peut être abordée de deux 

façons : 1) couplage de polymères avec des groupements réactifs présents à la surface des 

nanoparticules ou 2) polymérisation du monomère depuis la surface des nanoparticules. Le 

choix s’est porté sur la deuxième approche car elle permet un meilleur contrôle du degré de 

fonctionnalisation. Le poly(méthacrylamide de N-(2-hydroxypropyle)) répondant aux critères 

de biocompatibilité et de solubilité dans l’eau nécessaire pour une application biomédicale et 

étant largement étudié pour la délivrance de principes actifs, le choix s’est porté sur le 

méthacrylamide de N-(2-hydroxypropyle) comme monomère. 

La première étape a été de modifier la surface des UCNPs pour introduire un point d’ancrage 

permettant la polymérisation du monomère depuis leur surface. La modification de la surface 
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de ces particules a été réalisée en deux étapes en adaptant des protocoles décrits dans la 

littérature : 1) formation d’une écorce de silice possédant des fonctions amines à la surface 

et 2) couplage d’un agent de transfert de type RAFT par réaction d’amidification. L’agent de 

transfert à la surface des UCNPs a alors permis de faire croitre les chaines linéaires de 

poly(méthacrylamide de N-(2-hydroxypropyle)) (poly(HPMA)) depuis la surface des UCNPs 

(UCNP@polyHPMA). En réalisant la copolymérisation du méthacrylamide de 

N-(2-hydroxypropyle) en présence d’un transmère (molécule pouvant avoir simultanément le 

rôle de monomère et d’agent de transfert, Figure 3), des polymères hyperramifiés ont été 

également obtenus à la surface d’UCNPs (UCNP@HBP) par polymérisation vinylique auto-

condensante (self-condensing vinyl polymerization, SCVP). 
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Figure 3. Structure du 2-(methacryloyloxy)ethyl 4-cyano-4-

(phenylcarbonothioylthio)pentanoate utilisé comme transmère. 

L’effet du taux de greffage en agent de transfert à la surface des UCNPs et du rapport molaire 

entre HPMA et le transmère sur les propriétés du polymère hyperramifié greffé à la surface 

des UCNPs a été étudié. A noter qu’en raison du mécanisme de la polymérisation radicalaire 

contrôlée de type RAFT, le polymère est formé simultanément à la surface des UCNPs et en 

solution. Les polymères hyperramifiés greffés sur les UCNPs ont été clivés de la surface des 

UCNPs pour les caractériser (Figure 4). La masse molaire des polymères a été obtenue par 

chromatographie d’exclusion stérique (SEC) en utilisant un mélange acétonitrile/eau (40/60) 

comme éluent. Il a été observé que le polymère formé à la surface des UCNPs a une masse 

molaire plus élevée que celui formé en solution ainsi qu’une dispersité (Đ) plus élevée. De 

plus, les résultats obtenus suggèrent que plus le taux de greffage en agent de transfert est 

élevé, plus la masse molaire du polymère hyperramifié est élevée. 
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Figure 4. Effet du taux de greffage de l’agent de transfert de type RAFT (taux de greffage élevé 

en haut et faible en bas) et du rapport molaire entre le monomère (HPMA) et le transmère 

([HMPA]:[transmère] élevé à gauche et faible à droite) sur le degré de ramification (DB) et la 

masse molaire des polymères hyperramifiés greffés sur des UCNPs. 

Le taux de ramification (DB) des polymères hyperramifiés a été déterminé en combinant les 

résultats obtenus par analyse thermogravimétrique et spectroscopie UV-visible. Il a été 

observé que le DB augmentait avec le taux de greffage en agent de transfert à la surface des 

UCNPs ainsi qu’avec un rapport transmère sur monomère élevé. Lorsque le taux de greffage 

en agent de transfert et le rapport transmère sur monomère sont simultanément élevés, la 

croissance des chaines de polymères était fortement affectée probablement en raison des 

réactions de terminaison qui sont accrues dans ces conditions où la concentration en radicaux 

est élevée. De plus, en raison du mécanisme de la polymérisation radicalaire contrôlée de 

type RAFT et du fait que la polymérisation soit réalisée depuis une surface, un phénomène de 

retardation de la polymérisation a été observé. Plus le taux de greffage et la proportion en 

transmère sont élevés, plus le phénomène de retardation sera important. En effet, pour un 

système avec un haut taux de greffage, le nombre de moles d’unité de répétition d’HPMA par 

gramme d’UCNP était de : 3,2 mol pour un polymère linéaire, 1,3 mol pour un polymère 

hyperramifié avec un rapport [HPMA]:[transmère] de 200:1 et 0,24 mol pour un polymère 

hyperramifié avec un rapport [HPMA]:[transmère] de 200:2.  

Ces résultats ont conduit à la conclusion les réactions affectant la croissance des chaines de 

polymères, telles que les réactions de terminaison et de transfert, sont plus prononcées en 
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raison de 1) la préparation d’un polymère hyperramifié induisant l’augmentation du nombre 

de chaines actives, 2) la croissance de polymère depuis la surface de nanoparticules induisant 

une concentration locale en chaines actives plus élevée, et 3) le mécanisme de transfert 

dégénératif de la polymérisation RAFT depuis une surface conduisant à des phénomènes de 

transfert de l’agent de transfert de type RAFT présent à l’extrémité des chaines des polymères 

(hopping entre des chaines en croissance à la surface des nanoparticules et en solution, et 

rolling entre chaines présentes à la surface d’UCNPs, Figure 5). 

 

Figure 5. Mécanisme de retardation à la surface des nanoparticules pour la polymérisation 

radicalaire contrôlée de type RAFT liée à la faible distance d entre deux agents de transfert.  

2.3. Modulation de la structure de polymères hyperramifiés greffés à la surface d’UCNPs 

pour la théranostique 

Les polymères hyperramifiés greffés sur des UCNPs ont été étudiés pour encapsuler et 

relarguer un principe actif. 5-Fluorouracile (5-FU), un antimétabolite utilisé pour traiter 

différents types de cancer, a été utilisé comme principe actif modèle. Malheureusement, en 

raison de sa courte durée de vie et de sa faible spécificité entre les cellules saines et 

cancéreuses, 5-FU a une faible biodisponibilité et peut avoir des effets secondaires comme la 

diarrhée et une décoloration de la peau. Pour surmonter ces limitations, 5-FU a été encapsulé 

dans la couronne de polymères greffée sur des UCNPs. L’encapsulation de 5-FU dans une 

couronne de polymères hyperramifiée était plus efficace que pour son homologue linéaire 

(c.-à-d. 3,0 contre 1,5% de 5-FU encapsulé dans la couronne de polymères hyperramifiés et 

linéaires respectivement pour une exposition de ces nanoobjets à la même concentration en 

5-FU). Le relargage de 5-FU de la couronne de polymères hyperramifiées était cependant 

rapide (60% dans les trois premières heures) dans des conditions physiologiques (pH 7,4 à 37 

°C).  

Afin d’éviter un relargage trop rapide de 5-FU, le principe actif a été conjugué au polymère 

hyperramifié greffé sur les UCNPs. 5-FU a été modifié afin d’introduire une fonction acide 
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carboxylique permettant sa conjugaison avec les fonctions alcool des unités de répétition 

d’HPMA (Schéma 1). La conjugaison de 5-FU par réaction d’amidification sur le polymère a 

permis d’augmenter la concentration en 5-FU sur ces nanoobjets (11,8% au lieu de 3,0% pour 

une encapsulation non covalente) et d’observer un relargage plus lent de 5-FU (60% en 20 

jours).  

 

Schéma 1. Modification de 5-FU et sa conjugaison aux polymère hyperramifiés greffés sur des 

UCNPs. 

Afin de mieux contrôler le relargage de 5-FU, l’utilisation de polymères ayant des points de 

ramification clivables sous l’effet d’un stimulus a été considérée. Deux stimuli ont été choisis 

en introduisant soit une liaison sensible aux réactions d’oxydation-réduction, ici un pont 

disulfure, soit une séquence peptidique (GLFL par exemple) clivable en présence d’une 

enzyme comme la cathepsine. A cet effet, des transmères possédant ces groupements 

clivables ont été synthétisés (Figure 6). Le transmère avec un pont disulfure a été synthétisé 

en suivant un protocole décrit dans la littérature. Celui sensible à la cathepsine a été préparé 

par synthèse peptidique en phase solide pour obtenir la séquence GLFG suivi d’une réaction 

d’amidification sur résine avec l’agent de transfert de type RAFT. Après clivage de la résine, 

l’extrémité acide carboxylique de la séquence peptidique a été couplée avec le méthacrylate 

de 2-hydroxylethyle par réaction d’estérification. L’insertion de ces transmères a été réalisée 

comme précédemment par copolymérisation avec le HPMA en présence d’UCNPs possédant 

UCNP

HBTU, HOBt, 
DIPEA, DMF,
overnight, r.t.UCNP
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des agents de transfert de type RAFT à leur surface. La dégradation des polymères 

hyperramifiés ayant des points de ramification clivable en présence d’un réducteur, ici le 

dithiothréitol (DTT), a été étudiée et confirmée par analyse thermogravimétrique et diffusion 

de la lumière dynamique. L’étude pour les polymères sensibles aux enzymes est en cours. 

 

Figure 6. 5-FU conjugué à des polymères hyperramifiés dégradables par voie redox ou 

enzymatique greffés sur des UCNPs.  

3. Conclusion 

La théranostique est un domaine en essor en biomédecine en raison de son habilité à 

combiner le diagnostic et la thérapie en un même vecteur. L’approche employée lors de mon 

projet doctoral combine les propriétés luminescentes des UCNPs et la capacité des polymères 

à encapsuler un principe actif de façon covalente ou non.  

Ce projet doctoral a conduit au développement et/ou approfondissement de différentes 

compétences : 1) synthèse de nanoparticules inorganiques dans des microtubes permettant 

de moduler la taille, la forme et la phase en fonction de différents paramètres opératoires, 2) 

la synthèse de nouveaux monomères et transmères en combinant la chimie organique et la 

synthèse peptidique en phase solide, 3) la préparation de polymères linéaires et 
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hyperramifiés par polymérisation radicalaire contrôlée de type RAFT depuis la surface des 

nanoparticules, 4) l’étude de l’encapsulation covalente et non covalente ainsi que le relargage 

de molécules modèles, et 5) l’étude de polymères répondant à un stimulus en terme de 

dégradation. 
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Theranostics is a promising field in nanomedicine aiming at combining therapy and diagnostic 

on the same carrier or vector. this carrier will transport a therapeutic agent (e.g. drugs and 

sensitizers) at the targeted site for the treatment of a disease but also should exhibit some 

abilities for imaging to monitor this carrier. Various approaches have been explored to 

develop vectors for theranostics including systems based on luminescent probes (e.g. BOPIDY 

and porphyrin) along with nanoparticles (e.g. iron oxide, gold and silica nanoparticles, 

quantum dots). Recently, upconversion nanoparticles (UCNPs) have emerged as good 

candidates for bioimaging and theranostics as these inorganic nanoparticles convert an 

excitation light in the near infrared (NIR) into an emission light in the visible. The objective of 

this doctoral project was to prepare linear and hyperbranched poly(N-(2-hydroxypropyl) 

methacrylamide) by reversible addition-fragmentation chain transfer (RAFT) polymerization 

from the surface of UCNPs. Hyperbranched polymers (HBPs) have attracted the attention in 

the field of drug delivery due to their internal cavities of these globular structures that have 

been used to encapsulate drugs, but also the high number of functional groups at the 

periphery permitting to introduce ligands to promote targeted drug delivery. This thesis will 

be composed of one bibliographic chapter and three chapters describing the results obtained 

during my PhD as depicting in Figure I.1. 

Chapter 1 will provide an overview on hyperbranched polymers and upconversion 

nanoparticles. In a first part, the features of hyperbranched polymers will be provided 

highlighting the different approaches to synthesize hyperbranched polymers and their 

functionalization with ligands for targeted drug delivery. In a second part, upconversion 

nanoparticles will be discussed including their composition, the approaches to synthesize 

them, and their surface modification using various methods. 
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Figure I.1. From the synthesis of UCNPs of controlled shape, size and phase to the growth of HBPs of 
their surface to design nanohybrids for the delivery of 5-fluorouracil (5-FU). 
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Chapter 2 will focus on the synthesis of UCNPs based on NaYF4:Yb3+,Er3+ nanocrystals via co-

precipitation method involving nucleation and heat treatment steps. The main objective was 

to investigate the effect of the reactor used (round-bottom flask vs microtube) on the growth 

of nanocrystals to control their size and shape. Stainless steel microtubes with different inner 

diameters were used for the heat treatment step. The size and properties of UCNPs were 

influenced by the type of reactor used for the heat treatment step. The shape of the resultant 

nanocrystals from the round-bottom flask was spherical with slight inconstancies in size (2-5 

nm) at different temperatures. Using microtubes, nanocrystals had a moderate rate of growth 

despite a homogeneous heat transfer and had a tendency to growth in anisotropic shape like 

nanorod. Nanocrystals with various widths, diameters, shapes (e.g. rod, oval), and presenting 

a single-phase were synthesized using the same formulation, but tuning the diameter of 

microtubes and the temperature. This study emphasized the nature of the reactor used as a 

new parameter having a tangible effect on the size and shape of nanocrystals. 

Chapter 3 will describe the modification of spherical UCNPs to prepare hyperbranched 

poly(N-(2-hydroxypropyl) methacrylamide)s at their surface. The surface of UCNPs was first 

modified with a RAFT chain transfer agent to promote the growth of HBPs from the surface 

of UCNPs by self-condensing vinyl RAFT copolymerization in the presence of a methacrylate-

based transmer. The study included the investigation of the effect of the grafting density in 

RAFT chain transfer agent at the surface of UCNPs and the concentration in transmer. This 

work highlighted the challenges of the system that were attributed to the increasing number 

of propagating chains and the surface-initiated RAFT polymerization enhancing chain-

breaking reactions including termination and transfer reactions. 

Chapter 4 will emphasize the results of this work on tuning the composition of the 

hyperbranched polymer grafted on UCNPs to aim at delivering 5-fluorouracil (5-FU). The 

encapsulation of 5-FU in the HBP grafted on UCNPs was low even though it was higher than 

when a linear polymer was used, while burst release was observed. To enhance the system, 

5-FU was conjugated to the hydroxyl groups present on the repeat units of the polymer 

through ester linkages affording a more sustained release of 5-FU. Stimuli-responsive 

transmers were also synthesized and used to introduce branching points degradable upon 

exposure to either a reducing agent or an enzyme to promote triggered drug delivery. 
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Preface 

HBPs have gained attention for the development of drug delivery systems due to the presence 

of internal cavities in their three-dimensional globular structure that can be used to 

encapsulate drugs and a large number of terminal functional groups, which can be decorated 

with a variety of functional moieties such as ligands for targeted drug delivery. On the other 

hand, lanthanide-doped upconversion nanoparticles (UCNPs) represent a new promising class 

of materials that may find a large variety of applications in different fields owing to unique 

properties such as high photostability, low cytotoxicity, efficient emission and long 

luminescence lifetimes. In this project, our purpose was the preparation for nanohybrid 

materials based on hyperbranched polymers and UCNPs. Therefore, in this bibliography 

chapter in a first part, hyperbranched polymers will be introduced. Their general synthesis 

methods and their potential for drug delivery will be reviewed. In the second part of this 

chapter, UCNPs and their several synthesis approaches will be presented. Finally, general 

methods for the modification of those type of nanomaterials will be introduced.    
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1. Hyperbranched polymers for drug delivery 

1.1. Introduction  

The developments in macromolecular engineering have led to the expansion of polymer 

topologies available. Among them, dendritic macromolecules mimic the branching of trees 

and possess attractive features such as high degree of branching units, high density of 

terminal functional groups, and their nanometric size. Dendritic macromolecules can be 

subdivided into dendrimers, hyperbranched polymers, and dendronized polymers. While 

dendrimers are characterized by a perfect regular structure and unimolecularity, 

hyperbranched polymers are highly and randomly branched macromolecules, and 

dendronized polymers consist in dendrons attached as side chains to a linear polymer 

backbone.  

Hyperbranched polymers (HBPs) have like dendrimers a three-dimensional globular structure 

that have attracted the attention from both academia and industry. The advantages of these 

polymers (Figure 1.1) as compared to linear polymers are their low intrinsic viscosity, low 

tendency to chain entanglements, smaller hydrodynamic radius, good solubility and high 

degree of branching (DB) leading to a high number of terminal functional groups ranging from 

hydroxy groups to amines [1–3]. When compared to dendrimers, their structures are irregular 

with dendritic, linear and terminal units randomly distributed, and their synthesis leads to 

macromolecules with broad molecular weight distributions. However, HBPs can be easily 

synthesized in a one-pot reaction and thus are more cost efficient as compared to the multi-

step approach for the dendrimers requiring a purification step after each coupling reaction 

[4]. Furthermore, due to their higher steric hindrance, dendrimers may be more challenging 

to functionalize than HBPs [5,6].  
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Figure 1.1. Comparison of HBPs with linear polymers and dendrimers. 

HBPs have potential applications in optical, electronic and magnetic materials, coatings, 

additives, supramolecular chemistry, and biomedicine [7]. Their features are especially 

interesting for the development of nanocarriers in the field of drug delivery. The composition 

of HBPs is tunable at the branching, linear, and terminal units offering a significant degree of 

freedom in the design of nanocarriers for drug delivery. These units can be chosen to be 

responsive to one or multiple stimuli (e.g. pH [8–11], temperature [12–15], redox [16–18], 

light [19–22], magnetic field [23], enzyme [24–26]) to induce a change in conformation of the 

polymer chain or its degradation to trigger drug release [27]. Their globular three-dimensional 

structures lead to the formation of internal cavities that can be used to encapsulate small-

molecule drugs (less than 900 g mol-1), e.g. doxorubicin (DOX) and paclitaxel (PTX) for cancer 

treatment, and radioisotopes, e.g. 99mTc, 131I, and 125I, for diagnostic purposes. Furthermore, 

the high density of functional groups at the periphery of HBPs can be exploited to introduce 

functionalities on HBPs such as effective contrast agent probes for magnetic resonance 

imaging [28–31] or targeting groups to promote the specific accumulation of drug carriers at 

the targeted site also known as targeted drug delivery. In this section, we propose to provide 

an overview of the different synthesis strategies to obtain HBPs and their potential as drug 

delivery systems. 

linear polymer hyperbranched polymer dendrimer

1D, linear
one-step synthesis
easy purification by precipitation
easy scale-up
Đ > 1.01
DB = 0
no cavity
2 end-groups
strong entanglements
high viscosity

3D, irregular
one-step synthesis
easy purification by precipitation
easy scale-up
Đ > 1.1
DB = 0.4-0.6
presence of cavities
multiple end-groups
weak entanglements
low viscosity

3D, regular
multi-step synthesis
purification by chromatography
difficult scale-up
Đ = 1.0
DB = 1.0
numerous cavities
large number of end-groups
no entanglements
very low viscosity
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1.2. Synthesis strategies to prepare hyperbranched polymers 

Various synthesis strategies have been used to prepare HBPs and have been reviewed in 

details in previous reviews [27,32–38]. This section does not aim at providing the reader a 

comprehensive overview of all the syntheses used to obtain HBPs, but pointing the main 

synthesis strategies developed and their general concept. The two main routes consider the 

use of either a pair of monomers or a single monomer with orthogonal functions to prepare 

HBPs (Figure 1.2). As compared to the single monomer route, the monomer-pair route has a 

stronger tendency to intramolecular cyclization leading to the formation of (multi)cyclic 

species [39–41]. The degree of branching can be tuned for the polymerizations conducted 

through a chain-growth method by changing the ratio between the monomers leading to 

linear units (monomers with one vinyl group) and those creating branching points (monomers 

possessing multiple vinyl groups in Section 1.2.1.2 and inimers in Section 1.2.2.2). These 

strategies have been extended to non-covalent interactions such as electrostatic interaction, 

hydrophobic interaction, and hydrogen-bonding interaction through both synthesis routes 

(monomer-pair and single monomer methodology) [22,42–44]. 

 

Figure 1.2. Main synthesis routes to prepare HBPs. 

 

1.2.1. Monomer-pair route 

1.2.1.1. Step-growth copolymerization of A2 and B3 monomers 

The A2 + B3 system (i.e. using two monomers with one bearing two identical functional groups 

A and the other one three identical functional groups B) is attractive as it can be used to 

produce HBPs in large scales through a one-pot synthesis. The choice of the groups A and B is 
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dictated by the selective reactivity of the functional groups A with the functional groups B and 

their reactivity should be the same for the monomers and the functional groups present on 

the polymers. A large variety of A and B functional groups have been used, which includes 

those commonly used for step-growth polymerizations, such as hydroxyl groups with 

epoxides to prepare hyperbranched aliphatic polyethers [45], and anhydrides with amines to 

prepare hyperbranched polyimides [46,47], but also click chemistry such as azide with alkyne 

groups involved in copper-assisted alkyne-azide cycloaddition (CuAAC) reactions [48,49]. The 

control of the degree of branching is achieved by controlling the feed ratio and introducing a 

linear component. However, the A2 + B3 system generally suffers from a tendency to gelation 

and intramolecular cyclization.  

The minimization of gelation can be afforded by quenching the polymerization before the gel 

point, conducting the polymerization in dilute solution, or introducing monofunctional end-

capping reagents [50]. Another interesting approach, known as couple-monomer approach, 

is based on the use of monomer pairs with functional groups of non-equal reactivity [51]. B3 

is replaced by CB2, for which the functional groups B and B’ can both react with A, but do not 

have the same reactivity. An AB2 intermediate is rapidly formed at the early stage of the 

polymerization, which then undergoes further propagation leading to the formation of HBPs. 

The first example of this approach was introduced by Yan et al. using 1-(2-

aminoethyl)piperazine as CB2 in the presence of divinyl sulfone as A2 to prepare 

hyperbranched poly(sulfone-amine)s [51]. This approach has been extended to other 

functionalities (e.g. A2 + CB2 such as dithiols with propargyl acrylate forming as AB2 

intermediate a molecule bearing one thiol and one alkyne by thiol-ene reaction and leading 

to HBPs by thiol-yne reaction [52]). The use of other asymmetric monomers (e.g. AD + CB2 

such as methacryloyl chloride with 2-amino-2-methyl-1,3-propanediol forming as AB2 

intermediate by the reaction of the acid chloride with the amine followed by Michael addition 

of the methacrylate on the hydroxyl groups [53]). 

The stepwise reaction between the A and B functional groups is random and each step can 

lead to either the growth of the polymer or a reaction of intramolecular cyclization. The 

presence of this side reaction affects the structure of the polymer obtained leading to 

truncated polymer topologies with a more limited number of terminal functional groups. The 

choice of monomers used can influence the extent of intramolecular cyclization reactions. For 

example, Ban et al. have investigated A2 monomers with different spacing units between the 
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two terminal alkyne groups [49]. By increasing the rigidity (i.e. phenyl groups vs. alkyl chains) 

and decreasing the length (hexyl vs. dodecyl groups) of the spacing units, intramolecular 

cyclization reactions are diminished. Besides the choice of the monomers, the feed ratio 

between A2 and B3 strongly affect the intramolecular cyclization reactions. Using a feed ratio 

far from the stoichiometry in functional groups A and B limits the side reactions [54]. 

Furthermore, conducting the polymerization in dilute solution enhances the number of 

intramolecular cyclization reactions. Unal et al. have demonstrated that the melt 

polymerization of A2 and B3 monomers leads to highly branched polyesters without significant 

intramolecular cyclization reactions [55].  

With the recent developments in multi-component reactions such as Ugi and Passerini 

reactions [56], the one-pot preparation of HBPs has been extended to the use of three or 

more monomers [57,58]. Deng et al. have reported the synthesis of HBPs by ABC-type 

Passerini reaction using hexanedioic acid (A2), hexane-1,6-dial (B2), 1,6-diisocyanohexane (C2) 

and 10-undecenoic acid (A) [57]. The control of the total amount of A groups used for the 

polymerization and the ratio between A2 and A is critical to avoid gelation and prepare HBPs. 

Similarly, Zhang et al. have conducted a multi-component reaction using propargyl amine, 

N-acethomocysteine thiolactone, diethylenetriamine in the presence of CuCl and p-

toluenesulfonyl azide to produce HBPs [58]. 

1.2.1.2. Chain-growth polymerization of multivinyl monomers 

Similarly, the A2 + Bx system has been adapted to chain growth polymerizations through the 

use of multivinyl monomers. Usually, multifunctional comonomers (Bx, e.g. divinylbenzene 

consisting in two difunctional groups corresponding to B4) are used as crosslinking agents for 

the chain growth polymerization of vinyl monomers (A2) allowing the formation of polymer 

networks using a small amount of this comonomer. Gelation can be retarded by using thiols 

as free radical chain transfer agents, but thiols need to be introduced at least in equimolar 

quantity relative to the multifunctional comonomer [59], and the polymerization has to be 

conducted in dilute solution [60] to obtain HBPs. The degree of branching can be increased 

by increasing the polymerization temperature and the amount of multifunctional comonomer 

[60,61]. The structure of the multifunctional comonomer affects the polymerization. For 

example, the two vinyl groups of divinylbenzene do not have the same reactivity (i.e. 

formation first of polymer chains with pendent vinyl groups followed by their reaction to form 

branching points) facilitating the formation of HBPs [60], while polymer gelation is more 
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challenging to inhibit using oligo(ethylene glycol) dimethacrylate, and ethylene glycol 

diacrylate is a poor branching agent [62].  

This strategy has been extended to polymerization in dispersed media (i.e. suspension [63] 

and emulsion [64] polymerizations) and controlled radical polymerization such as atom 

transfer radical polymerization (ATRP) [65] and reversible addition-fragmentation chain 

transfer (RAFT) polymerization [66]. Among the controlled radical polymerization techniques 

catalytic chain transfer polymerization involving low-spin cobalt(II) complexes (usually 

cobaloximes) as chain transfer agents has attracted the attention to prepare HBPs using 

multifunctional monomers [67]. This technique permits the synthesis of HBPs with a minimal 

amount of chain transfer agent as compared to thiols and can be also performed in dispersed 

media [68]. Furthermore, HBPs with well-defined topology [69] (i.e. degree of branching and 

molecular weight) and functionalities (i.e. vinyl groups as terminal units that can be used for 

post-polymerization functionalization [70]) can be synthesized.  

1.2.2. Single monomer route 

1.2.2.1. Step-growth polymerization of ABx monomers 

The random polymerization of ABx monomers bearing one reactive group A and multiple 

reactive groups B with x  2 affording highly branched polymers without gelation considering 

the intramolecular reactions negligible has been predicted by Flory [71]. For AB2 monomers, 

if both B groups have reacted with A groups of other AB2 monomers a branching point is 

created, while a linear unit is obtained when only one of the two B groups is consumed. The 

resulting HBPs contain one A terminal group and (n+1) B terminal groups for n AB2 monomers 

involved in the polymerization ((x-1)n+1 for ABx monomers). ABx monomers including not only 

AB2, but also AB3 [72–74], AB4 [74,75], AB6 [74] and AB8 [75] have been used to prepare HBPs 

in an one-pot synthesis using different types of functionalities such as trimethylsiloxy groups 

with acid chlorides for the preparation of hyperbranched aromatic polyesters, protected 

isocyanates with hydroxyl groups to synthesize hyperbranched polyurethanes [76], 

cyclopentadienones with alkyne groups affording hyperbranched polyphenylenes through 

Diels-Alder reaction [77].  

Extremely broad molecular weight distributions of these HBPs are expected at high 

conversions of A groups by enumeration of all the possible configurations [78]. The 

experimental dispersity of HBPs obtained from ABx monomers is larger than the one of linear 

polymers from AB monomers, but smaller than the calculated ones. To obtain HBPs having 
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narrower molecular weight distributions, few strategies have been proposed: use of 

multifunctional cores (Bx) for the polymerization of AB2 monomers that can be enhanced by 

a slow addition of AB2 into a dilute solution of Bx [79,80], but also the selection of monomers 

with functional groups having different reactivities if present on the monomer or polymer 

[81–84]. 

This route has been combined with controlled radical polymerization to control the topology 

of HBPs. For example, Zhu et al. have reported the synthesis of V- and Y-type AB2 monomers 

[85]. The V-type AB2 monomer consists of an aromatic core with one alkyne and two bromides 

as A and B groups respectively, while the Y-type AB2 monomer possesses one bromide and 

two alkynes. ATRP is performed from the bromo terminal groups followed by CuAAC reaction 

after modification of the bromides into azide groups to obtain HBPs with different branching 

patterns.  

1.2.2.2. Self-condensing polymerization 

Self-condensing vinyl polymerization (SCVP) was introduced by Fréchet using a vinyl 

monomer bearing a group able to initiate the polymerization of vinyl groups, known as inimer 

standing for initiating monomer (A*B), that can be assimilated to the AB2 system where the 

vinyl group behaves as a difunctional group equivalent to B2, and the initiating group A* as 

the group A [86]. In this work, the inimer 3-(1-chloroethyl)ethenylbenzene is polymerized in 

the presence of SnCl4 and tetrabutylammonium bromide. While the kinetics at the beginning 

of the polymerization is slow, the evolution of the molecular weight over time increases 

exponentially. The high dispersity of the obtained HBPs is attributed to the complex 

mechanism of polymer growth as each inimer can lead to the formation of different species. 

The A* group of A*B can initiate the polymerization by attacking the B group on another A*B 

inimer leading to a dimer possessing a vinyl group (B), an initiating group (A*) and an active 

center (b*) resulting from the attack on the double bond. The addition of the next A*B can 

thus occur either through the addition of its A* group on the B group of another A*B or the 

attack of either its A* or b* group on the double bond of another A*B.  

Besides cationic polymerization, SCVP has been extended to anionic and radical 

polymerizations with a preference for living and controlled polymerizations to minimize 

crosslinking reactions and thus gelation of the reaction mixture. Due to the high reactivity of 

carbanions, the preparation of inimers containing a vinyl group and an anionic initiator is 

difficult, requiring the formation of the inimer to be formed in situ [87]. With the 
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developments of group transfer polymerization inimers with a silylketene acetal group that 

can be activated by nucleophilic catalysts to initiate the polymerization have been synthesized 

and used for the preparation of HBPs [88,89]. In a similar manner than SCVP, A*B inimers 

have been developed for self-condensing anionic or cationic ring-opening polymerization of 

cyclic epoxides [90,91], oxetanes [92], lactones [93] and phosphates [94]. The inimer usually 

consists of a hydroxyl group as the initiating species (A*) and a ring (B) acting as the 

difunctional group. For example, hyperbranched polyethers have been prepared by addition 

of the hydroxyl (A*) group from glycidol onto the epoxide (B) of another one leading to the 

formation of an additional alkoxide (b*) that can also promote nucleophilic propagation. One 

of the potential side reactions is intramolecular cyclization. 

The three main controlled radical polymerization techniques (i.e. nitroxide-mediated 

polymerization (NMP), ATRP, and RAFT polymerizations) have been investigated to synthesize 

HBPs by SCVP. Two approaches have been employed to prepare HBPs by NMP. Alkoxyamine-

functionalized styrenes [95] have been used as inimers affording HBPs with terminal 

alkoxyamines, while polymerizable nitroxides (styrene and methacrylate bearing a nitroxide) 

lead to HBPs with alkoxyamines at the branching points [96,97]. For the latter case, the 

branching points can be thermolytically degraded. Due to some limitations of NMP [98] such 

as slow polymerization kinetics, limited control over the homopolymerization of 

methacrylates and lower commercial availability of nitroxides and alkoxyamines, this 

controlled radical polymerization technique has been less extensively investigated as 

compared to ATRP and RAFT polymerizations. For ATRP, inimers derived from styrene and 

(meth)acrylates with an alkyl halide, either bromide or chloride, have been employed. Using 

a too high concentration in copper catalyst lead to gelation due to the formation of a high 

concentration in radicals promoting termination reactions by bimolecular couplings [99]. The 

preparation of HBPs is strongly affected by the temperature and the choice of the ligand, 

which dictates the ability of radicals either to propagate or deactivate into the dormant 

species and consequently the topology of HBPs obtained, i.e. ratio between linear and 

branching units [100,101]. RAFT polymerization uses A*B transmer (contraction of chain 

transfer agent and monomer) based on dithioester compounds, acting as chain transfer 

agents, functionalized with a vinyl group (styrene, (meth)acrylate, (meth)acrylamide, vinyl 

acetate) [102]. The vinyl group introduced either on the R-group attached to the sulfur of the 

dithioester or on the Z-group next to the thioketone of the chain transfer agent leads to the 
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positioning of the chain transfer agent either as terminal groups or at the branching points of 

HBPs respectively. Recently, organotellurium-mediated radical polymerization has been 

explored to prepare HBPs using a vinyl telluride possessing a hierarchical reactivity (i.e. the 

telluride cannot initiate by itself, but once the vinyl group has been activated, it participates 

to the polymerization creating branching points) in the presence of acrylates and an 

organotellurium chain transfer agent [103]. 

1.2.3. Case of branched polyolefins 

Low-density polyethylene is commonly produced by radical polymerization under high 

temperature and high pressure leading to branched structures due to inter- and 

intramolecular chain transfer reactions [104], while high-density polyethylene with a low 

content of branching is prepared by coordination polymerization. Late transition metal 

homogeneous catalysts such as Me2Si(5-C5Me4)(1-N-tBu)TiCl2 have been used to 

copolymerize ethylene with a low amount of long -olefins to prepare polyethylene with well-

defined branches [105,106]. The development of catalysts for coordination polymerization 

has been explored to synthesize branched polyethylenes. For example, Barnhart et al. have 

proposed the use of a tandem catalyst system consisting in [(5-C5Me4)SiMe2(1-NCMe3)TiCl2 

promoting the polymerization of ethylene and 1-alkenes and [C5H5B-Ph]2ZrCl2 producing 

1-alkene in situ [107]. Guan et al. have introduced the concept of chain walking 

polymerization to prepare hyperbranched polyethylenes [108,109] through the use of Pd-

diimine catalysts, mechanism identified by Johnson et al. [110]. The ethylene-dissociated 

state of the catalyst can yield either the trapping of new ethylene monomer leading to chain 

growth or -hydride elimination and isomerization inducing chain migration and formation of 

branching units. Other catalysts such as catalysts based on nickel [110] and zirconium [111] 

can also induce in situ formation of olefin-terminated oligomers via -hydride elimination. 

1.3. Hyperbranched polymers and passive targeted drug delivery 

Targeted drug delivery systems have been developed to optimize their pharmacokinetics 

aiming at a targeted localization in the body. Nanosized carriers loaded with the drug can 

circulate in the bloodstream and accumulate preferentially at the tumor by the enhanced 

permeability and retention effect (EPR) [112–114]. This passive targeting is promoted by a 

prolonged circulation in the bloodstream and the differences existing between tumoral and 

healthy tissues such as higher vasculature and larger gap junctions between endothelial cells 
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of tumors (up to 1 m). While very small carriers are rapidly cleared by the kidneys (i.e. 

threshold of renal clearance for nanoobjects with a hydrodynamic diameter of 6 nm) [115–

117] and large ones accumulated mainly in the liver and spleen (greater than few hundreds 

of nanometers) [118], nanocarriers with a diameter between 20 and 200 nm can extravasate 

easily in tumor tissues [119].  

As the size of drug carriers has a critical role in promoting low accumulation in healthy tissue 

and high accumulation in tumor tissue via the EPR effect, this parameter should be considered 

when designing polymers as drug delivery systems. Polymers of various topologies including 

HBPs [120,121] have been explored as drug carriers (Figure 1.3). Usually, HBPs of high 

molecular weight can be relatively easily synthesized reaching a reasonable size (>10 nm) to 

passively target tumors by EPR effect [122], while dendrimers with a number of generation 

higher than five are difficult to prepare due to steric hindrance affording nanostructures with 

a hydrodynamic diameter lower than 10 nm that are thus not suitable for passive targeting 

[123]. However, unimolecular HBPs of low molecular weight will have a small size and cannot 

be used for size-related passive targeting at the tumor via EPR effect as they can be easily 

removed by renal excretion or through bypassing filtration by the spleen [124]. Despite this 

limiting feature for drug delivery, their small size (less than 10 nm) has been exploited for 

other biomedical applications such as bioimaging reducing the toxicity of radioisotopes and 

facilitating their elimination through urine and feces [125,126]. The self-assembly of HBPs into 

multimolecular nanostructures has been considered to increase the size of nanocarriers [127–

132]. Son et al. have reported the synthesis of hyperbranched polyglycerol 

monofunctionalized with spiropyran [133]. As hydrophobic spiropyran is known to undergo 

reversible photochromism at 250-380 nm forming the corresponding water-soluble 

merocyanine species, these spiropyran-functionalized hyperbranched polyglycerol self-

assemble into micelles and disassemble upon UV irradiation. Pyrene has been encapsulated 

into these micelles, released upon irradiation at 254 nm and partially reloaded into micelles 

upon irradiation at 620 nm. Besides controlling the size, drug loading can be increased as 

compared to unimolecular nanostructures [131], but also the loading of large drugs such as 

enzymes and proteins is more efficient [134,135].  
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Figure 1.3. HBP nanostructures and their relative sizes. 

Like dendrimers, HBPs form cavities that can be used to encapsulate cargos of different sizes 

[136] including small chemotherapeutic drugs such as DOX [137,138], camptothecin (CPT) 

[139,140], cisplatin [141–143], and 5-fluorouracil (5-FU) [144]. For example, Wu et al. have 

investigated hyperbranched polyglycerol and its ability to encapsulate and deliver a guest 

molecule [144]. HBP labeled with carboxyfluorescein (green light emission) entrapping chlorin 

e6 (red emission light) shows the co-localization of chlorin e6 and the HBP by confocal 

fluorescence microscopy in the cytoplasm of MGC-803 cells confirming the ability of the HBP 

to act as a carrier. The study of Rhodamine B-encapsulated in this HBP by nuclear magnetic 

resonance spectroscopy seems to indicate that Rhodamine B is entrapped by electrostatic 

interactions between the xanthene ring of Rhodamine B and ether linkages of the 

hyperbranched polyglycerol. Larger drugs such as DNA [145–148] and siRNA [149–151] form 

complexes with unimolecular HBPs by electrostatic interactions. Tuning the structure of HBPs 

permits to control the strength of the interaction between gene and carrier by modulating 

the charge density at its surface, adjusting its molecular weight, and preparing different 

molecular structures [152]. Besides, by controlling the functionality of HBPs multimolecular 

structures able to release its large cargo under a stimulus such as pH promoting 

demicellization have been prepared [134].  

unimolecular HBP
star-like unimolecular HBP

multimolecular HBP

2-15 nm

10-200 nm

20-1000 nm
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Individual HBPs can be assimilated to unimolecular micelles formed from solely one HBP 

molecule. Due to their covalent nature with interconnected structures similar to nanogels, 

these individual HBPs have an excellent stability in diluted environments such as in vitro and 

in vivo conditions as compared to micelles formed from the self-assembly of molecules, which 

can undergo demicellization at a concentration below its critical micelle concentration [153] 

and are more prone to sustained drug release. Popeney et al. have developed hydrophilic 

hyperbranched polyglycerol grafted on a hydrophobic hyperbranched polyethylene [154]. 

The chain walking copolymerization of ethylene and a siloxy-functionalized comonomer 

followed by the removal of the protecting groups produce a hyperbranched polyethylene core 

terminated with hydroxyl groups used for the ring-opening polymerization of glycidol. This 

polymer under diluted conditions has been used to encapsulate hydrophobic fluorescent dyes 

such as Nile red. This core-shell hyperbranched copolymer permits the uptake of the dye into 

A549 cancer cells by endocytosis, while hyperbranched polyglycerol grafted on an aliphatic 

linear hydrocarbon shows poor cellular uptake. Donskyi et al. have prepared hyperbranched 

polyglycerol grafted on fullerene [155]. These nanostructures self-assemble with a decrease 

in their size by increasing the number of polyglycerol branches, i.e. multimolecular 

nanostructures of 19 nm with two branches per fullerene and unimolecular nanostructures 

of 8 nm for fullerene bearing five polyglycerol branches, as the higher number of branches on 

fullerene reduces their self-assembly. The loading of a hydrophobic dye decreases with the 

number of branches on fullerene as the interaction of the drug with the fullerene core is 

decreased. For unimolecular nanostructures the release profile of the dye depends solely on 

the interactions between the dye and the carrier, while its release is faster for multimolecular 

nanostructures where the dye is encapsulated in the aggregates. 

Due to their high density in functional groups, HBPs provides access to high drug payload by 

conjugation of the drug to the terminal functionalities of HBPs [156,157]. Kolhe et al. have 

conjugated ibuprofen as drug and fluorescein isothiocyanate (FITC) on the hydroxyl terminal 

groups present on hyperbranched polyglycerols using N,N’-dicyclohexylcarbodiimide (DCC) as 

coupling agent [156]. These conjugates have a high payload in ibuprofen (70%), enter A549 

cells rapidly and are mainly distributed in the cytosol. The drug is released after cleavage of 

the ester bond by lysosomal enzymes present in the cell. Interestingly, the drug can also be 

one of the constituting units of HBPs. Liu et al. have synthesized HBPs with alternated 

hydrophobic diselenide and hydrophilic phosphate groups. While the phosphate groups act 
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as branching units [158], selenium compounds [159,160] have been reported as anticancer 

agents affording HBP as a self-delivery anticancer agent. 

The conjugation of poly(ethylene glycol) (PEG) directly to the drug or its carrier has been 

proposed to improve their shelf-life, solubility and circulation half-life, thus favoring their 

accumulation at the tumor sites through the EPR effect [161]. Various types of HBPs, including 

hyperbranched polyether [162–164], polyester [165], and poly(amido amine) (PAA) [166], 

have been modified with PEG affording star-like HBPs. Xu et al. have reported the 

modification of hyperbranched polyglycerols [167] and hyperbranched poly(ethylene imine)s 

[168] with tri-PEGylated benzaldehydes forming an imine group labile under acidic conditions. 

These tri-PEGylated HBPs leads to a higher encapsulation of dyes as compared to unmodified 

HBPs and even mono-PEGylated HBPs. Similarly, the higher the degree of functionalization of 

HBPs with tri-PEGylated benzaldehydes, the higher the encapsulation of the dye. The release 

of dyes and drugs can be triggered under acidic pH with shorter half-life for a pH of 5 as 

compared to physiological pH (7.4). Other neutral hydrophilic polymers have been also 

conjugated to HBPs. Kurniasih et al. have developed core-shell nanostructures based on 

hyperbranched polyglycerol functionalized at the periphery with PEG and core with 

hydrophobic biphenyl species [169]. Pyrene has been encapsulated in the core of HBPs 

forming unimolecular nanostructures (10-11 nm), while Nile red being located in the outer 

shell of HBPs and prone to self-assemble has induced the formation of aggregates of HBPs 

(100-200 nm). No release of pyrene and Nile red at pH 7.4 has been observed. However, at 

pH 5 pyrene has not been released within two weeks, while the complete release of Nile red 

has been observed after one week with a half-life of 38 h and decrease of the hydrodynamic 

diameter from 200 to 10 nm indicating the release of the dye by disassembly of the HBPs. 

Poly(N-isopropylacrylamide) (PNIPAM) undergoes a reversible phase transition at its lower 

critical solution temperature (32 °C) that has been exploited in the field of drug delivery [170]. 

While Luo et al. have synthesized unimolecular core-shell micelles based on hyperbranched 

polyglycerols with a shell based on PNIPAM that collapses on heating and expands on cooling 

[171], Picco et al. have reported the synthesis of hyperbranched polyesters with a PNIPAM 

shell forming unimolecular nanostructures (20 nm) below the phase transition temperature 

that self-assemble into multimolecular nanostructures (220 nm) above this temperature 

[127]. Zhao et al. have prepared a PEGylated thermo-responsive HBPs consisting in a PAA core 

modified with PEG and PNIPAM [172]. This HBP promotes the fast release of indomethacin 
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used as model drug (90% of drug release in 12 h) at 30 °C, while at 37 °C a more sustained 

drug release (less than 30% in 12 h) is obtained.  

1.4. Functionalization of hyperbranched polymers for active targeting in drug delivery 

Although passive targeting is an effective strategy for targeted drug delivery, it has several 

limitations such as the inefficient diffusion of the nanocarrier into tumor cells due to its low 

interaction the cell surface [173], but also the extent of vascularization and porosity of the 

tumor depending on its type and status [114,174]. The development of strategies to promote 

active targeting (Figure 1.4) aims at increasing the cellular uptake of the nanocarriers for 

efficient delivery of its cargo and enhancing cell specificity. Active targeting in drug delivery 

systems considers the insertion of targeting moieties directly attached at the surface of the 

nanocarriers. These targeting moieties interact specifically with receptors expressed on 

cancer or angiogenic endothelial cells enhancing the binding and internalization of 

nanocarriers. Active targeting moieties are particularly beneficial for cancer therapy due to 

the reduced delivery of potentially toxic drugs to healthy tissue. A wide variety of targeting 

moieties have been considered including aptamers that can be either peptides [175–178] or 

oligonucleotides [179–181], and folic acid [182–184] that have been conjugated on HBPs. 

 

Figure 1.4. Passive and active targeting in HBP-based drug delivery 
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1.4.1. Peptides as active targeting groups 

Peptides are good candidates as active targeting moieties for drug delivery systems due to 

their high avidity towards cell receptors and low immunogenicity, but also peptides are easy 

to synthesize and conjugate onto nanocarriers [185,186]. Peptides have been grafted onto 

the surface of different nanostructures such as gold [187], quantum dots [188], iron oxide 

[189], and silica nanoparticles [190], but also liposomes [191], carbon nanotubes [192], and 

micelles based on  dendrimers [193], linear [194], brush [195], star [196], and hyperbranched 

[197] polymers.  

Tumor targeting peptides (TTPs), usually shorter than cell penetrating peptides (three to ten 

residues), interact more specifically with receptors overexpressed by tumor cells [198–200]. 

TTPs are designed to bind to cell surface receptors, intracellular receptors, and the 

extracellular matrix. As an example, the most extensively studied ones are vx integrins 

targeting cell surface receptors [201]. Integrins are cell adhesion receptors [202] present on 

the cytoplasmic side of the lipid bilayer promoting the assembly of cytoskeletal polymers and 

signaling complexes, but also on the extracellular side of the lipid bilayer binding to the 

extracellular matrix or counter-receptors on adjacent cells. Various ligands have been 

identified to bind to integrins. The most common minimal peptide sequence used to target 

v3 integrin overexpressed at the surface of endothelial tumor cells is Arg-Gly-Asp (RGD) that 

can be found as linear and cyclic (e.g. cyclic RGDdYK where dY stands for the D-isomer of 

tyrosine, and cyclic CRGDKGPDC known as iRGD) derivatives [203].  

Peptide-conjugates are prepared through two main strategies: i) polymerization using 

peptide-containing macroinitiators or macromonomers and ii) post-polymerization 

modification with peptides. The use of either macromonomers or macroinitiators bearing a 

peptide sequence permits to introduce the peptide sequence during the polymerization. The 

synthesis of macromonomers and macroinitiators bearing a peptide sequence has been 

described in the literature through different routes including coupling reactions in solution 

and on resin end-capping of the peptide sequence with a polymerizable or initiating group. 

Peptide-functionalized macroinitiators have been designed to prepare linear and star 

polymers bearing a peptide at the extremity of the polymer chain [204]. Different approaches 

and polymerization techniques have been explored including NMP [205], ATRP [206] and 

RAFT [207] from a peptide grafted on the resin, peptide-bearing initiator or chain transfer 

agent used under ATRP [208] and RAFT [209–211] polymerization conditions, ring-opening 
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polymerization of N-carboxyanhydrides from peptide-PEG macroinitiator [212]. The use of 

peptide-containing macromonomers afford polymers bearing peptides on the side chains of 

the polymer backbone. Depending on the polymerization technique used, the functional 

groups on the peptide may have to be protected during the polymerization. Various 

polymerization techniques such as ATRP [213,214], RAFT [215–217], and ring-opening 

metathesis polymerization [218–220] have been used to (co)polymerize peptide-containing 

macromonomers.  

Post-polymerization modification of polymers is a well-known strategy to prepare functional 

polymers through the introduction of further functionalities on polymers [221,222]. The 

functional groups present on the polymer should be able to react chemoselectively with those 

of the molecules to be introduced. Various routes have been exploited to further functionalize 

polymers either by presenting chemoselective functional groups at one extremity of the 

polymer or on the side chains of the repeat units constituting the polymer chains. Activated 

esters [223] such as N-hydroxysuccinimide (NHS) and pentafluorophenyl (PFP) esters readily 

reacts with primary amines to form stable amide linkages. Thiols have been widely used to 

functionalize polymers through either disulfide exchange, Michael addition or radical 

mechanism reacting with disulfide bridges, epoxides, isocyanates, maleimides, vinyl groups 

(including (meth)acrylates), and alkynes [224]. Alkynes are involved in different coupling 

reactions such as CuAAC [225], strain-promoted 1,3-cycloaddition reactions of cycloalkynes 

and azides [226], and copper-catalyzed Glaser coupling reactions of terminal alkynes [227]. 

Other routes for post-polymerization modification include ring-opening reaction of 

azlactones [228], atom transfer radical addition [229,230], nitroxide radical coupling [231], 

and Diels-Alder reactions [232]. Various synthetic routes have been considered for the 

conjugation of TTPs, but alos other targeting ligands, on HBPs by post-polymerization 

modification as depicted in Figure 1.5.  
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Figure 1.5. Synthetic routes used for the post-polymerization functionalization of HBPs with peptides. 

1.4.2. Other ligands used as active targeting groups  

Short strands of oligonucleotides (i.e. single-stranded DNA and RNA constituted of 15 to 40 

bases) can specifically recognize a specific target molecule and have advantages such as their 

low molecular weight as compared to antibodies, simple modification, and remarkable 

affinity, but also high stability, non-immunogenicity and nontoxicity in vivo [233,234]. 

Oligonucleotides have gained attention as targeting moieties grafted on the surface of various 

nanostructures in recent years [235–238], including HBPs for targeted drug delivery. 

Small molecules have been also considered as targeting groups. Among them, vitamin B9 also 

known as folate when naturally occurring or folic acid in its synthetic form (Figure 1.6) is the 

most investigated targeting ligand for tumor cells as folate receptors are highly overexpressed 

in epithelial, ovarian, cervical, breast, lung, kidney, colorectal, and brain tumors [239]. Folic 

acid has been conjugated to polymers including HBPs due to their stability over a broad range 

of temperatures and pH values, non-immunogenicity, facile functionalization, 

inexpensiveness, and small size [239–241].  

 

Figure 1.6. Structure of folic acid. 
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Other ligands, less extensively studied but that are worth to be mentioned, are glutamate 

urea that bind selectively to prostate-specific membrane antigen, that is overexpressed 10-

fold higher in prostate cancer cells than in healthy prostate tissues, [242] [243–245] 

alendronate which is an amino bisphosphonate (Figure 1.7) used to treat different bone 

diseases including osteoporosis and bone metastasis, but is also employed as bone-targeting 

ligand due to its high affinity for hydroxyapatite mineral composing human and animal bones 

[246], [247] monosaccharides such as mannose and galactose (Figure 1.7) are able to bind to 

carbohydrate-binding proteins known as lectins that are overexpressed in cancer cells, 

[248][249][250] transferrin an iron-binding glycoprotein promoting its transport into cells 

through transferrin receptors [251] [252] that is overexpressed in cancer cells, and hyaluronic 

acid an anionic biopolymer which has several excellent properties such as biocompatible, 

biodegradable, non-toxic, and non-immunogenic [253] and interact with CD44, ICAM-1, and 

RHAMM receptors, which are overexpressed in many cancer cells, in particular in tumor-

initiating cells [254] [255]. 

 

Figure 1.7. Structure of alendronate, mannose and galactose. 

1.5. Conclusion 

HBPs are highly branched three-dimensional macromolecules possessing unique properties 

such as low intrinsic viscosity, low glass transition temperature, presence of internal cavities, 

and a large number of functional groups at the periphery due to their globular and dendritic 

structures.  These properties are attractive for applications in a large variety of fields such as 

coatings, modifier additives, light-emitting materials, and drug delivery systems. While HBPs 

are less regular than dendrimers, their syntheses are easier and can be achieved in a one-pot 

polymerization process. Various synthesis strategies have been developed to prepare HBPs 

including ABx, “A2 + Bn”, self-condensing vinyl and self-condensing ring-opening 

polymerizations, click chemistry and multicomponent reactions. 

galactosemannosealendronate
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In the field of drug delivery systems, HBPs have been used as carriers of drugs ranging from 

small molecules (e.g. DOX and CPT) to large nucleic acids (e.g. DNA and siRNA). Passive and 

active targeting can enhance the accumulation of the drug at the tumor sites, which can be 

achieved by modification of HBPs at their periphery using different synthetic routes (e.g. 

amide bond formation using carbodiimides, CuAAC, thiol-ene reactions). For passive 

targeting, functional groups promoting more prolonged circulation in the bloodstream, and 

thus higher accumulation at the tumor sites, such as PEG, have been covalently attached to 

HBPs. Active targeting of tumor sites has been first investigated by conjugating folic acid and 

extended to specific ligands, including peptides and oligonucleotides, on HBPs to target 

specific receptors overexpressed on cancer cells. The conjugation of such ligands has been 

proven to be an efficient approach to enhance the accumulation of the drug at the tumor 

sites. Antibodies have been successfully explored for targeted bioimaging [243,256] and could 

be of interest for targeted drug delivery. 

The conjugation of targeting ligands are mostly achieved through post-polymerization 

modification. This strategy is efficient, but shows some limitations especially in the control of 

the number of ligands covalently attached at the periphery of HBPs. The copolymerization of 

inimers or transmers with a monomer bearing a targeting ligand by SCVP, especially under 

RAFT polymerization conditions, has more rarely been explored [244], but seems an 

interesting approach to better control the insertion of ligands in terms of number of ligands 

but also their localization on HBPs.   

The field is evolving towards the development of HBPs for theranostics providing a dual role 

as drug carrier for targeted drug delivery and imaging probe (i.e. optical or magnetic 

resonance imaging) for diagnostic purposes. Regarding magnetic resonance imaging, 

different approaches have been reported: i) incorporation of a comonomer containing 

fluoride in the HBP by copolymerization [270, 276-277], ii) conjugation to HBPs of chelating 

ligands able to complex with copper [249] or gadolinium [251], and iii) grafting of HBP on 

Fe3O4 magnetic nanoparticles by either growth of the HBP from the surface of the 

nanoparticle [180,182] or coupling reaction between HBPs and nanoparticles by thiol-ene 

reaction [257]. Furthermore, fluorophores such as BODIPY [258] and cyanide dyes [276-277] 

have been conjugated to HBPs for optical imaging using conventional conjugation approaches 

affording HBPs decorated with targeting ligands and fluorophores for theranostics. More 

recently, luminescent nanoparticles have been investigated as imaging probes. For example, 
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hyperbranched polyglycerol has been prepared from the surface of red fluorescent silicon 

nanoparticles and modified with cyclic RGDfK to target v3 integrins and afford optical 

imaging [157]. The recent advances in nanomaterials for optical imaging [259] pave the way 

to the development of novel nanoobjects for theranostics combining the potential of HBPs 

due to their high number of functional groups at their periphery to introduce various 

functionalities such as targeting ligands, and luminescent nanoparticles (e.g. gold 

nanoparticles, silicon nanoparticles, quantum dots and upconversion nanoparticles) due to 

their higher photostability, tunable emission wavelength and brightness as compared to 

organic dyes.  

 

 

 

 

2. Upconversion nanoparticles for bioimaging 

2.1. Upconversion luminescence 

In most cases, the conventional luminescent materials used for bioimaging are based on the 

Stokes law principle in the spectral range of ultraviolet (UV) or blue-green lights [260]. In 

Stokes luminescence, a molecule absorbs a photon of shorter wavelength (higher energy) 

compare to the emitted photon. In other words, the emitted photon has lower energy than 

the adsorbed one [261]. For instance, fluorescent dyes [262] and fluorescent proteins [263] 

are fluorescent probes based on the Stokes luminescence. The application of this type of 

fluorescent probes is limited by broad emission spectra and low photochemical stability [264]. 

Nanotechnology allowed the design and elaboration of several nanomaterials for bioimaging 

including quantum dots (QDs), silicon dots, and carbon dots (CDs) [265]. These types of 

fluorescent probes have some advantages compared to organic fluorescent probes. For 

example, QDs nanoparticles have a narrow emission bandwidth and a high photostability, not 

to mention that the bandwidth can be tuned by adjusting QDs size [264]. However, toxicity of 

quantum dots is an issue because of the heavy metals (e.g. cadmium) involved in their 

composition [266].  

Generally speaking, these above-mentioned Stokes luminescent materials suffer from some 

drawbacks. For example, when they are excited with high energy light in biological samples, 
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their fluorescence is accompanied will autofluorescence due to the emission of biological 

molecules such as collagen and melanin, thus increasing background interference during 

bioimaging, which results in low signal-to-noise ratio (SNR) [267]. Besides, short wavelengths 

(e.g. UV) for excitation of Stokes luminescent materials have low penetration depth in 

biological tissues as well as high phototoxicity which leads to tissue and cell damage 

[260,268]. 

Another class of fluorescent probes is anti-Stokes shift luminescent materials which recently 

have been developed for bio-applications as a new generation of fluorescent probes [269]. 

Anti-Stokes shift luminescent materials include hot-band absorption, Lanthanide-based 

upconversion and TTA-based upconversion [269]. In these materials, anti-stock emissions or 

upconversion (UC) process emits more energetically photons with lower wavelength than 

excitation photons [261]. In fact, upconversion luminescence is defined as a successive 

conversion of two or more lower-energy photons of near-infrared (NIR) to one output photon 

with more energy in the range of UV, visible or NIR radiation [270–273]. Figure 1.8 represents 

an example of three types of anti-Stokes shift luminescent materials for bioimaging.   
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Figure 1.8. Three classes of anti-Stokes luminescent materials for cell imaging. Reproduced from Ref 
[269]. 

2.1.1. Upconversion Mechanisms  

The mechanisms of upconversion luminescence are mainly based on three broad classes: i) 

Excited state absorption (ESA), ii) Photon avalanche (PA) effect, iii) Addition of photon by 

transfer of energy (APTE) effect or energy transfer UC (ETU). 

2.1.1.1. Excited state absorption (ESA) 

In exited state adsorption (ESA), successive absorption of two photons by a single ion leads 

to multistep, ladder-like excitation. At the first step, ground state absorption (GSA) occurs in 

which one lower-energy photon absorption results in a transition from the ground state (E0) 

to a metastable state (E1). In the second step, this excited electron absorbs a second pump 

photon and transfers from the intermediate level E1 to a higher excited state (E2). Finally, this 

excited electron returns to ground state E0 through a radiative relaxation in which emitted 

photon has higher energy compared to both absorbed photons in transitions E0 to E1 and E1 

to E2 [274]. Excited state absorption (ESA) mechanism is shown schematically in Figure 1.9. 

Hot-band absorption

Lanthanide-based upconversion

TTA-based upconversion
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2.1.1.2. Photon avalanche (PA) effect 

Photon avalanche (PA) mechanism consists of three nonlinear phenomena and deals with 

four-energy level systems consisting in the ground state (E0), intermediate states (E1 and E2), 

and upper excited state (E). At the first step, an electron or ion absorbs the excitation 

radiation and it is excited from the ground state to the intermediate states with a little energy 

higher than E2 through a non-resonant absorption transition. It then returns to E2 state via a 

cross-relaxation. The transfer of energy takes place between the E2 state electron and the E0 

state, which leads to the formation of two electrons in the E1 state. One of these electrons is 

excited to E state, as a result of absorption of excitation radiation. It then forms the third E1 

electrons by interaction with E0 state electrons and second energy transfer. The absorption 

transition from E1 to E occurs due to resonant excitation radiation. This process repeats over 

and over and causes an exponential increase in the population of electrons in the E state. 

Radiative relaxation of such high number of photons from E state to E0 state leads to a strong 

emission [274]. Photon avalanche mechanism is shown schematically in Figure 1.9. 

2.1.1.3. Energy transfer upconversion (ETU)  

Energy transfer upconversion, which is also known as ‘addition de photon par transfert 

d'énergies’ (APTE), is the result of successive energy transfers between a neighboring pair of 

ions. One of these ions is called sensitizer (S), which is excited and acts as a donor of energy. 

While the other one acts as an acceptor of energy to whom the energy is transferred, it is 

called activator (A). The adequate concentration of these two ions is necessary for energy 

migration between them. The sensitizer concentration is usually in the range of 10 to 50 times 

more than the activator. Generally, there are three kinds of energy transfer namely: radiative 

(I), nonradiative (II), and phonon-assisted (III) [275].  

I) Radiative energy transfer: this type of energy transfer happens as a result of the emission 

of a photon by the sensitizer and, subsequently, absorption of this emitted photon by the 

activator. 

II) Non-radiative energy transfer: it is described as an interaction between two ions in which 

their energy gaps between their ground states and excited states are almost equal. If the ion 

interaction between them is sufficient, the excitation can transfer from one ion to another. 
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III) phonon-assisted energy transfer: a phonon is defined as a collective excitation in a periodic 

and elastic arrangement of atoms or molecules in condensed materials [276]. When two ions 

have different energy separations, there is an energy mismatch between sensitizer and 

activator atoms. Therefore, the presence of phonon assistance can be a way to make the 

energy transfer process feasible [274]. Energy transfer upconversion (ETU) mechanism is 

shown schematically in Figure 1.9. 

 

 

Figure 1.9. Schematic illustration of upconversion processes including excited-state absorption (ESA), 
photon avalanche (PA), and energy transfer upconversion (ETU). The black, blue, and dashed lines 
represent photon excitation, emission, and energy transfer processes respectively. Figure adapted 
from Ref [277,278]. 

 

Among the three anti-Stokes luminescent materials, Lanthanide-based upconversion have 

several advantages compared to other anti-Stokes shift luminescent materials such as slow 

metabolism rate, excellent photostability, long luminescence lifetime (ms), large anti-Stokes 

shift (more than 100 nm), narrow full width at half-maximum (FWHM) of emission peak 

(about 12 nm) [269]. Therefore, Lanthanide-based upconversion materials are promising 

fluorescent probes for biomedical applications. 

2.2. Lanthanide-doped upconversion nanoparticles (UCNPs) 

UCNPs are a group of crystalline inorganic guest−host lattice doped with metal ions which 

dimension is usually less than 100 nm. Generally, upconversion nanoparticles are excited with 

two or more long-wavelength photons in the range of near-infrared (NIR) light (980 nm or 

808 nm) [279]. They then emit higher energy anti-Stokes luminescence with shorter 

ETU
ESA

PA
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wavelength in the range of deep-ultraviolet (UV) to the near-infrared (NIR) [280,281]. Such 

low-energy NIR excitation results in several advantages such as low auto-fluorescence, high 

penetration depth, and low photo-damage. Furthermore, the wavelength for excitation of 

UCNPs is marched with optical transmission window of tissue which is in the range of 700 to 

1000 nm (See Figure 1.10d). Therefore, these features make them an ideal and attractive 

nanomaterial for biomedical applications. Consequently, all of mentioned outstanding 

physicochemical characteristics besides the low toxicity and high chemical stability, make 

lanthanide-doped upconversion nanoparticles promising fluorescent probes [282]. Figure 

1.10 shows several examples of UCNPs benefits for bioimaging that were reported in the 

literature [268,283–286]. 
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Figure 1.10. (a) Comparison of photobleaching in anti-Stokes and Stokes shift luminescent (UCNPs and 
two dyes respectively), reproduced from Ref [283]; (b) absence and presence of autofluorescence 
regarding excitation light, reproduced from Ref [284]; (c) phototoxicity of excitation light, reproduced 
from Ref [268]; (d) penetration depth of light for different wavelengths in skin tissue, reproduced from 
Ref. [285] (left), the optimal NIR window suitable for in vivo imaging because of minimal light 
absorption by hemoglobin (right),reproduced from Ref [286]. 
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2.2.1. Composition of UCNPs 

2.2.1.1. Host lattice 

UCNPs are composed of three main components: a host lattice, a sensitizer and an activator 

(Figure 1.11). Host lattice is an inorganic crystalline matrix, doped with metal ions as active 

luminescent centers. The physicochemical properties of this host lattice directly influence the 

efficiency of resulting UC luminescence. In fact, an ideal host material should meet several 

criteria: 1) the transparency to the wavelength range in which UC luminescence occurs (e.g. 

UV-Vis light), 2) close ionic radius to the dopant ions to minimize lattice mismatch which 

results in crystal defect; 3) having strong crystal field to assist 4f-4f transition of lanthanide 

ion group dopants 4) bearing low phonon energy which reduces the non-radiative decay, and 

increases the UC luminance efficiency, 5) high chemical and thermal stability in order to keep 

original crystal structures [260,287,288]. 

 

Figure 1.11. Schematic showing the composition of UCNPs (Yb3+ and Er3+ dopant ions in the NaYF4 
host). 

There are different classifications of host material including oxides (e.g. Gd2O3, Y2O3, La2O3, 

Lu2O3, etc.), fluorides (e.g. NaYF4, NaYbF4, NaGdF4, LaF3, GdF3, BaYF5, NaLuF4 etc.), vanadates 

(e.g. YVO4), oxy-fluorides or chlorides (e.g. GdOCl), oxysulfide (e.g. Y2O2S) and halides such as 

chlorides, bromides, and iodides (e.g. LaCl3) [289–294]. Table 1.1 presents various host 

lattices and their corresponding phonon energies. In this regard, some host lattices such as 

oxides have good chemical stability. On the other hand, relatively high phonon energy is a big 

limitation for them. Other compositions like halides have low phonon energy; however their 

low chemical stability is a big issue for these materials [295]. Among different host lattices, 

NaYF4 is one of the most favorite compositions for producing efficient UC, thanks to its low 

phonon energy and high chemical stability [260,296,297].  
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Table 1.1. Various host lattices and their corresponding phonon energies [294,295] 

Host lattice Phonon energy (cm-1) Host lattice Phonon energy (cm-1) 

Y2O3 550 LaCl3 240 

ZrO2 500 GdOCl 500 

NaYF4 350 Y2O2S 520 

YVO4 890 LaPO4 1050 

 

2.2.1.2. Sensitizer and activator 

In order to achieve a photon upconversion, the selection of suitable dopant is critical. There 

are many different dopants which are dispersed as a guest in an appropriate host lattice, 

including transition-metal ions (Ti2+, Ni2+, Mo3+, Re4+, or Os4+) and lanthanide ions [298,299]. 

However, lanthanide ions show the highest upconversion efficiencies [300], high resistance 

to photo-blinking, large Stokes shifts, fixed energy level and long lifetime [301,302]. In fact, 

such unique properties are due to the electronic configuration of lanthanide ions (i.e. 

1s22s22p63s23p63d104s24p64d104fn5s25p6, 0<n<14). 

The most stable and predominant state of Ln metals is trivalent Ln3+ ions. In this configuration, 

since the energy levels of 5s2 and 5p6 are lower than 4f orbital, it will be filled after them. 

Consequently, 4f electrons are completely shielded by 5s2 and 5p6 orbitals. This leads to weak 

electron-phonon coupling and weak interaction of 4f electrons with the surrounding field or 

chemical bonds. As a result, the energy level of trivalent lanthanide ion dopants slightly 

changes with varying the host lattice material. In addition, the shielding effect causes a sharp 

and narrow 4f-4f transition in Ln3+ ions [279,287].  

Trivalent lanthanide ions can act either as activator or sensitizer. In fact, the sensitizer is a 

donor of energy. After being exited by an incident photon, it will transfer its extra energy 

(non-radiative) to the activator as an acceptor of energy. Then, it will emit radiation with more 

energy. To do so, sensitizer should have two main properties i) large absorption cross-sections 

and ii) matching energy levels with activator [288]. Between trivalent lanthanide ions, Yb+3 is 
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the best sensitizer due to high absorption cross-sections (at 980 nm, 9.11×10-21 cm-2) and 

possess a quite simple energy level diagram with only one excited energy state (2F5/2). In 

addition, the energy gap of Yb+3 is similar to the energy level of most common activators, 

which make it an ideal sensitizer (See Figure 1.12). The concentration of Yb+3 in host lattice was 

generally optimized around 17-30 mol % concentrations above 30 % lead to prominent non-

radiative cross-relaxations [288,303].  

 

Figure 1.12. Partial energy level diagrams of trivalent lanthanide ions. Corresponding typical 
UC emissive excited levels are highlighted with red bold lines, reproduced from Ref [288]. 

 

On the other hand, activators should have close energy levels to assist ladder-like energy 

transfer as shown in Figure 1.12. In this regard, Erbium (Er3+), Thulium (Tm3+) and Holmium 

(Ho3+) ions are the most proper activators for upconversion luminescence emission under 980 

nm, which is the most used wavelength for their excitation. Those activators possess 

multilevel energy which matches well with the energy level of Yb+3 as sensitizer for effective 

resonant energy transfer (see Figure 1.12). In addition, a suitable activator should have long 

life metastable excited states. In this condition, the excitation of the electron is more likely to 

be induced by another incident photon or energy transfer from a nearby ion [299]. To avoid 
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quenching or non-radiative relaxation the optimization of activator concentration is so 

important that typically is less than 3 mol % [304]. Figure 1.13 presents one example of energy 

transfer processes between Yb+3 as sensitizer and Er3+ as activator. In this system, Yb+3 is 

excited from ground state to excitation state (2F7/2→2F5/2) by 980 nm laser irradiation. Then, 

energy transfer occurs from Yb+3 to different energy levels of Er3+. Due to long-lived 

metastable excited states in Er3+, sequence energy transfer for reaching to high energy level 

happens. As a result of energy transfer, upconversion emission arises with relaxation. In the 

case of Er3+, four main upconversion emissions exist that includes two strong emissions at 650 

nm (4F9/2→4I15/2) and 520 nm (4S3/2→4I15/2) as well as relatively weak emission at 540 

(2H11/2→4I15/2) and 410 (2H9/2→4I15/2). The figure 1b shows the UC luminescence spectrum of 

NaY:Yb, Er UCNPs.           

 

 

Figure 1.13. Energy level diagram of possible emitting levels in UCNPs doped Yb+3 and Er3+ (a). adapted 
from Ref [305], upconversion luminescence spectrum of NaYF4:Yb (20%), Er (2%) UCNPs (b). 

 

2.2.1.3. Crystal structure of NaREF4 

UCNPs with NaREF4 formulation have two types of crystalline structure including cubic (α-

phase) and hexagonal (β-phase). As shown in Figure 1.14, the cation distributions in two unit 

cell structures differ from each other totally (e.g.  NaYF4:RE) [306]. Indeed, distributions of 

Na+ or RE3+ are more symmetric in crystal unit of cubic phase compared to hexagonal phase 
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[307–309]. As a result, the strength of crystals field and the probability for f-f transitions are 

different for cubic and hexagonal phase. For instance, β-NaYF4 nanocrystal has a lower 

symmetric local crystal field compared to α-NaYF4 and thus increased the probability of f-f 

level electronic transitions and subsequently leads to greater upconversion efficiency 

[310,311]. In this regard, upconversion efficiency of β-NaGdF4 is generally ten times more 

than α-NaGdF4 [312]. Therefore, synthesis of UCNPs with hexagonal β-phase for achieving 

proper upconversion quantum efficiency is crucial. The main challenge for attaining single β-

phase is the formation of cubic α-phase nanocrystals earlier than hexagonal β-phase 

nanocrystals during synthesis of NaREF4 UCNPs. Indeed, cubic phase nanocrystals with lower 

energy formation can nucleate earlier but are thermodynamically less stable than hexagonal 

β-phase nanocrystals (see Figure 1.14). In this regard, the free-energy barrier for the 

conversion from cubic to hexagonal is very high. Hence, in order to overcome an energy 

barrier for phase transition, heat treatment at high temperature is an important step. As a 

result, the formation of a pure and monodisperse hexagonal β-phase of UCNPs and the 

control of their size and shape is a real challenge. Therefore, up to now, many investigations 

have been reported on phase transition for the control of nanocrystals’ size, shape, and 

fluorescence intensity. The main reported strategies involve: introducing trivalent lanthanide 

dopant ions with larger radius such as Gd+3 [309] and doping with alkali ions (Li+ or K+ ions) 

[313], applying mixture of surfactants such as oleic acid, oleylamine and tributylphosphine 

[314–316], change of chemicals ratio (oleic acid, octadecene, NaOH and NHF4) [317–320], 

replacement of sodium oleate instead of oleic acid [321], change the addition way of NH4F 

and NaOH [322], reaction time and temperature [323,324]. 
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Figure 1.14. Cubic lattice unit cell structure (a, b) and hexagonal lattice unit cell (c, d) of NaYF4 

UCNPs. Na+ ions are yellow; Y3+ and RE3+ dopant ions are pink; F− ions are smaller and blue, 
reproduced from Ref [306]. Free energy diagram for the formation of cubic and hexagonal 
crystal phases of NaYF4;RE UCNPs (f), adapted from Ref [311]. 

 

2.2.2. Synthesis of UCNPs 

Various methods for the synthesis of lanthanide-doped UCNPs have been reported, such as 

thermal decomposition, hydrothermal/solvothermal, co-precipitation, microwave-assisted 

synthesis, ionic liquid-based synthesis, and microemulsion methods [260,275,325,326]. In this 

chapter, we will focus on three methods that are used more frequently which include thermal 

decomposition method, hydrothermal/solvothermal method and co-precipitation method. 

(f)
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2.2.2.1. Thermal decomposition method  

Thermal decomposition method, also known as thermolysis strategy, is based on the 

decomposition of an organometallic compound as a precursor at high temperature (e.g. 250-

330 °C) in the presence of a high boiling point organic solvent as a non-coordinating solvent, 

as well as a surfactant as a coordinating ligand. In most cases, metallic  trifluoroacetate salts 

are used as precursor in anhydrous and free-oxygen environment, while 1-octadecene (ODE) 

is employed as a high boiling point organic solvent in which the decomposition reaction occurs 

[325]. However, paraffin was also reported as a solvent for the synthesis of NaYF4: Yb, Er (Tm) 

UCNPs [327]. In this context, the common surfactant is either oleic acid (OA), oleylamin (OM), 

or trioctylphosphine oxide (TOPO). Generally, the role of these surfactants are the prevention 

of UCNPs from aggregation using their long hydrocarbon chains; furthermore they can 

coordinate metallic elements (e.g. Ln+3) via their functional capping groups such as carboxylic 

group in the case of OA [270]. On the other hand, surfactants on surface of NPs via a selective 

absorption effect can control the growth of nanocrystals. Therefore, resultant UCNPs have a 

hydrophobic surface due to the presence of hydrophobic OA, OM, and TOPO. It is noteworthy 

that TOPO is used as a solvent and surfactant for synthesis NaYF4: Yb, Er/Tm/Ho UCNPs at 

different temperatures [328].  

Rapid decomposition of metallic trifluoroacetate as a RE3+ ion and fluorine source at high 

temperature leads to the formation of high number of nucleations which then results in 

producing monodisperse UCNPs (2-100 nm) [325]. In this approach the size, shapes, and 

phase of UCNPs can be controlled by temperature and time of reaction and ratio of Na+/RE3+ 

and F-/RE3+ [329,330]. It is worth mentioning that the preparation of core-shell UCNPs with 

this approach is achievable readily [331]. Although the thermal decomposition method allows 

synthesizing various types of high-quality UCNPs (with narrow size distribution, good 

crystallinity, and desirable optical properties), it has some disadvantages. These drawbacks 

include fast nucleation which can lead to the synthesize of UCNPs with high surface defects 

and consequently decrease the upconversion luminescent efficiency. On the other hand, for 

achieving a nanocrystal with high quality, anhydrous and free-oxygen reaction environment 

would be essential in this approach. Additionally, the production of toxic byproducts of 

fluorinated and oxyfluorinated carbon species limits the practicality of thermal 

decomposition method (Figure 1.15) [270,332]. 
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Figure 1.15. Schematic representation of thermal decomposition for the synthesis of NaY4:Yb,Tm 
particle and possible reaction in this approach [332]. 

 

2.2.2.2. Hydrothermal/solvothermal method 

Hydrothermal/solvothermal approach for the synthesis of UCNPs relies on mixing proper 

reaction precursors, solvents and surfactants under high pressure and temperature which is 

usually above the critical point of the solvent [270]. The reaction is carried out in a specific 

reaction vessel called Teflon-lined autoclave. Typically, polyethylenimine (PEI) [333], 

ethylenediaminetetraacetic acid (EDTA) [334], cetyltrimethylammonium bromide (CTAB) 

[335] and oleic acid (OA)[336] can be employed as surfactant or chelating agent which 

regulate the crystalline phase, size, morphology, and surface functional groups of UCNPs. In 

this approach, the growth of UCNPs can be controlled theoretically by tuning reaction 

temperature, reaction time and surfactants. The size of resultant UCNPs by this method is 

from μm to nm range with various shapes. For example, EDTA is able to reduce the size of 

NaYF4: Yb, Er nanocrystals as a perfect chelating agent, and on the other hand, the 

morphology of UCNPs is affected by tuning the amount of CTAB as a surfactant (e.g. spherical 

NPs to nanorods) [335]. Surface properties of UCNPs depend on the type of surfactant and 

can be hydrophobic or hydrophilic. For instance, using PEI as a polymeric surfactant for 

preparation of water-soluble and biocompatible NaYF4: Yb, Er/T, a one-pot synthesis was 

reported by Wang et al. [337]. The advantage of this strategy is the mild reaction condition, 
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for instance, reaction temperature is relatively low compared to thermal decomposition 

method, e.g. 100-220 °C [338–340]. Furthermore, water, ethanol, and ethylene glycol are the 

main solvents considered in this method which are low-cost compounds and thus would be 

an excellent fit for large-scale production [325]. However a challenge related to this approach 

is the difficulty of tuning the conditions in batch-type sealed reactors, which leads to low 

batch-to-batch reproducibility [260]. Figure 1.16 represents an example of UCNPs synthesis 

with solvothermal approach. 

 

Figure 1.16. Mechanism for the formation of NaREF4 nanoparticles via solvothermal method, 
reproduced from Ref [341]. 

 

2.2.2.3. Co-precipitation method 

The preparation of UCNPs can be performed in aqueous or organic solutions in this approach 

[326]. Generally, this method has two steps which include precipitation at low temperature 

followed by a heat treatment at high temperature in order to improve the crystallinity of the 

products. Precipitation in aqueous solution for example in one of the earliest work reported 

and was achieved by a rapid mixing of two aqueous solutions comprising NaF and mixture of 

lanthanide salts and EDTA [342]. The sizes of as-synthesized nanoparticles were tunable to 
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certain extent, e.g. form 37 to 166 nm, simply by changing the molar ratio of ETDA to total 

lanthanides. After the heat treatment at high temperature under inert atmosphere (e.g. 400 

and 600 °C/N2 for 5h), the fluorescence emission was enhanced by up to 40-fold, which can 

be attributed to the phase transition from cubic to hexagonal. Although the preparation of 

UCNPs by precipitation in aqueous solution is very convenient, this approach has some 

drawbacks among which a low control on the nanoparticles’ size of and structure [325].  

Synthesis of a high-quality hexagonal NaYF4 using the co-precipitation method in organic 

solvent was developed by Z. Li and Y. Zhang [343]. Generally, an oleate complex of lanthanide 

salts (acetate or chloride) is usually formed at 120 to 160° C in high boiling point solvent such 

as ODE under an inert atmosphere. A source of sodium and fluoride (NaOH and NH4OH in 

methanol) is used for the primary nucleation with very low crystallinity at room temperature. 

The reaction is followed by a heat treatment at high temperature (e.g. 290 to 320° C) under 

inert atmosphere (see Figure 1.17). Such annealing is required to enhance the upconversion 

fluorescent intensity as a result of phase transfer from cubic to hexagonal phase and 

sharpening the crystal structure [344]. The temperature of the heat treatment step is critical 

to the phase transition in this method. For example, preparation of hexagonal phase UCNPs 

at high temperature is more favorable, and on the other hand lower temperatures tend to 

lead cubic phase nanoparticles [345]. Moreover, In this method, the use of oleic acid or oleyl 

amine as the coordinating ligand leads to the formation of a hexagonal crystal lattice or a 

cubic crystal lattice, respectively [346]. The size of resulting nanocrystals can be controlled by 

tuning the ratio of reactants, as well as temperature and time of heat treatment [343]. The 

use of mild reaction conditions, low costs compounds and equipment, simple protocols, and 

short reaction times make the co-precipitation method as one of the most convenient and 

promising strategies for synthesis of lanthanide-doped UCNPs [347]. However, it has a the 

disadvantage of heterogeneous heat transfer when relying on traditional stirred tank reactors 

[260,348]. 

 



 

55 
 

 

Figure 1.17. Schematic representation of the co-precipitation method for synthesis of NaREF4 in an 
organic solvent. 

 

2.2.3. Surface Modification of UCNPs 

As mentioned above UCNPs have broad applications in different fields [349,350]. Therefore, 

the surface modification these types of nanomaterials for achieving a desired outcome are 

common is essential. These nanoparticles can be promising sensing probes for biomedical 

application [294,351–355] but will require to be modified with a proper material in order to 

be well-dispersed in aqueous media or biological buffers. In this section, different methods 

for surface functionalizations of UCNPs have been reviewed briefly.  

Generally speaking, resultant UCNPs by popular methods such as thermal decomposition and 

co-precipitation method are stabilized by oleic acid (OA), oleylamine (MO) and 

trioctylphosphine oxide (TOPO) [275]. These NPs have a surface with hydrophobic nature, 

which thus needs to be properly modified for use in biological application. Generally, 

1) Precipitation

T: 25-60 °C

2-3 nm

➢Amorphous system 
➢Dissolve at high temperature
➢Without fluorescence 

2) Heat treatment

T: 290-310 °C

ErYb,;4NaYF
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2-3 nm

α phase β phase
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modification of UCNPs is categorized in different approaches, including ligand exchange, 

ligand oxidation, ligand removal, ligand attraction, layer-by-layer assembly and surface 

silanization. Furthermore, in this chapter, recent methods for grafting polymer in surface of 

UCNPs will be reported briefly  

2.2.3.1. Ligand exchange method 

Ligand exchange methodology is one of the most common methods reported in the literature. 

After preparation of UCNPs, their surface is covered by a capping agent that prevents the 

aggregation of the nanoparticles. In ligand exchange, capping agent is exchanged with other 

ligands that have a higher affinity to bind to the surface of UCNPs compared to the capping 

agent. New hydrophilic ligands after replacement can change the nature of UCNPs surface. 

To date, different varieties of molecules have been used to modify UCNPs with hydrophilic 

groups such as citrate [356], PEG diacid [357], hexanedioic acid [358,359], polyethyleneimine 

(PEI) [360,361], 2-aminoethyl dihydrogen phosphate [362], PEG-phosphate [363], polyacrylic 

acid (PAA) and its derivatives [345,362,364–366], poly(aminoamine) (PAMAM) [367], 6-

aminohexanoic acid [368] and polyallylamine (PAAm) [362].  

2.2.3.2 Ligand oxidation method 

Li and coworkers have reported pioneer work on surface modification of UCNPs via ligand 

oxidation [369]. In this method unsaturated carbon-carbon double bond of capping ligand 

(e.g. OA) is cleaved to hydrophilic functional group –COOH by Lemieux-von Rudloff reagent  

which includes sodium, periodate potassium or permanganate [370]; as a result, the nature 

of surface will be changed from hydrophobic (OA) to hydrophilic (azelaic acids). Furthermore, 

in order to oxidize OA into azelaic acid ligands and/or azelaic aldehyde, Yan and coworkers 

have used ozone as a clean and readily available strong oxidant [371]. The advantage of this 

method is its simplicity, which makes a straightforward route for creating carboxylic groups 

for bioconjugation of the surface of UCNPs [369]. However, this method has some drawbacks 

such as long reaction time with low yields, remaining side product (e.g. MnO2) [364] and as 

well as low availability of ligands that contain unsaturated carbon-carbon double bonds.   

2.2.3.3. Ligand removal 

This method for modification of UCNPs capped with OA was first reported by Xu and 

coworkers [341]. The ligand on the surface of nanoparticles in the presence of excess amount 
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of solvent such as ethanol under vigorous sonication will be removed; thereby UCNPs with 

hydrophilic surface can be dispersed in aqueous solutions readily. Another method for 

removing ligand is acid treatment (e.g. HCl, at pH 4) that was reported by Capobianco and co-

workers [371]. In acidic conditions, OA is protonated and dissociates from surface of UCNPs, 

and naked nanoparticles with positive charges can be dispersed very well in water. Indeed, 

the presence of abundant lanthanide ion on surface of UCNPs can provide strong coordination 

for the conjugation of biocompatible molecules with different functionalities. For instance, 

heparin was coordinated on surface of ligand-free NaGdF4:Yb+3, Er+3 for targeted bioimaging 

[372]. 

2.2.3.4. Ligand attraction 

Ligand attraction occurs based on hydrophobic-hydrophobic and Van de Waals interaction 

between two molecules on the surface of UCNPs. Indeed, an amphiphilic block copolymer 

from hydrophobic part is absorbed by capping ligands on the NPs surface based on a 

hydrophobic interaction, and the hydrophilic outer block of the polymer allows aqueous 

dispersion. A martge variety of polymers and surfactants have been used to decorate UCNPs 

including sodium dodecyl sulphate (SDS), polyethylene glycol tertoctylphenylether 

(C8PhE10), cetyltrimethylammonium bromide (CTAB) [373], phospholipids [374], TWEEN 

[375], various amphiphilic co-polymers such as polyethylene glycol-block-polycaprolactone 

(PEG-b-PCL), poly(ethylene glycol)-block-poly(lactic-coglycolic acid) (PEG-b-PLGA), 

poly((ethylene glycol)-block-lactic acid) (PEG-b-PLA) [376], poly(L-lysine) (PLL) [377] and 

octylamine-polyacrylic acid-polyethylene glycol (OLA-PAA-PEG) [378].  

2.2.3.5. Layer-by-layer assembly 

This method is based on electrostatic interaction between two polymers with an opposite 

charge on surface which generates water-dispersed UCNPs. For instance, negatively-charged 

polymer like polystyrene sulfonate (PSS) and polycations such as poly(allylamine 

hydrochloride) are alternately deposited on surface by repeated incubation and washing 

[379,380]. Dextran sulphate sodium (DSS), PEI [381] poly(allylamine hydrochloride) (PAH) and 

poly(styrene sulfonate), poly(acrylic acid) (PAA) and PAH [382] have thus been used. In this 

simple method it is possible to control the hydrodynamic size, shapes and surface charge of 

the obtained UCNPs precisely [380]. However, time-consuming post-treatment is the main 

disadvantage of this method.  
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2.2.3.6. Surface silanization 

One of the most promising methods for modification of nanomaterials for different 

applications is the surface silanization due to well-established surface chemistry [383]. In this 

method, a layer of silica is coated on the surface of inorganic particles with both hydrophobic 

and hydrophilic surfaces. The present silica layer around UCNPs has several advantages such 

as increasing bio-compatibility and stability in biological media and present minimal influence 

on fluorescence properties of UCNPs [384]. Furthermore, silica shell can provide abundant 

terminal hydroxyl (–OH) groups on surface for further modification with various functional 

groups such as amine [385], carboxylic [386] or thiol [387] for further bio-applications.  

Two methods have been investigated for modification of UCNPs by silanization: 1) reverse 

microemulsion method that is suitable for modification of hydrophobic UCNPs [388,389] and 

2) Stöber method which is used for silica coating of hydrophilic UCNPs. In reverse 

microemulsion method, typically the IGEPAL CO-520 is used as a surfactant, cyclohexane as a 

non-polar solvent, tetraethoxysilane (TEOS) and the ammonia or sodium hydroxide are added 

as a catalyst to hydrolyze TEOS in which silica precursors are condensed to form a Si-O-Si layer 

on the surface of UCNPs. The thickness of the silica layer can be accurately controlled by 

adjusting amount of TEOS, surfactant and reaction time [351,390]. The Stöber method is 

mainly performed in polar solvent such as ethanol and water conversely to the reverse 

microemulsion method [391,392]. In this latter method, the layer of silica is tunable thanks 

to the control of pH and amount of reactants, for example LaF3:Yb+3: Er+3 was coated with a 

silica shell thickness less than 15 nm [391] or NaYF4 UCNPs was modified with a very thin layer 

of silica around 1-3 nm [392]. 
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Figure 1.18. General method strategies for surface modification of UCNPs (direct method), 
reproduced from Ref. [304]. 
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2.2.3.7. Grafting polymers on the surface of UCNPs 

Polymer coating on the surface of UCNPs by above mentioned method such as ligand 

attraction and layer by layer assembly is based on a reversible physiosorption phenomenon. 

However, the latter is thermally and mechanically unstable. One the other hand, 

chemisorption or chemical bonding is another approach for modification of nanomaterials 

that is irreversible and involves covalent attachment of polymers on the surface.  

Generally speaking, grafting of polymer on the surface of nanomaterials is classified into two 

categories i) “grafting-to” and ii) “grafting-from”. 

In the “grafting-to” method, a polymer with an active end-functional group is reacted with a 

chemically activated substrate [393]. However, with this method, preparation of high grafting 

densities on the surface is a challenge due to steric hindrance of the first fraction of chains on 

the surface, which limits the diffusion of subsequent chains to reactive sites [394,395].  

The “grafting-from” strategy is a bottom-up approach in which a small initiator molecule with 

low steric hindrance is covalently attached to a surface and then polymer chains are grown 

from the initiator on surface as shown in Figure 1.19. 

 

 

Figure 1.19. Schematic representation of two strategies for grafting polymers on the surface of NPs: 
“grafting-from” and “grafting-to” approaches. 
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2.2.3.7.1 "Grafting to" approach 

The literature review shows that a few works have been reported about the modification of 

UCNPs with polymer via chemical bonding compared to other techniques such as ligand 

attraction, i.e., amphiphilic polymer coating. 

In recent work Shaohua Liu and co-workers have modified NaYF4:Yb/Er with poly (acrylic acid) 

(PAA) for oral drug delivery via the "grafting to" method [396]. In this work, the PAA chains 

were covalently grafted onto the mesoporous external surface of NaYF4:Yb/Er@mSiO2 by the 

reaction of carboxylic acid group in PAA and amino groups on surface of nanoparticles in the 

presence of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) as a 

coupling agent. Grafted PAA has been used as a reversible gatekeeper to control the release 

of the drug from mesoporous silica shell dependent on pH (Figure 1.20). In another work, 

chitosan was grafted on surface of UCNPs that was reacted with the carboxyl groups located on 

the surface of dimercaptosuccinic acid (DMSA)-modified NaYF4 : Yb/Er UCNPs [330]. 

 

Figure 1.20. Schematic illustration of the preparation procedure of UCNPs@mSiO2-PAA 
nanocomposite and subsequent controlled release of DOX, reproduced from Ref. [396]. 
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2.2.3.7.2 "Grafting from" approach 

Generally, up to now, modification of UCNPs grafted polymer has been reported via several 

methods including 1) conventional radical polymerization, 2) surface-initiated RAFT 

polymerization (SI-RAFT), 3) surface-initiated ATRP polymerization and 4) surface-initiated 

ring opening polymerization.  

2.2.3.7.2.1. Conventional radical polymerization 

In this method UCNPs are modified with a layer of silica with the above-mentioned method. 

The following silica layer is then treated with the coupling agent 

methacryloxypropyltrimethoxysilane (MPS), which has vinyl groups and can react with the 

monomer or pre-polymer in solution by radical polymerization. For example, 

poly[(Nisopropylacrylamide)-co-(methacrylic acid)] (P(NIPAM-co-MAA)) [397], poly 

(methacrylic acid) (PMAA) [398–400] was coated on the surface of UCNPs using this method. 

It should be noted that using vinyl group in this method is suitable for preparation of 

polymeric hydrogels on surface of UCNPs in the presence of divinylbenzene (DVB) or Ethylene 

glycol dimethyl acrylate (EGDMA) for different application such as molecularly imprinted 

technology and drug delivery. The general scheme of this method is shown in Figure 1.21.  

 

Figure 1.21. Schematic illustration of the general procedure for modification of UCNPs by conventional 
radical polymerization. 

 

2.2.3.7.2.2. Surface-initiated ring-opening polymerization 

Generally, in this method, ring-opening polymerization is initiated from amine or hydroxyl 

groups on substrate [401]. Grafting various biocompatible polymer such as poly (ε-
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caprolactone) (PCL), polylactide, poly(glutamate) and poly(N-propionylethyleneimine) (PPEI) 

on different surfaces with this method was reported [402]. In this context, modification of 

UCNPs with linear and hyperbranched polymer via surface-initiated cationic ring-opening 

polymerization was reported by Li Zhou and coworkers [403,404]. In those studies, UCNPs 

with hydroxyl groups were prepared by solvothermal reaction in which ricinoleic acid was 

used instead of oleic acid as a capping agent. As a result, hydrophobic UCNPs with hydroxyl 

groups were synthesized. UCNP-OH was selected as initiator for anionic ring opening 

polymerization of ε-caprolactone and glycidol in the presence of Sn(Oct)2 as a catalyst for the 

preparation of linear poly (ε-caprolactone) and multihydroxy hyperbranched polyglycerol 

(HPG) respectively [405]. A high-density layer of hyperbranched polyglycidol was coated on 

the surface of NaYF4:Yb/Er UCNPs. 

2.2.3.7.2.3. Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP) 

One of the most efficient, robust, and well-controlled techniques for the preparation of 

different types of polymer is Atom Transfer Radical Polymerization (ATRP), that was reported 

by Matyjaszewski in 1995 [406]. Generally, ATRP reaction system includes solvent, a transition 

metal in lower oxidation state such as CuI, various N-containing ligands in order to stabilize 

transition metal and initiator with a halogen atom such as Br and Cl. Transition metal catalyst 

(CuI X/L) can appear in two different oxidation stages, as such it can generate reversibly 

propagating radicals (Pn
•) by activating the alkyl halide initiators/dormant species (Pn−X). This 

electron transfer leads to the oxidation of the transition metal to the higher oxidation state 

as a deactivator ((CuII X/L)). General scheme for ATRP mechanism is depicted in Figure 1.22.  
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Figure 1.22. General scheme for ATRP mechanism, reproduced from Ref. [407] 

 

A few studies have been reported to modify UCNPs by SI-ATRP [408–410]. For instance, very 

recently an ultraviolet (UV)-sensitive amphiphilic diblock copolymer based on poly(4,5-

dimethoxy-2-nitrobenzyl methacrylate) (PNB), and poly(methoxy oligoethylene glycol 

monomethacrylate) ((POEG)) has been synthesized on the surface NaYF4:Yb/Tm@NaYF4 

[410]. The main role of UCNPs in this formulation was emission of UV light under 980 nm laser 

exposure in which hydrophobic UV-sensitive in PNB block (o-nitrobenzyl groups) was cleaved 

to carboxylic acid groups. As a result, polymer on surface has been more water-soluble which 

leads to trigger drug release. In another work, poly(ethylene glycol) as a hydrophilic polymer 

with well-defined and various thicknesses on the surface of NaYF4:Yb/Er UCNPs has been 

prepared via SI-ATRP [409]. However, the main limitation of SI-ATRP polymerization for 

UCNPs modification for biomedical applications is the presence of toxic metal catalysts such 

as copper.   

2.2.3.7.2.4. Surface-initiated RAFT polymerization 

The reversible addition-fragmentation (chain) transfer (RAFT) has been first introduced by 

CSIRO in 1998 [411]. This technique of polymerization is promising due to its facile, simple 

operating mode and compatible with a wide range of vinyl monomers [412,413]. This 

technique of controlled radical polymerization is so attractive for the preparation of polymers 
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with different architectures (linear, star, brash, hyperbranched polymer) for biological and 

medical applications due to free toxic metal catalysts [414]. Furthermore, this technique is 

appropriate for preparation of high molecular weight polymers [415]. The main difference 

between conventional radical polymerization and RAFT polymerization relies in the use of a 

chain-transfer agent based on thiolcarbonylthiol derivative compounds. As shown in Figure 

1.23, RAFT agents include R and Z groups. Z group acts as a stabilizing group that has two roles 

including stabilizing intermediate free radical and activation of carbonylthiol for radical 

addition. On the other hand, R-group is able to leave as a free radical and re-initiate 

polymerization easily.  

 

Figure 1.23. Typical RAFT agent structures 
 

The first step of RAFT polymerization, like conventional radical polymerization is the 

decomposition of initiator for generating free radicals. After addition of monomer, the radical 

species react with chain transfer agent, which forms dormant species. The equilibrium 

happens between active and dormant species (steps III and V, Figure 1.24). Indeed, chain 

propagation occurs by reaction of monomer after the fragmentation of the free radical 

followed by a reversible addition. In order to control all chains with the same degree of 

polymerization, the rate of addition and fragmentation equilibrium should be higher than 

chain propagation. The mechanism of RAFT polymerization is depicted in Figure 1.24.  
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Figure 1.24. Mechanism of reversible addition‐fragmentation chain transfer (RAFT) polymerization, 
reproduced from Ref.[412] 

A large number of existing studies in the broader literature have modified various types of 

nanoparticles with polymer via surface-initiated RAFT (SI-RAFT) polymerization [416].  In SI-

RAFT polymerization, chain transfer agent (CTA) is anchored on the surface of the 

nanoparticles with leads to different controlled grafting densities. As shown in Figure 1.23, 

RAFT agent including R and Z group that for S-RAFT polymerization is possible to anchor CTA 

on surface either by Z group or R group (Figure 1.25). These two approaches of anchoring 

have some advantages and disadvantages, but generally, the literature review shows that 

most studies have used R group approach due to availability of carboxylic acid residue on the 

R-group, which is easy to anchor on the surface of the nanoparticles. In addition, in R-group 

approach dormant species is on outmost surface layer of nanoparticle therefore steric 

hindrance for diffusion of monomer for chain propagation is low. As a result, R-group 

approach allows to prepare high molecular weight and grafted polymers on the surface of 

nanoparticles. In Z-group approach, polymeric radical chain from surface after fragmentation 

is released in solution and will diffuse back to the surface by reversible deactivation. This 

method is difficult for polymers with high molecular weights to diffuse back to surface 
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because of huge steric hindrance. As a result, grafting density of polymers by Z-group 

approach compared to R- group approach is lower on surface of nanoparticles. The 

mechanism of SI-RAFT polymerization on the surface of NPs with R and Z-group approaches 

is presented in Figure 1.25. 

 

Figure 1.25. General mechanisms of surface-initiated RAFT polymerization with R-group approach (a) 
and Z-group approach (b), gray spheres represent nanoparticles, M denotes the monomers. kadd and 
k−β are the rate constants for the addition reaction of CTA (or macro-CTA) with the propagating 
radicals, whereas k−add and kβ are the fragmentation rate constants for the intermediate radicals. 
Reproduced from Ref.[414] 

 

There are plenty of reports on SI-RAFT polymerization to synthesize different polymers on the 

surface of polymeric substrates, Fe2O3 NPs, silica NPs, indium tin oxide, nanoclays carbon 

nanotubes, hydroxyapatite nanocrystals [416]. However, quite few articles have been 

published about the surface modification of UCNPs using SI-RAFT polymerization [417–419].  

For instance, Cyrille Boyer and co-workers have modified UCNPs with Poly(oligo(ethylene 

glycol) methyl ether methacrylate) (POEGMA) via photoenergy/electron transfer RAFT (PET-

RAFT) polymerization. In this work, RAFT agent has been anchored on NaYF4:Yb/Tm UCNPs 

and propagation polymer chains on surface was investigated in presence of visible light (λmax 

= 635 nm). The thickness and grafting density of the polymer layer was tunable easily by 

switching the visible light on and off. The same research group in another study has modified 

UCNPs with polymer for the delivery of nitric oxide (NO). In this study, NaYF4:Yb/Tm UCNPs 

were coated with different polymers such as poly (glycidyl methacrylate (GMA), 

poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) or hydroxyethyl 

methacrylate (HEMA) via surface-initiated photo-RAFT polymerization in the absence of 

catalysts or initiators [417]. Interestingly, Zhongxi Xie et al. have used UCNPs as a source of 
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UV for photoinduced RAFT polymerization [418]. In this early study, the surface of 

NaYF4:Yb/Tm@NaYbF4:Gd@NaNdF4:Yb@NaYF4 was modified with the RAFT agent and UCNPs 

were excited with NIR (808 nm). As a result, emitting UV from UCNPs triggered the RAFT 

polymerization on surface without adding any photocatalyst. A layer of block copolymer (6.5 

nm) based on poly(acrylic acid) (PAA) and poly(oligo(ethylene oxide)methacrylate has been 

successfully prepared on the surface of UCNPs.  

3. Overall conclusion 

In this chapter, the synthesis and use of hyperbranched polymers (HBPs) for the delivery of a 

drug, the synthesis of lanthanide-doped upconversion nanoparticles (UCNPs) and the 

different strategies to modify their surface with a polymer layer have been reviewed.  

For several years great efforts have been devoted to the preparation of hyperbranched 

polymers in solution by radical control polymerization (CRP). However, only a few works have 

reported the growth of hyperbranched polymers from the surface of nanoparticles using CRP 

(e.g. ATRP). Although RAFT polymerization is a promising method for the synthesis of 

polymers for biomedical applications, the preparation of hyperbranched polymers at the 

surface of nanoparticles has not been yet reported .  

Regarding the bibliography section on UCNPs, it was highlighted that for the synthesis of 

UCNPs, the mechanism by which α-nanocrystals are transformed into β-nanocrystals is still 

not yet fully elucidated as is the effect of the reactor geometry on the control of the 

β-nanocrystals shape and size. Indeed previous reported studies have been more focused on 

tuning the ratio of chemicals and addition of different doping agents to control their size and 

shape. 

Thus, in the following chapters, we will address these key points by running i) an extensive 

investigation on the production of lanthanide-doped UCNPs in flask and microtubular reactors 

of different heat transfer features (Chapter 2), ii) an investigation of the growth of 

hyperbranched polymer  from the surface of these UCNPs by surface-initiated RAFT 

polymerization (Chapter 3), iii) a study on the potential of HBPs grafted on UCNPs for the 

delivery of 5-fluorouracil (5-FU) as a model drug for cancer therapy implementing redox and 

enzymatic triggering features in the design of the HBPs (Chapter 4).



 

 
 



 

 
 

CHAPTER 2 : Controlled synthesis of NaYF4:Yb,Er 

upconverting nanocrystals: a focus on heat treatment 
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1. Introduction 

Through the last decade, lanthanide-doped upconversion nanoparticles (UCNPs) have been 

widely investigated for their potential application in many areas, such as therapeutics, 

multimodal bioimaging, solar cells, sensors, high-density optical storage and three-

dimensional flat-panel displays [350,354,420–422].  

Numerous investigations have been reported on rare-earth (RE) doped fluorides UCNPs 

especially NaYF4 nanocrystals because of their excellent properties such as low phonon 

energy (< 400 cm-1), excellent chemical stability, and a superior refractive index (1.430-1.470) 

[423,424]. Several methods of producing this type of nanocrystals have been adopted, which 

includes co-precipitation, thermal decomposition, hydrothermal synthesis, sol-gel synthesis, 

combustion synthesis, and flame synthesis. [423]. 

Generally speaking, the synthesis of NaREF4 nanocrystals by co-precipitation method 

comprises two steps that include precipitation step at low temperature and heat treatment 

process at high temperature (typically around 300 °C)[343]. Control of heat treatment step 

for tuning the properties of final nanocrystals, such as the phase of nanocrystals, size, crystal 

morphology, and size distribution is so critical. Indeed, the evolution of size, morphology, and 

phase transition will occur during this step.  

These nanocrystals have two major types of crystalline structures, including cubic α-phase 

and hexagonal β-phase, the latter exhibits enhanced fluorescence intensity [425]. However, 

cubic α-phase with lower forming energy is the first to be produced during the synthesis. 

Then, as a thermodynamic product, it is converted into β-phase following a heat treatment at 

high temperature. Therefore, up to now, many investigations have been reported on phase 

transition for the control of nanocrystals’ size, shape and fluorescence intensity. For example, 

introducing trivalent lanthanide dopant ions with larger radius such as Gd+3 [309] and doping 

of alkali ions (Li+ or K+ ions) [313], applying mixture of surfactants such as oleic acid, 

oleylamine and tributylphosphine [314–316], change of chemicals ratio (oleic acid, 

octadecene, NaOH and NHF4) [317–320], replacement of sodium oleate instead of oleic acid 

[321], change of addition way of NH4F and NaOH [322], reaction time and temperature 

[323,324]. Also, significant effort has been invested in the perception of growth and phase 

transition mechanism [426–433]. For instance, Suter et al. have investigated the growth of 

nanocrystals from cubic α-phase to hexagonal β-phase by real-time monitoring using NIR-to-

https://www.sciencedirect.com/topics/physics-and-astronomy/phonons
https://www.sciencedirect.com/topics/physics-and-astronomy/refractivity
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visible upconversion emission [431]. They have defined four stages related to the evolution 

of NaYF4 nanocrystals phase in which the longest period in heat treatment time is between 

the initial formation of the small cubic α-phase nanocrystals and the start of the phase 

transition that was called relative stasis phase. Also, May et al. have studied the mechanism 

of crystals growth by means of a mathematical model [433], while very recently Radunz et al. 

have investigated the evolution of size and optical properties of NaYF4 nanocrystals with 

different techniques such as SAXS, TEM, XRD and ICP-OES [427]. 

However, to the best of our knowledge, despite significant effort invested in controlling the 

phase, shape, and growth of nanocrystals, nobody has studied the effect of vessels with 

different heat transfer rates on growth of NaLnF4 nanocrystals via co-precipitation. In this 

study, the significance of using an appropriate reactor for growth of NaYF4:Yb,Er nanocrystals 

during the heat treatment step has been investigated. On the other hand, in addition to 

studying the growth of NaYF4:Yb,Er nanocrystals, new reactors have been considered that 

benefit from scale-up capability. Therefore, in this report, we set out to design a system for 

the heat treatment step based on stainless steel microtubes that can be used at different 

lengths with capacities ranging from several milliliters to a few hundred milliliters. In addition 

to the advantage of scale-up, these tubes as a closed system, allow eliminating some of the 

parameters that have a tangible effect on the final product. For instance, some of these 

parameters are argon gas flow, stirring rate, the volume of the mixture for reaction. [434]. 

Sometimes the simultaneous control of all these parameters is difficult and the growth of 

nanocrystals may present some discrepancies from batch to batch. Therefore, the use of 

microtubes can put aside these parameters, which results in repeatability of the growth 

process of nanocrystals. 

2. Results and discussion 

2.1. Comparison of nanocrystals growth and phase transition between a microtube and a 

round-bottom flask  

One of the most common conditions for the synthesis of NaYF4:Ln+3 nanocrystals by co-

precipitation method is the use of the formulation with 1.0 mmol of rare-earth chloride, 4.0 

mmol NH4F, 2.5 mmol NaOH, 6 mL of oleic acid and 15 mL of octadecene and a heat treatment 

is carried out at 300 to 310 °C [343]. In this context, the reactors influence on the growth of 
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crystals and phase control has been investigated through the heating process step for this 

formulation. Generally, we have used two heating systems, which include the flask system 

(round-bottom flask) as a typical and the most common heating system and microtubes with 

various internal diameters (879, 1753 and 4083 μm).  

First, we have started with 4083 μm microtube at 300 °C with different heat treatment times. 

Figure 2.1a illustrates the comparison of growth nanocrystals in the microtube and round 

bottom flask. In the latter system, the β nucleation was observed only after 30 min of heat 

treatment (Figure 2.1b) and was completed after 120 min since TEM micrograph revealed 

bigger nanocrystals with a lattice fringe of 0.52 nm which is attributed to the β-phase (Figure 

2.1c). Experiments conducted in the microtube showed that the nucleation process of the β-

phase has been associated with a long delay in comparison with the flask system. For instance, 

the results of XRD (Figure A.2.1) and TEM revealed that only cubic α-phase nanocrystals were 

present for 120 min heating since the lattice fringe was equal to 0.31 nm (Figure 2.1d). 

However, when the heat treatment time was increased to 180 min, β nucleation had clearly 

occurred since bigger particles coexisted with smaller α-phase nanocrystals (Figure 2.1e). 

Upon extended time (up to 330 min), no α-phase nanocrystals was still observed (Figure 2.1f) 

and the growth phase (α→ β) was completed. Influence of temperature and type of reactor 

on the time range of phase transition will be discussed in section 2.2. 

Regarding shape and size of resultant β-NaYF4:Yb,Er nanocrystals, rod-like particle was the 

final shape of β-phase nanocrystals from microtube with a mean length size of 47.6 ± 12.3 nm 

and a width of 21.6 ± 2.4 nm (Figure 2.1f) while β-NaYF4:Yb,Er nanocrystals from the flask 

system were more spherical with an average size around 30 ± 0.7 nm (Figure 2.1c). This 

difference in shape will be discussed in section 2.3. 
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Figure 2.1. Evolution of the nanocrystals’ size, as returned by DLS measurements, with respect to the 
heat treatment time for a round bottom flask and a 4083 µm microtube (a). TEM images of 
nanocrystals synthesized at 300 °C: mixture of cubic and hexagonal phase (flask system, 30 min) (b), 
hexagonal β-phase nanocrystals (flask system, 120 min) (c), cubic phase (microtube system, 120 min) 
(d), mixture of cubic and hexagonal β-phase (microtube system, 180 min) (e), hexagonal β-phase 
(microtube system, 330 min) (f). 

2.2. Influence of temperature and type of reactor on the time range of β-phase transition 

The above experiments conducted in the microtube system showed that the dissolution 

process of the cubic α-phase nanocrystals (α→ β) was carried out with a slow rate, 

notwithstanding the high heat transfer and subsequent temperature homogeneity of 

microtube compared to flask system (see section 2.2.4).  

The primary implication of the previous results is that the low rate of dissolution of cubic α-

phase nanocrystals in microtube leads to a low concentration of monomers for β-phase 

nucleation (i.e. below supersaturation for crystallization). In fact, ultrasmall β-phase nuclei 

are thermodynamically less stable than α-phase nuclei [435]. Therefore, at a low 

concentration of monomers, β-phase nuclei after being formed do not have the opportunity 

to reach the critical radius corresponding to the minimum size allowing them surviving in 

solution without being redissolved and thus evolve back to the α-phase [436,437]. On the 

other hand, if the concentration of monomers is high enough in the system (i.e. 

supersaturation), the β-phase nuclei can reach the critical size above which they can survive 
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[311,317]. In conclusion, it seems that the type of reactor has a strong effect on the range of 

heat treatment times over which the phase transition occurs. Therefore, to confirm this 

assumption new experiments with in another microtube having a smaller diameter were 

performed. 

2.2.1. Comparison of nanocrystals growth in large and small ID microtubes (4083 and 879 

µm) 

In this next step, we used a microtube with an internal diameter of 879 µm, which is about 

4.5-fold smaller than the previous microtube (ID = 4083 µm). The morphologies of the 

resultant NaYF4:Yb,Er nanocrystals at various heat treatment times were observed with TEM 

(Figure 2.2). The results showed that β-phase nucleation occurred for 60 min of heating and 

resulted in a mixture of α-phase nanocrystals having an average size of 5.7 ± 1.2 nm and β-

phase nanocrystals with a narrow size distribution (9.4 ± 0.6 nm) as shown in Figure 2.2b. The 

extension of heating led to an increase in the size of β-phase nanocrystals with a very broad 

size distribution as well as a change in their morphologies to rod-like shapes (Figure 2.2c). The 

resultant β-NaYF4:Yb,Er nanocrystals for 150 min heating (Figure 2.2e) included a mixture of 

spherical and rod-like β-phase nanocrystals shapes with sizes around 10-18 nm and 20 to 40 

nm (length) respectively. One also could observe some impurities constituted by the presence 

of residual α-phase nanocrystals.  

As a conclusion, two major differences were revealed between 879 µm and 4083 µm 

microtubes in their β-phase nucleation times range and nanocrystals size distribution. In this 

regard, in 879 µm microtube the first β-phase nanocrystals were observed for 60 min heating 

while for 4083 µm microtube it was around 180 min heating. On the other hand, the obtained 

β-phase nanocrystals from 879 µm microtube had a poor size distribution compared to the 

other bigger size microtube. It seems that, the consumption of cubic α-phase nanocrystals, β-

phase nucleation, and growth of β-phase nanocrystals overlap strongly in the smaller 

microtube. Indeed for this system, β-NaYF4:Yb,Er nanocrystals ranging from 10 nm (as a 

primary β nanocrystal with spherical shape) coexisted with 40 nm rod-like nanocrystals after 

150 min heating (Figure 2.2e). At this stage, one can question about the effect of temperature 

and the possibility of getting narrow size distribution of β-phase nanocrystals in the smaller 

microtube.  



 

75 
 

 

Figure 2.2. TEM images of NaYF4:Yb,Er nanocrystals obtained in a 879 µm microtube at 300 °C and 
different heat treatment times. 

 

2.2.2. Comparison of nanocrystals growth between a smaller ID microtube (879 μm) and 

flask systems at constant temperature 310 °C and various heat treatment times 

In order to investigate the effect of the temperature on the formation of NaYF4:Yb,Er 

nanocrystals, experiments at 310 °C were performed in the same smaller microtube (879 μm). 

The nanocrystals obtained after 30 min of heating had a cubic α-phase as reported by XRD 

analysis (Figure A.2.2) and the HRTEM image of a nanocrystal also indicated the lattice fringes 

(0.31 nm) of α-NaYF4:Yb,Er nanocrystals (Figure 2.3a). These nanocrystals were spherical with 

size 5.9 ± 0.5 nm and highly monodisperse. By increasing the heat treatment time from 30 to 
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90 min, an increase in the particle size from ~ 4-6 to ~ 8-9 nm could be observed (Figure 2.3a-

c). Furthermore, the morphology of the nanocrystals has been changed without altering the 

crystalline phase of the outcome α-NaYF4:Yb,Er nanocrystals. For instance, a bimodal 

distribution of α-phase nanocrystals was observed for 60 min of heating since small and 

spherical nanocrystals coexisted with irregular shape nanocrystals with bigger sizes (Figure 

2.3b). As clearly shown in Figure 2.3c, the majority of α-NaYF4:Yb,Er nanocrystal had an 

irregular shape with a broad size distribution after 90 min. The XRD crystal structure studies 

indicated nanocrystals to be a single α-phase nanocrystal without the presence of any 

impurity (Figure A.2.2) and also the obvious lattice fringes with the spacing d values of 

~0.31 nm corresponding to the (111) d-spacing of α-NaYF4:Yb,Er in the HRTEM images 

confirmed that the individual particles were highly crystalline (Figure 2.3c).  
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Figure 2.3. TEM images of NaYF4:Yb,Er nanocrystals with two magnifications at different heat 
treatment time at 310 °C in 879 μm microtube. The red box for the micrograph at 90 min is reported 
in Figure 2.4. 

 

The upconversion emission of resultant α-NaYF4:Yb,Er nanocrystals for 30 and 90 min heating 

was measured under the same conditions and concentrations in cyclohexane as shown in 
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Figure A.2.3. The α-NaYF4:Yb,Er nanocrystals for 90 min of heating show a twofold increase in 

intensity compared to the α-NaYF4:Yb,Er nanocrystals obtained for 30 min of heating. It is 

thought that this increase may result from a reduction in defects induced by a rearrangement 

of atoms in the internal and surface structure of nanocrystals as well as growth in nanocrystal 

size during the heating process. Furthermore, the integral intensities of green (500-600 nm) 

and red (600-700 nm) emissions were investigated and showed a difference between two α-

NaYF4:Yb,Er nanocrystals (30 min: Rg/r=1.2 and 90 min: Rg/r=1.0). With a deeper investigation 

of the TEM micrograph from the irregular shape α-NaYF4:Yb,Er nanocrystals obtained after 90 

min of heating, one can observed oriented attachment (OA) between two nanocrystals before 

relaxing into a sphere shape in which the resulting size larger than the size of the two 

individual nanocrystals (Figure 2.4). This manner of crystals growth supports the assumption 

of an oriented attachment mechanism, i.e. coalescence process [438]. 

 

 

Figure 2.4. Two examples of sintering of α-NaYF4:Yb,Er nanocrystals by coalescence mechanism in 879 
μm microtube at 310 °C for 90 min heating. 

 

Therefore, it seems that for phase transition (α→ β), the primary step could be the growth of 

small α-phase nanocrystals with coalescence process to the bigger irregular shape and 

anisotropic nanocrystals with a size around 8-9 nm. The surface energy reduction is a good 

driving force for the coalescence process because the surface area of the new formed 

nanocrystals is less than that of the sum of the surface areas of the primary nanocrystals. 

Overall these results are in accordance with findings reported by Leite and coworkers [439]. 

They have indeed shown that oriented attachment is an effective mechanism for the 
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formation of anisotropic nanocrystals under hydrothermal annealing. Interestingly, their 

results, such as the change in the morphology of primary nanocrystals from spherical to 

anisotropic and producing irregular-shaped nanocrystal by heat treatment, are compatible 

with our results.  

According to the report of May and coworkers, the period of heat treatment before phase 

transition (˃25 min) could be defined as a relative stasis of α-phase nanocrystals population 

that is however still unclear and under discussion [431]. Nevertheless, the current results 

provide now clear evidences that the α-phase nanocrystals may also grow by the coalescence 

process beside the Ostwald ripening phenomenon that was reported in the literature 

[427,431,433].  

Surprisingly, despite the high temperature (310 °C) and homogeneous heat transfer of 

microtube (879 µm), one could not observe any hexagonal β-phase with HRTEM before 90 

min heating. This main observation was related to the slow change in the shape and size of 

α-phase nanocrystals.  

We have extended the heat treatment time above 90 min and observed a sharp phase 

transition for which all the α-phase nanocrystals were dissolved to the benefit of the β-phase 

nanocrystals growth. The sizes and morphologies of the obtained β-NaYF4:Yb,Er were 

characterized by TEM. As shown in Figure 2.3d, resultant nanocrystals from microtube after 

120 min heating appeared rod-like in shape and have a narrow size distribution and good 

uniformity. The average size of the resultant β-NaYF4:Yb,Er nanocrystals, evaluated from 

more than 150 random nanocrystals, was 72.8 ± 6.5 nm in length and 22.2 ± 1.5 nm in width 

(Figure 2.3d). The HRTEM image displayed an interplanar spacing of 0.52 nm corresponding 

to the (1010) plane of β-NaYF4:Yb,Er (Figure 2.3d). This single β-phase of nanocrystals was 

also confirmed by XRD analysis (Figure A.2.4). Meanwhile, Na and coworkers have prepared 

β-NaYF4:Yb,Er nanorods (L= 60.1 nm and W= 21.5 nm) with the same components but with a 

higher ratio of oleic acid to solvent, i.e. 9.5 (in our case 0.4) and higher temperature at 320 °C 

(in our case 310 °C) in a flask system [440]. It is worth noticing that in order to check the 

repeatability of our system for nanorods synthesis, the experiments were duplicated with a 

150 min heat heating. The resultant β-NaYF4:Yb,Er had a size (L= 76.5 ± 7.2 nm and W= 22.1 



 

80 
 

± 1.4 nm) and shape such as those produced in the previous experiment, which indicates that 

the system has a good repeatability for the formation of nanorods (Figure 2.5).  

 

Figure 2.5. TEM images of β-NaYF4:Yb,Er nanocrystals with two magnifications obtained in 879 μm 
microtube for 150 min heating at 310 °C. 

 

As a summary, the growth of nanocrystals in 879 µm microtube at 310 °C includes two 

different stages i) growth of α-phase nanocrystals and consequently accumulation of irregular 

shape nanocrystals without presence of any β-phase nanocrystals; ii) fast phase transition 

(α→ β) which produces pure β-NaYF4:Yb,Er nanorods. 

About the first stage, it seems that irregular shape α-NaYF4:Yb,Er nanocrystals could be the 

mature-form of the cubic α-phase. However, this type of nanocrystal could be less stable than 

primary cubic nanocrystals despite their bigger size. This instability issue may be due to 

different interaction of the oleic acid (capping agent) on the surface of the nanocrystals (i.e. 

strong coordination interaction or weak Van der Waals interaction) as explained by Chun-Hua 

Yan and co-workers for α-NaYF4:Yb,Er nanocrystals with different shapes and sizes [428]. 

Indeed, if the adhesion energy or interaction on the surface is low, the odds of instability and 

dissolution of the nanocrystal will be high [428]. On the other hand, nanocrystals with 

irregular or anisotropic shapes have lower stability compared to spherical nanocrystals of the 

same volume due to their higher surface areas which renders them metastable [441]. 

Therefore, dissolution of this type of nanocrystals should be a source of monomers for the 

growth of β-phase nanocrystals. As one observed in microtube, the phase transition 

happened when the majority of the cubic α-phase changes to irregular shape with a critical 
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size around 12 nm. It seems that if the number of this type of nanocrystal in the system goes 

up, e.g. when heating time is increased, and then more monomers are produced by their 

dissolution. As a result, the concentration of monomers will reach a critical concentration for 

β nucleation in which phase transition will happen (Figure 2.6).  

 

Figure 2.6. Schematic illustration of size, morphology and phase evolution of NaYF4:Yb,Er nanocrystals 
when increasing the heat treatment time from 30 to 120 min at 310 °C in 879 μm microtube 

 

2.2.3. Size and morphology of α-phase nanocrystals before full conversion in α-phase 

nanocrystals at different temperatures for the flask system 

To get a deeper insight, we have studied the size and morphology of α-NaYF4:Yb,Er 

nanocrystals before full conversion of the cubic α-phase into hexagonal β-phase for the flask 

system at 310 °C. First of all, in contrast to microtube, for 30 min of heating, a mixture of cubic 

and hexagonal phase was observed. The results of TEM showed that the size and morphology 

of α-NaYF4:Yb,Er nanocrystals were the same as the ones produced with the microtube before 

phase transition regarding the size and the morphology (Figure 2.7a). After heating for an 

additional 30 min, the rest of these α-NaYF4:Yb,Er nanocrystals were dissolved completely, 

and finally, the pure β-NaYF4:Yb,Er nanocrystals phase was produced (Figure 2.7b). In 

addition, the formation of these irregular shape α-NaYF4:Yb,Er nanocrystals at low 

temperature such as 290 °C in flask system was investigated. The size histogram 

corresponding to the TEM images for cubic α-phase is given in Figure 2.8; the mean particles’ 

size was 9.1 ± 1.1 nm. As observed, both size and shape were similar to those of the α-
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NaYF4:Yb,Er nanocrystals observed at 310 °C and obtained either from the bottom flak or the 

microtube.  

Overall, if one compares the time for nucleation and growth processes of β-phase in flask 

system and microtube at 310 °C, it can be concluded that in flask system the β nucleation 

happens faster. This issue may be interpreted by considering that a homogeneous heat 

transfer system (microtube) could impede the formation of irregular shape α-NaYF4:Yb,Er 

nanocrystals by suppressing the coalescence process. Therefore, the accumulation of this 

type of nanocrystals as a source of monomers for β-phase transition could be delayed. 

Another or additional reason may be related to the high pressure inside the microtube which 

may lead to the decrease in diffusivity. Indeed the collision between two nanocrystals is 

another critical parameter for promoting the coalescence process [439,442]. It is also worthy 

to note that the microtube system was devoid of any physical source of mixing. To summarize, 

our experiments seem to indicate that a system with heterogeneous heat transfer facilitates 

phase transition (α→ β). For a better insight on this issue, we have considered another type 

of flask system. 
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Figure 2.7. TEM image of obtained NaYF4:Yb,Er nanocrystals in round bottom flask at 310 °C for 
different heat treatment 30 min (a) 60 min (b) of heating. Particle size histograms of α-NaYF4:Yb,Er 
nanocrystals corresponding to the TEM images (a, right). 

 

 

 
Figure 2.8. Particle size histograms of α-NaYF4:Yb,Er nanocrystals corresponding to the TEM images 
(a) TEM images at low and high magnifications at 290 °C in flask system for 150 min heating (b, c). 
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2.2.4. Comparison of nanocrystals growth in different temperature gradient reactors 

To get more evidence, we have designed experiments with two different stirred flask systems 

(Erlenmeyer and round bottom flasks) at 290 °C that present different heat transfers (Figure 

A.2.5). The Erlenmeyer flask presents the highest temperature gradient (~100 °C) between its 

its external wall (~190 °C) and the bulk of the liquid at 290°C (set temperature); while the 

round bottom flask exhibits a temperature gradient 3 times lower (30 °C) between its external 

wall (320 °C) and its center (290 °C). 

The phase transition of the cubic to hexagonal phase (α→ β) in the two above systems was 

studied with TEM at different heat treatment times. We found that consumption of α-

NaYF4:Yb,Er nanocrystals and phase transition in Erlenmeyer flask took approximately 120 

min to fulfill a pure β-phase entirely; on the contrary, this time for the round bottom flask 

was about 180 min of heating. As shown in Figure 2.9a and b, after 150 min of heating in the 

round bottom flask a mixture of α and β-phases was observed while for the Erlenmeyer flask 

all of cubic α-phase disappeared and only β-NaYF4:Yb,Er could be observed (see XRD analyses 

in Figure 2.9c). The particle size of hexagonal β-phase after full conversion of cubic α-phase 

in the Erlenmeyer flask was about 27.6 ± 0.5 nm and in the round bottom flask 26.6 ± 0.6 nm. 

According to a tangible difference in the consumption rate of the cubic α-phase (120 min 

compared to 180 min heating for Erlenmeyer flask and round bottom flask, respectively), it 

seems that high temperature gradients could facilitate the phase transition which confirms 

our previous assumption. 

 

 

Figure 2.9.TEM images of NaYF4 nanocrystals obtained with the Erlenmeyer flask (a), the round 
bottom flask (b) and XRD analyses (c) after 150 min heating at 290 °C. 
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In addition, we have observed that the phase transition did not happen in the 879 μm 

microtube at 290 °C after 150 minutes (TEM in Figure A.2.6), a system considered with a small 

temperature gradient owing to the high surface to volume ratio. Therefore, it can be 

concluded that the temperature gradient could be an important parameter that affects the 

phase transition.  

As reported by Yin and Alivisatos [441], nanocrystals growth depends upon the capability of 

the surfactant for on and off-exchange at the crystals’ surface while preventing from 

aggregation. This exchange of surfactant is strongly affected by the temperature and is fastly 

occurring for higher temperatures. Since the temperature gradient for the Erlenmeyer flask 

is significantly higher than for the round bottom one, the α-phase nanocrystals near its inner 

wall undergo a higher temperature. As a result, aggregation and dissolution of α-phase 

nanocrystals could be most likely occurring due to the fast exchange of surfactant.  

2.3. Influence of temperature, heating time and type of reactor on the shape of β-phase 

nanocrystals 

2.3.1. Nanocrystals produced in microtubes with different IDs and temperatures 

In a new set of experiments, the synthesis of β-NaYF4:Yb,Er nanocrystals was carried out at 

different temperatures from 300 to 315 °C and with microtubes of different internal 

diameters (4083 and 1753 μm). The results illustrate that the characteristics of the obtained 

nanorods depend on the internal diameter of microtube and temperature of the heat 

treatment. TEM images and size distribution histograms of β-NaYF4:Yb,Er nanocrystals are 

shown in Figure 2.10.  

As shown in Figure 2.10a and b, the average length of the as-synthesized β-NaYF4:Yb,Er 

nanocrystals in a 4083 μm microtube at 305 °C was higher than that obtained with a 1753 μm 

microtube. Also, the nanocrystals formed with 4083 μm microtube had a narrow size 

distribution compared to the other microtube. However, the widths of nanocrystals had 

roughly the same value. At 310 °C the size (length and width) and size distribution of β-

NaYF4:Yb,Er nanocrystals were significantly different for both microtubes (Figure 2.10c and 

d). The nanorods prepared at 315 °C with the two microtubes had the same length (ca. 39 

nm), however, the width of nanocrystals from 4083 μm microtube was 22.3 ± 1.5 nm which 

is slightly higher than the width of those obtained with the 1753 μm microtube, ca. 20.4 ± 2.3 
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nm (Figure 2.10e and f). In addition, the nanocrystals from 4083 μm microtube had uniform 

shape and narrow size distribution.  

 

Figure 2.10. TEM images and size distribution histograms of β-NaYF4:Yb,Er nanocrystals obtained in 
1753 μm and 4083 μm microtubes at different temperatures. Blue and red colors represent length 
and width of nanorods respectively.   
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All information about the lengths and widths of the as-synthesized nanorods is summarized 

in Figure 2.11. Overall, the results obtained with the two microtubes showed that i) β-

NaYF4:Yb,Er nanocrystals had an epitaxial growth along [001] direction (longitudinal), ii) their 

longitudinal size was influenced by the diameter of the microtube and the temperature. On 

the other hand, the transversal growth of nanocrystals was the same whatever the 

temperature and the diameter of the microtube are. Consequently, the width of the nanorods 

remained at the same value of ca. 20-22 nm. The length of nanocrystals produced with 1753 

μm microtube was quite similar to that obtained with the larger diameter (4083μm) except 

at 310 °C. 
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Figure 2.11. Length and width evolution of β-NaYF4:Yb,Er nanorods with changing reaction 
temperature and internal diameter of microtube: 4083 µm (a), 1753 μm (b). The aspect ratio of 
nanorods in the two microtubes at different temperatures (c). 
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nanocrystals have an epitaxial growth in the longitudinal direction at an almost constant 

width (Figure 2.12a). The size of the β-phase nanocrystals increased by a symmetric epitaxial 

growth once a spherical nanocrystal of 18 nm was formed after a setpoint of 90 min heating. 

Then the β-phase nanocrystals evolved from a spherical shape to nanorods by increasing their 

length. Moreover, the temperature seems to affect this setpoint. For example, the 

longitudinal epitaxial growth of the β-phase nanocrystals for the same microtube heated at 

300 °C started after about 180 min of heating (Figure A.2.7) while at 315 °C it was after 60 

min (Figure A.2.8). Step by step, the average size of nanocrystal increased until cubic α-phase 

being completely consumed. Based on results, it seems that the re-nucleation of β-phase has 

been stopped and β-phase nanocrystals have an asymmetric epitaxial growth in a longitudinal 

direction. As a matter of fact, when nucleation and growth of crystals are separated, 

nanocrystals with an anisotropic shape such as nanorod is observed in the system [443]. On 

the other hand, resultant β-NaYF4:Yb,Er nanocrystals from flask had a spherical shape after 

full consumption of the cubic α-phase (Figure 2.12b). Before the full conversion of cubic α-

phase, β-phase nanocrystals have a hexagonal shape that evolved into a spherical shape 

presumably due to symmetric epitaxial growth.  
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Figure 2.12. Longitudinal epitaxial growth of β nanocrystals in 4083 µm microtube (a) and symmetric 
epitaxial growth of β nanocrystals in flask (b) for different heat treatment times at 310 °C. Insets are 
the corresponding β-NaYF4:Yb,Er nanocrystals TEM images. 

 

2.3.3. Summary of nanocrystal phase evolution at different temperatures, heating times 

and reactors 

In order to precisely determine the influence of the temperature, heat treatment time and 

type of heating system on nanocrystals phase, three graphs were designed. The complete 

phase transition point and some details related to the type of phase for different conditions 

are thus reported in Figure 2.13. This information related to the size evolution, phase, and 

shapes of nanocrystals was extracted from TEM images. Conclusions can be drawn as follows: 

the microtubes of 4083 and 1753 µm ID almost have the same phase transition pattern that 

is quite similar to the flask system. The main difference is that the phase transition in these 

microtubes is much slower than the flask system (e.g. it required more reaction time to 

proceed). The nanocrystals produced in a 879 µm microtube at 290 °C are only cubic α-phase 

while at 300 °C a mixture of α and β-phase is observed. Interestingly a sharp phase transition 

was observed in the 879 µm microtube at 310 °C, which was not observed for other 

conditions. 
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Figure 2.13. Summary information about phase evolution of NaYF4:Yb,Er nanocrystals as a function of 
temperature and heating time for 4083 µm (circle) and 1753 µm (cross) microtubes (a), 879 µm 
microtube (b) and round bottom flask system (c). Circle, cross, diamond and triangle represent the 
point at which the single phase β-NaYF4:Yb,Er nanocrystals are formed. 
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the size of nanocrystals is about 4-6 nm with more spherical shape (NPs cubic 1). These 

nanocrystals grow with the coalescence process beside Ostwald ripening and undergo a 

rearrangement of atoms followed by the formation of irregular shape α-NaYF4:Yb,Er 

nanocrystals (increase surface area) with a size around 8-9 nm (NPs cubic 2). Then some 

nanocrystals dissolve into monomers under the instabilities as mentioned earlier. These 

monomers with a low concentration (below critical concentration for β-nucleation) will start 

the cycle again. However, if the number of these NPs cubic 2 increase, the concentration of 

monomers will increase also. Note that the number of irregular shapes α-NaYF4:Yb,Er 

nanocrystals with critical size can be influenced by the heating system employed as 

emphasized above. In the flasks compared to the microtube, formation of irregular shape α-

NaYF4:Yb,Er nanocrystals as a metastable form of cubic α-phase could be more likely to occur 

by the coalescence process due to higher temperature gradients, normal pressure and 

effective collision. As a result, the number of this type of cubic nanocrystals in the flasks can 

be increase and subsequently after their dissolution the concentration of monomers will also 

increased till reaching the critical concentration required for the formation of the β-phase. 

From that point, the shape of the final β-nanocrystals will depend upon the system used for 

the post-heat treatment. Indeed, our results confirmed that rod-like crystals are observed 

with the microtube while spherical ones are produced with the flasks. One reason for this 

might be the rate of dissolution of the α-phase nanocrystals. In fact, for the flasks, it is 

expected to be faster compared to the microtube according to our results. This situation leads 

to the production of a large among of monomers that will induce the growth of the β-

nanocrystals into a spherical shape. However, for the microtube, the dissolution is slower. 

Thus the resulting low concentration of monomers will induce the growth of the β-

nanocrystals into an anisotropic shape (rod-like in our case) as discussed by Yin and Alivisatos 

[441] and Wang et al. [444]. 

In an attempt to summarize the above discussion, a free energy diagram for the formation of 

cubic α-phase and hexagonal β-phase is presented in Figure 2.14b. The growth of NPs cubic 1 

by coalescence and Ostwald ripening then rearrangement to less stable anisotropic shape α-

phase nanocrystals can reduce the phase transfer energy barrier, hence favoring the 

formation of the hexagonal β-phase. Indeed the rod-like nanocrystals, as anisotropic 
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nanocrystals with a surface to the volume being greater than that of the spherical 

nanocrystals, will be thermodynamically less stable [441]. 

 

 

Figure 2.14. Schematic illustration of the size and morphology evolution of ɑ-NaYF4 nanocrystals and 
supply of monomers with different concentrations in flask and microtube systems (a); free energy 
diagram as a function of the reaction coordinate for the formation of cubic α-phase (NPs cubic 1 and 
2) and hexagonal β-phases of nanorods and spherical nanocrystals (b). 

 

β nucleation

critical Cm

High Cm low Cm

NPs cubic 1

2. Growth

3. Dissolution1.α nucleation

Critical size
Critical size

Microtube systemFlask system

NPs cubic 2

Cm: concentration of monomers

a

b



 

94 
 

2.5. Upconversion luminescence of β-NaYF4:Yb,Er nanocrystals 

Luminescence properties of β-NaYF4:Yb,Er were investigated under 980 nm diode laser 

excitation as shown in Figure 2.15b. The strong emission peak at 650 nm related to the 

electronic transition from the 4F9/2 level to the 4I15/2 level of the Er3+ ions and the green 

emission peaks at 520 nm and 540 nm were characteristic of upconversion luminescence 

expected from the Er3+ ions electronic transitions 2H11/2 and 4S3/2 levels to the 4I15/2 state 

respectively. Furthermore, emission peak at 410 nm is attributed to the electronic transitions 

from the 2H9/2 levels to 4I15/2 state. All of β-NaYF4:Yb,Er revealed an intense green light with 40 

mg/ml in cyclohexane under 980 nm laser excitation with power density 200 mW (the photos 

not shown). 
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Figure 2.15. Proposed energy-transfer mechanisms in the NaYF4:Yb,Er nanocrystal (dashed arrows 
represent energy transfer and the solid arrows represent photon excitation and emission processes) 
(a). Normalized upconversion luminescence spectra of prepared β-NaYF4:Yb,Er nanocrystals at various 
conditions under the excitation of 980 nm NIR light (b). 
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proved to be highly dependent on the type of reactor used for the heat treatment. Thus, at a 

given temperature, the phase transition between the α-cubic and β-hexagonal phases was 

much faster for reactors characterized by high temperature gradients, like in an Erlenmeyer 

flask, than for low temperature gradients reactors as the round-bottom flask or microtubes. 

Given the slow growth of β-NaYF4:Yb,Er nanocrystals in microtubes, we could detect two 

populations of nanocrystals with cubic α-phase before phase transition. We thus observed for 

the very first time that α-NaYF4:Yb,Er nanocrystals passed through an anisotropic metastable 

intermediate by a coalescence mechanism, similar to the so-called oriented attachment, 

before to rearrange and dissolve to give rise to the β-NaYF4:Yb,Er nanocrystals by Ostwald 

ripening phenomenon. Delay in phase transition for the microtubes could also be attributed 

to the building pressure inside, low collision possibility of nanocrystals and homogeneous 

heating which hindered the coalescence. We also found that in the microtubular reactors the 

β-NaYF4:Yb,Er nanocrystals grow in an anisotropic hexagonal shape (nanorods) conversely to 

the flask system for which only spherical nanocrystals were produced. The length of the 

nanorods could be changed with the heating temperature and diameter of microtube while 

the width remained pretty much constant. In perspective, microtubes could be considered 

for β-NaYF4:Yb,Er nanocrystals production scale-up and used to investigate the phase 

transition of other formulations. 
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1. Introduction 

Hybrid materials are attractive to respond to the increasing demand for novel materials with 

well-defined properties. The preparation of hybrid materials based on polymers and inorganic 

nanoparticles has been investigated notably by encapsulation of inorganic nanoparticles in 

polymer particles and attachment of polymers at the surface of inorganic nanoparticles [445]. 

In the latter case, the two main methods are the “grafting to” consisting in the reaction 

between orthogonal functional groups present on the polymer and at the surface of the 

nanoparticles and “grafting from” involving the polymerization of monomers from the surface 

of the nanoparticles. A wide range of inorganic nanoparticles [446] have been used to grow 

polymers from their surface using different polymerization techniques such as cationic 

[447,448], anionic [449,450], and radical [451–453] polymerizations. These hybrid materials 

provide access to the compatibilisation of inorganic particles in polymer matrices [454], and 

enhancement of the nanoparticles stealthiness for biomedical applications [455].  

Self-condensing vinyl polymerization (SCVP) was first introduced by the group of Fréchet [86] 

consisting in using a vinyl (co)monomer possessing an initiating or chain transfer agent (inimer 

or transmer respectively) on its side chain to create branching points. The degree of branching 

(DB) can be tuned by changing the ratio between monomer and inimer/transmer. SCVP has 

been investigated through the three main controlled radical polymerization techniques 

[416,456], i.e. nitroxide-mediated polymerization, atom transfer radical polymerization 

(ATRP), and reversible addition-fragmentation chain transfer (RAFT) polymerization. The use 

of SCVP to grow hyperbranched polymers (HBPs) on nanoparticles has been mostly 

performed using ATRP from silica [80], and ZnO [457] nanoparticles [458]. Herein we report 

the growth of HBPs prepared by SCVP under RAFT conditions from the surface of UCNPs. To 

the best of our knowledge SCVP under RAFT conditions has not been attempted on 

nanoparticles. The surface of UCNPs was modified by silanization to introduce functional 

groups permitting to covalently attach the anchoring groups that will promote the 

polymerization. Various approaches have been reported in the literature to functionalize the 

surface to conduct surface-initiated RAFT polymerization including anchoring the initiator or 

chain transfer agent (Z-C(=S)S-R) through its R- or Z-group to the surface with a strong 

preference for the anchoring of the chain transfer agent through its R group [416] that was 

adopted here. SCVP was investigated varying the grafting density in chain transfer agent at 
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the surface of UCNPs and the ratio of transmer to monomer and comparing to the results to 

those for the preparation of linear polymers. 

2. Results and discussion  

2.1. Preparation of UCNPs with a well-defined density of RAFT chain transfer agents at 

their surface 

Monodispersed spherical β-NaYF4:Yb+3, Er+3 nanocrystals (UCNP@OA) with a diameter of 

27.8 ± 0.5 nm were prepared by co-precipitation method using oleic acid as capping agent 

according to the protocol described by Li et al [343]. and characterized by high-resolution 

transmission electron microscopy (HR-TEM, Figure 3.1), dynamic light scattering (DLS, Figure 

3.2), X-ray diffraction (Figure 3.3) and luminescence measurements (Figure 3.4). HR-TEM 

(Figure 3.1) showed monodispersed spherical UCNPs with lattice fringes of 0.52 nm for single-

crystalline of β-NaYF4 nanocrystal. The crystalline structure was confirmed by X-ray diffraction 

showing diffraction peaks that can be assigned to lattice planes (110), (101), (200), (111), 

(201), (210), (002), (300), (211), (102), (112), (220) and (202) of β-NaYF4 with a hexagonal 

phase without any impurity (e.g. cubic phase nanocrystals) in good agreement with the 

standard XRD pattern of β-NaYF4 (JCPDS no. 16-0334) [343]. NaYF4:Yb3+, Er3+ UCNPs excited 

at 980 nm using a diode laser led to an intense green light and the spectrum revealed its 

expected characteristic peaks at 410, 526, 542 and 654 nm corresponding to 4H9/2,4H11/2, 4S3/2, 

and 4F9/2 to 4I15/2 transitions of Er3+ respectively. 

 

 

Figure 3.1. HR-TEM images of UCNP@OA and UCNP@NH2 (zoom on a single nanoparticle in inset). 
 

UCNP@NH2UCNP@OA

27.8 nm



 

100 
 

 

Figure 3.2. DLS measurements in intensity and number of UCNP@OA dispersed in cyclohexane 
(dashed green line) and UCNP@NH2 dispersed in ethanol (full blue line). 

 

 

Figure 3.3. X-ray diffractogram of the synthesized UCNP@OA in black) and the standard pattern of β-
NaYF4 (JCPDS 06-0334) in red. 
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Figure 3.4. Upconversion emission of UCNP@OA solution in cyclohexane excited at 980 nm: (a) image and 

(b) spectrum. 

The surface of UCNP@OA was modified to create a silica shell possessing amine groups at 

their surface (UCNP@NH2) by reverse microemulsion technique [388] through the successive 

condensation of tetraethylorthosilicate and (3-aminopropyl)triethoxysilane (APTS). The 

formation of the silica shell was confirmed by HR-TEM showing a silica shell of 7.5 nm around 

the UCNPs (Figure 3.1), DLS showing monomodal peaks without aggregates with an increase 

in hydrodynamic diameter (Dh) from 22 to 45 nm (values in number, Figure 3.2), and Fourier-

transform infrared (FT-IR, Figure 3.5a) spectroscopy exhibiting the characteristic stretching 

peak of -Si-O-Si- groups at 1062 cm-1. The presence of amine groups on the nanoparticles was 

identified at 1650 cm-1 (NH in-plane stretching) and 3420 cm-1 (NH2) on the FT-IR spectrum.  

Furthermore, the presence of primary amines was confirmed by the colorimetric Kaiser test 

[459] (Figure 3.5b): one droplet of UCNP@NH2 suspension in ethanol showed an intense blue 

color. The surface area of UCNP@NH2 was determined by establishing the nitrogen 

adsorption/desorption isotherms according to the Brunauer-Emmet-Teller theory (Figure 3.6) 

and resulted in a value of 45.44 ± 0.15 m²g-1 (considering 30 mg of UCNP@NH2, the surface 

area could be estimated to 1.4 m2). These nanoparticles dispersible in water, ethanol, 

acetone, and DMF were prepared with different amounts of APTS (i.e. 38, 76, and 152 mol 

of APTS for 80 mg of UCNP@OA) to vary the grafting density of amine groups present at the 

surface of UCNPs.  
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Figure 3.5. Identification of the amino groups at the surface of UCNPs: (a) IR spectra of UCNP@OA 
(solid red line), UCNP@SiO2 (blue dashed line), and UCNP@NH2 (green dotted line) and (b) Kaiser test 
of UCNP@NH2. 

 

Figure 3.6. N2 isotherms of adsorption (filled blue symbols) and desorption (open red symbols) for 
UCNP@NH2 at standard temperature and pressure. 

A carboxylic acid-terminated RAFT chain transfer agent suitable for the polymerization of 

methacrylates, 4-cyano-4-(thiobenzoylthio)pentanoic acid (CPABD), was coupled to the 

amine groups present at the surface of UCNPs using as coupling agent N,N,N′,N′-tetramethyl-

O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate in the presence of 

1-hydroxybenzotriazole hydrate and diisopropylethylamine in DMF (Scheme 3.1). The color 
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of the UCNPs changed from white to red corresponding to the color of CPABD (Figure 3.7c). 

UCNP@CPABD were characterized by FT-IR spectroscopy (Figure 3.7a) showing the 

characteristic stretching absorption band of nitrile groups at 2160 cm-1 and UV-vis 

spectroscopy as a suspension in ethanol exhibiting the strong absorption of the thiocarbonyl 

group at 315 nm (Figure 3.7b) confirming the presence of CPABD at the surface of UCNPs 

[460]. The grafting density in CPABD attached to UCNPs was determined by TGA[419,461] 

(Figure 3.8) as 0.6, 1.4 and 3.1 CPABD per square nanometer of UCNPs (UCNP@CPABDlow, 

UCNP@CPABDmedium, UCNP@CPABDhigh respectively, Table 3.1).  

 

Scheme 3.1. Synthesis of UCNP@CPABD. 
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Figure 3.7. Characterization of UCNP@CPABD by (a) FT-IR, and (b) UV-vis spectroscopies, along with 
the (c) observation of the color change of the UCNP powders (from left to right: UCNP@NH2, 
UCNP@CPABDlow, UCNP@CPABDmedium, UCNP@CPABDhigh).  
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Table 3.1. Quantification of CPABD grafting density on UCNPs by TGA 
 

Samples APTS (μL) %wt mmol of CPABD/g UCNP 
Grafting density 

(CPABD/nm2) 

UCNP@CPABDlow 7.5 1.2 0.044 0.60 

UCNP@CPABDmedium 15 2.6 0.094 1.41 

UCNP@CPABDhigh 30 6.8 0.240 3.13 

 

 

 

 

Figure 3.8. TGA thermograms of (a) UCNP@CPABDlow, (b) UCNP@CPABDmedium, and (c) 
UCNP@CPABDhigh (solid red line) compared to UCNP@NH2 (black dotted line) prepared with 7.5, 15 

and 30 L of APTS respectively for 80 mg of UCNP@OA. 
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2.2. Polymerization of N-(2-hydroxypropyl) methacrylamide from the surface of 

UCNP@CPABD 

Poly(N-(2-hydroxypropyl) methacrylamide) is commonly used to prepare drug conjugates 

[462,463], which led our choice to N-(2-hydroxypropyl methacrylamide) (HPMA) as monomer 

for this study. The nature of the solvent is detrimental especially since the polymerization was 

performed at the surface of UCNPs. Various reports highlight the effects of surface 

confinement and diffusion of monomers towards the propagating chains grafted on a surface 

emphasizing the importance of the solvent quality to perform a surface-initiated controlled 

radical polymerization [464,465]. Linear poly(N-(2-hydroxypropyl) methacrylamide) 

(polyHPMA) was first prepared from the surface of UCNP@CPABD investigating DMF, 1,4-

dioxane, and MeOH as solvent for the polymerization (Scheme 3.2). The polymerization of 

HPMA from UCNP@CPABD was conducted in an oil bath thermostated at 65 °C fixing the 

concentration in nanoparticles to 10 mgmL-1 and the monomer concentration to 0.57 M 

using a molar ratio between HMPA, CPABD and initiator (azobisisobutyronitrile, AIBN) of 

200:1:0.2. HPMA conversion was determined by 1H NMR spectroscopy by comparing the 

integrations of the vinylic proton at 5.7 ppm to the methyl protons of the polymer backbone 

at 0.5-1.1 ppm. The polymerization of HPMA seemed more suitable when conducted in 

1,4-dioxane rather than in MeOH and DMF as HPMA conversion after 21 h of polymerization 

from UCNP@CPABDhigh reached 18% in 1,4-dioxane compared to 7% in DMF and MeOH, while 

TGA indicated a content in polyHPMA of 25 and 6 wt% using UCNP@CPABDhigh and 

UCNP@CPABDlow respectively for the polymerization in 1,4-dioxane and almost no polymer 

formation on UCNPs for the polymerizations in DMF and MeOH (Figure 3.9). 

 

Scheme 3.2. Synthesis of linear polymer from the surface of UCNPs (UCNP@polyHMPA). 
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Figure 3.9. TGA thermograms of UCNP@polyHPMA for polymerizations conducted in MeOH (blue 
dashed line), DMF (red dashed line) and 1,4-dioxane (black solid line) using (a) UCNP@CPABDhigh and 
(b) UCNP@CPABDlow relative to UCNP@CPABD (green dotted line). 

2.3. Self-condensing vinyl copolymerization from the surface of UCNP@CPABD 

HBPs grafted on UCNPs were prepared by self-condensing vinyl copolymerization of HPMA 

with a methacrylate-based transmer bearing CPABD, 2-(methacryloyloxy)ethyl-4-cyano-4-

((phenylcarbonothioyl)thio)pentanoate[466] (MA-CPABD) inducing the formation of 

branching points (Scheme 3.3). The polymerization was conducted in 1,4-dioxane in an oil 

bath thermostated at 65 °C for 24 h using UCNP@CPABDhigh (10 mgmL-1), HPMA (0.56 mM) 

and a molar ratio between HMPA, MA-CPABD and AIBN of 200:1:0.2. The consumption of 

MA-CPABD to form the HBP was observed by the decrease in the pink color of the 

polymerization solution (Figure 3.10a, photo in insert) and reached a monomer conversion of 

18% determined gravimetrically (compared to 21% for the preparation of polyHPMA under 

the same conditions). After cleavage of the polymer from the surface of UCNPs by treatment 

with HF, its number-average molecular weight was determined by size-exclusion 

chromatography (SEC) as 220 kgmol-1 with a dispersity (Đ) of 6.75 as compared to 

1794 kgmol-1 and 3.15 respectively for polyHMPA. As the same ratio of UCNP@CPABDhigh and 

HPMA were used in both cases, it would have been expected that similar molecular weights 

would have been observed. However, the HBP had a lower molecular weight and higher 

dispersity, which could be attributed to the mechanism of RAFT polymerization from a surface 

and the increased steric hindrance due to the synthesis of HBP on a surface. 
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Scheme 3.3. Synthesis of hyperbranched polymers from the surface of UCNPs (UNCP@HBP). 

 

Figure 3.10. UV-spectra of decanted solution after 24 h of polymerization (red dashed line) and control 
solution (blue solid line) using UCNP@CPABDhigh (10 mgmL-1) for the preparation of (a) HBP with  
HPMA:MA-CPABD:AIBN = 200:1:0.2 (in insert a photo of the control solution and the polymerization 
solution after 24 h) and (b) linear polymer with HPMA:CPABD:AIBN = 200:1:0.2. 

MA-CPABD, AIBN

1,4-dioxane

65  C, 24 h

UCNP@HBP

0

0.1

0.2

0.3

400 500 600

In
te

n
s

it
y

 (
a

. 
u

. 
)

Wavelength (nm)

0

0.1

0.2

0.3

400 500 600

In
te

n
s

it
y

 (
a

. 
u

. 
)

Wavelength (nm)

b)

a)



 

109 
 

If the polymerization was living, all the terminal points of the HBP should possess a CPABD 

group and the number of CPABD groups should be correlated to the number of branching 

points (i.e. for n CPABD terminal groups, the HBP would have (n-1) branching points). Due to 

i) the steric hindrance induced by the presence of polymer chains on UCNPs hindering the 

access to all CPABD, ii) the necessity of the monomer to diffuse towards the active centers 

present at the surface of UCNPs, and iii) the transfer of CPABD between active and dormant 

chains that are in close proximity, the number of branching points may be underestimated by 

considering the amount of CPABD. However, it is not possible to determine directly the 

number of branching points. The determination of the amount of CPABD incorporated in the 

HBP grafted on UCNPs (UCNP@HBP) was first attempted by 1H NMR spectroscopy on the 

cleaved HBPs. However, the characteristic peaks of the branching points and the terminal 

CPABD groups were difficult to identify due to their low content on the HBP and the potential 

hydrolysis of the thioester groups during the cleavage of the HBPs from the surface of UCNPs 

with HF. Thiocarbonyl end groups show →* and n→* absorption bands in the UV and 

visible range respectively (300 and 515 nm for CPABD).[467] As the direct quantification of 

CPABD groups present on UCNP@HBP by UV-vis spectroscopy could not be achieved due to 

the scattering interference of UCNP@polymer, the number of CPABD groups in the 

supernatant after 24 h of polymerization was determined using this technique and compared 

to a control solution consisting in the same initial concentration of CPABD in MeOH (i.e. 3 

mM).  The intensity of the absorption at 515 nm decreased (Figure 3.10) associated to the 

consumption of MA-CPABD corresponding to 140 μmol of MA-CPABD incorporated on the 

grafted HBP per gram of UCNPs and thus the formation of branching points on the polymer. 

To confirm our observation, the same experiment was conducted for the synthesis of a linear 

polymer on UCNPs indicating a constant concentration in CPABD and confirming also the 

stability of the RAFT chain transfer under the polymerization conditions used. The number of 

micromoles of CPABD on UCNP@HBP per gram of UCNP (m), the number of branching points 

per polymer chains assuming a constant branching length,[468] the degree of branching (DB), 

and the grafting density (number of polymer chains per nm2 of UCNP, ) were estimated using 

Equations 1, 2, 3 and 4 [36,469] respectively as 140, 122, 0.17, and 0.014 chain per nm2 using 

UCNP@CPABDhigh.  
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𝑚 =
[𝑛0−𝑛𝑠 (𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙×

𝐴2

𝐴1
)]

𝑚𝑈𝐶𝑁𝑃
                                     

Equation 1 

where m is the molality of CPABD for UCNP@HBP (i.e. number of moles of CPABD on 

UCNP@HBP per gram of UCNP), n0 and ns the number of moles of MA-CPABD in solution at 

t = 0 and 24 h respectively, ncontrol the number of moles of CPABD in the control experiment, 

A1 and A2 the absorbance of MA-CPABD for the control solution and supernatant after 

polymerization respectively, and mUCNP the mass of UCNP used.   

branching point per chain =
𝑀𝑛 

𝑛1
𝑛2

×𝑀
              

Equation 2 

where Mn is the number-average molecular weight of the polymer grafted on UCNPs 

determined by SEC, n1 the number of moles of HPMA per gram of UCNPs calculated from TGA, 

n2 the number of moles of MA-CPABD per gram of UCNPs calculated from UV-Vis 

spectroscopy and M the molecular weight of HPMA as repeating unit (143.1 gmol-1). 

𝐃𝐁 =
𝟐𝐃

𝟐𝐃+𝐋
                  

Equation 3 

where D is the total number of branching units derived from MA-CPABD, and L the total 

number of linear repeat units derived from HPMA consumption. The factor of 2 in Equation 3 

is related to the fact that each branching unit induces the formation of two active centers and 

thus two branches [470,471]. The value for D was determined by UV-vis spectroscopy 

considering the absorbance at 515 nm corresponding to the thiocarbonyl group of MA-CPABD 

(based on its number of moles per gram of UCNPs), while L was calculated from TGA 

measurement (based on its number of moles of HPMA per gram of UCNPs). 

 =
(𝑤/𝑀𝑛,𝑈𝐶𝑁𝑃)×𝑁𝑎

𝑚𝑈𝐶𝑁𝑃×𝑆𝑈𝐶𝑁𝑃
                                    

Equation 4 

where w is the weight loss determined by TGA measurement, Mn,UCNP the number-average 

molecular weight of the polymer grafted on UCNP determined by SEC analysis, Na 

the Avogadro number, mUCNP the weight of UCNP and SUCNP the specific surface area of UCNP 

calculated by BET analysis. 

DLS characterization of UCNP@HBP indicated a Dh of 141 nm (PDI = 0.087) corresponding to 

a polymer corona of 27 nm considering the Dh of UCNP@NH2 of 87 nm. UCNP@polyHPMA 
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exhibited a larger polymer corona of 82 nm (Dh = 251 nm, PDI = 0.258, Figure 3.11) that could 

be associated to the higher molecular weight observed for this system as compared to the 

hyperbranched one. TGA revealed a lower content in polymer when preparing HBP from the 

surface of UCNPs as compared to the linear ones (Figure 3.12) with an estimation of 1.4 and 

3.4 mmol of HPMA units per gram of UCNPs for the HBP and linear polymer respectively. 

 

Figure 3.11. DLS in intensity of UCNP@polyHMPA (blue solid line) and UCNP@HBP (green dotted line) 
obtained from UCNP@CPABDhigh. 

 

Figure 3.12. TGA of UCNP@CPABD (red dotted line), UCNP@polyHPMA (black solid line), and 
UCNP@HBP (green dashed line). The polymers were prepared from UCNP@CPABDhigh using 3 mM of 
CPABD and MA-CPABD for the linear and hyperbranched polymers respectively. 
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2.4. Effect of the grafting density in CPABD on UCNPs 

The results from SEC and TGA measurements both suggested that the growth of HBPs from 

UCNPs under these conditions were hindered as compared to linear polymers. The migration 

of chain transfer agents when performing surface-initiated RAFT polymerization to obtain 

linear polymers has been reported leading to chain-breaking reactions such as termination 

and transfer reactions [472–474]. Furthermore, the synthesis of hyperbranched structures 

induces steric hindrance that can affect the proper propagation of the polymer chains and 

thus enhance the propensity of chain-breaking reactions especially as the concentration in 

CPABD at the surface of UCNPs is locally high. The grafting density in CPABD on UCNPs was 

therefore investigated considering the self-condensing vinyl copolymerization from 

UCNP@CPABDmedium and UCNP@CPABDlow in the presence of 3 mM of MA-CPABD. According 

to UV-vis spectroscopy, the number of branching points incorporated on the HBP grafted on 

UCNPs was 140, 90 and 34 μmol per gram of UCNP@HBP for HBP prepared from 

UCNP@CPABDhigh, UCNP@CPABDmedium and UCNP@CPABDlow respectively. TGA of 

UCNP@HBP (Figure 3.13) indicated that the weight percentage of polymer grafted on UCNP 

from UCNP@CPABDmedium was two times higher than for the nanohybrids obtained from 

UCNP@CPABDhigh indicating a higher consumption of HMPA and thus a lower DB (i.e. 0.14 and 

0.05 for the HBP obtained from UCNP@CPABDhigh and UCNP@CPABDmedium respectively). The 

chain-breaking reactions seemed less pronounced with the decrease of the grafting density 

in CPABD affording a higher conversion of HMPA. The number of branching points per HBP 

chains was determined as 410 and 6 for UCNP@CPABDmedium and UCNP@CPABDlow 

respectively as compared to 122 for UCNP@CPABDhigh. The calculation of  revealed that 

UCNP@CPABDhigh and UCNP@CPABDmedium had very low grafting densities estimated as 0.014 

and 0.003 chain per nm2 respectively, while the one of UCNP@CPABDlow was higher (0.06 

chain per nm2). These results suggested that transfer reactions for UCNP@CPABDhigh and 

UCNP@CPABDmedium were more pronounced at the surface of UCNPs leading to a higher 

proportion of dead chains [473].  
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Figure 3.13. TGA thermograms of UCNP@CPABD (red dotted line), UCNP@polyHMPA using 3 mM 

CPABD (dashdotted gray line), UCNP@HBP using 3 mM of MA-CPABD (black solid line), and 

UCNP@HBP using 6 mM of MA-CPABD (green dashed line) from UCNP@CPABDmedium and 

UCNP@CPABDlow. 

As initiation takes place in solution in our system, the propagating chains can either consume 

HMPA and MA-CPABD in solution leading to HBP formed in solution or go through a chain 

transfer reaction with the CPABD present at the surface of UCNPs creating an active center to 

grow a HBP at the surface of UCNPs. The HBP formed in solution is expected to be less affected 

by chain breaking reactions as the concentration in active centers will be lower as compared 

to the HBP immobilized on UCNPs. To better understand the polymerization behavior, the 

polymer grafted on UCNPs and formed in solution during the polymerization were both 

characterized by SEC. The polymer formed in solution had a lower number-average molecular 

weight as compared to the polymer formed at the surface of UCNPs (Figure 3.14), i.e. 16  and 

13 kgmol-1 (Đ = 8.39 and 12.86 respectively), for polymers obtained from 

UCNP@CPABDmedium and UCNP@CPABDhigh in solution compared to 2341 and 220 kgmol-1 (Đ 

= 2.68 and 6.75 respectively) for polymers grafted on UCNPs. The molecular weights of the 
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polymers formed in solution were lower than the calculated ones with relatively low 

dispersity, which could be attributed to cyclization reactions as previously reported in the 

literature [475,476]. However, the polymers formed at the surface of UCNPs had a higher 

molecular weight and a broader molecular weight distribution that could be attributed to the 

high concentration in radicals per polymer chain leading to irreversible termination reaction 

notably between neighboring propagating chains. The higher the grafting density in CPABD 

on UCNPs was, the more pronounced this phenomenon would be observed. Further lowering 

of the grafting density in CPABD, i.e. using  UCNP@CPABDlow, afforded polymers grafted on 

UCNPs with a lower molecular weight (Mn = 19 kgmol-1) and narrower molecular weight 

distribution (Đ = 1.65), closer to the characteristics of the polymer obtained in solution. It 

indicated a lower contribution of the chain-breaking reactions associated to the surface-

initiated self-condensing vinyl RAFT copolymerization, for which CPABD were anchored at the 

surface of UCNPs inducing a high localized concentration in RAFT chain transfer agents. In 

solution, this phenomenon is less pronounced due to the homogeneous and lower localized 

concentration in RAFT chain transfer agent [477].  

 

Figure 3.14. SEC traces for HBPs (a) grafted on UCNPs and (b) formed in solution prepared using 3 mM 
of MA-CPABD from UCNP@CPABDlow (black solid line), UCNP@CPABDmedium (red dotted line), and 
UCNP@CPABDhigh (blue dashed line). 
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polymerization was increased to 6 mM to determine its effect on the HBP formed at the 

surface of UCNPs. According to UV spectroscopy, the number of MA-CPABD incorporated as 
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branching points increased from 34 to 67 μmol per gram of UCNP for 3 and 6 mM of MA-

CPABD used for the polymerization. TGA measurement permitted to determine the content 

of HPMA as 0.52 mmol per gram of UCNP, which was similar to the value obtained for the 

HBP prepared with 3 mM of MA-CPABD (i.e. 0.678 mmol). Thus, DB increased from 0.08 to 

0.19 when doubling the amount of MA-CPABD used. SEC measurement indicated a decrease 

of the number-average molecular weight with the increase of the concentration in MA-

CPABD, i.e. 19 kgmol-1 in the case of 3 mM of MA-CPABD compared to 11 kgmol-1 (Figure 

3.15) when using 6 mM of MA-CPABD, with a decrease of the dispersity from 1.65 to 1.55. 

Under the same polymerization conditions (3 mM of CPABD), polyHPMA had a lower number-

average molecular weight (9 kgmol-1) and narrower molecular weight distribution (Đ = 1.46).  

 

Figure 3.15. SEC traces for polymers (a) grafted on UCNPs and (b) formed in solution prepared from 
UCNP@CPABDlow. HBPs were synthesized using 3 mM (red dotted line) and (b) 6 mM (blue dashed 
line) of MA-CPABD, while the preparation of linear polymers was conducted with 3 mM of CPABD 
(black solid line). 

The number of branches per polymer chain was calculated as 6 and 9 for 3 mM and 6 mM of 

MA-CPABD respectively. The grafting density of polymer was determined as 0.06 chain per 

nm2 for 3 mM of MA-CPABD, which was similar to the one using 6 mM of MA-CPABD (i.e. 0.07 

chain per nm2). However, when preparing linear polymer from UCNPs under the same 

conditions, the number of polymer chains was 0.11 chain per nm2, which was twice as 

compared to the HBP.  The three-dimensional structure of HBPs affected strongly the 

propagation of the polymer chains from the surface of UCNPs inducing steric hindrance and 

enhancing the probability of chain-breaking reactions. These phenomena illustrated in Figure 
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3.16 would not only decrease the grafting density, but also increase the dispersity of the 

polymer formed [465,478]  (Đ = 1.46 and 1.65 for polyHPMA and HBP, respectively).  

 

Figure 3.16. Growing linear vs hyperbranched polymers from UCNP@CPABDlow and the influence of 
steric hindrance and chain-breaking reactions on their chain propagation. 

Increasing the grafting density of CPABD on UCNPs using 6 mM of MA-CPABD led to a 

reduction of the amount of polymer formed at the surface of UCNPs as compared to the HBPs 

formed using 3 mM of MA-CPABD (i.e. 0.5 and 16.8 wt% of polymer formed with 3 and 6 mM 

of MA-CPABD for UCNP@CPABDhigh, and 6.3 and 24.3 wt% for UCNP@CPABDmedium 

respectively) that was attributed to the enhancement of chain-breaking reactions due to the 

increased grafting density in CPABD [477,479,480] on UCNPs and the higher amount of 

terminal active centers. In summary, the ratio between the molecular weight of the HBP 

formed on UCNPs and in solution significantly increased with the increase in grafting density 

of CPABD on UCNPs (Figure 3.17a). The effect of the concentration of MA-CPABD (Figure 

3.17b) had a less pronounced influence on the difference in molecular weight between the 

HBP formed on UCNPs and in solution, while for polyHMPA ([MA-CPABD] = 0 mM) this 

difference was minimal. This phenomenon could be attributed to the higher probability of 

coupling reactions between propagating chains for HBPs as compared to linear polymers due 

to their higher number of terminal active centers.  

UCNP@polyHMPA UCNP@HBP

Steric hindrance low high

Probability of chain-breaking reactions low high

Grafting density (chain per nm2) 0.11 0.06
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Figure 3.17. Comparison of the differences in molecular weight between HBPs grafted on UCNPs and 
formed in solution for different (a) grafting density in CPABD on UCNPs using 3 mM of MA-CPABD and 
(b) concentration in MA-CPABD using UCNPs with a grafting density of 0.6 CPABD/nm2 (in inset zoom 
on a reduced scale). 

To further investigate these coupling reactions, the grafting density in polymer chains per 

surface area of UCNPs was determined after 6 and 24 h of polymerization. The grafting density 

of the HBP was estimated as 0.35 chain per nm2 after 6 h (Mn = 2.6 kgmol-1, Đ = 1.16) and 

0.10 chain per nm2 after 24 h (Mn = 13.4 kgmol-1, Đ = 2.72). This decrease in grafting density 

suggested the high propensity of chain-breaking reactions. Tsujii et al. proposed for the 

growth of linear polymers by RAFT polymerization from a flat surface that the decrease of the 

grafting density could be attributed to the high rate of termination reaction at the early stage 

of the polymerization [473]. However for the synthesis of HBP, this phenomenon could be 

worsened due to steric hindrance. Furthermore, hopping and rolling mechanisms for surface-

initiated RAFT polymerization and the coupling between hyperbranched propagating chains 
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(e.g. between HBP formed in solution and those growing at the surface of UCNPs) could also 

contribute to this phenomenon.[472]  

2.6. Luminescence properties of UCNP@HBP 

The luminescence properties of UCNP@HBP dispersed in water (2 mgmL-1) were investigated 

using a diode laser exciting at 980 nm (Figure 3.18). The expected characteristic peak 

maxima of UCNPs doped with Er3+ were observed at 409 nm (4H9/2→4I15/2), 542 nm 

(4H11/2→4I15/2), 552 nm (4S3/2 →4I15/2), and 654 nm (4F9/2 → 4I15/2) and UCNP@HBP had a 

strong emission as judged by an intense green light of its dispersion in water and as powder 

indicated that the modification of the surface of UCNPs did not extinguish their luminescent 

characteristics.  

 

 

Figure 3.18. Upconversion emission of UCNP@HBP excited at 980 nm: (a) spectrum of a dispersion of 
UCNP@HBP in water (2 mgmL-1) and (b) digital images of the powder of UCNP@HBP upon exposure 
(left) or not (right) to the laser lamp. 
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Surface-initiated self-condensing vinyl RAFT copolymerization of HMPA from the surface of 

UCNPs was proposed. UCNPs were first functionalized with CPABD to promote RAFT 

polymerization from their surface. Polymerization of HPMA was first conducted to identify 

the suitable polymerization conditions before attempting the synthesis of HBPs by 

copolymerization with MA-CPABD. The preparation of HBPs from UCNPs was challenging due 

to the increased number of active centers on HBPs and the surface-initiated RAFT 

polymerization leading to an increased propensity to chain-breaking reactions. Different 

phenomena have yielded to HBPs grafted on UCNPs of high molecular weight and dispersity 

including a) the concentration in propagating chains at the surface of UCNPs increased due to 

the formation of HBPs by SCVP, b) the close proximity of the propagating chains, and c) the 

fact that RAFT polymerization from a surface was more prone to migration of the active center 

through hopping and rolling mechanisms. These UCNP@HBP are of interest for theranostic 

as UCNPs hold great potential for biomedical imaging and photodynamic therapy, while the 

HBP corona could act as drug carrier that could be tuned through further modification to fulfill 

the needs for sustained, triggered or targeted drug delivery.
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1. Introduction 

Theranostics is a fascinating field in biomedicine combining the delivery of a therapeutic drug 

and diagnostics through bioimaging on a same carrier [481]. The development in 

nanotechnologies has influenced this field leading notably to the use of inorganic 

nanoparticles [482]. A wide range of nanoparticles have been investigated including iron 

oxide nanoparticles used for magnetic resonance imaging [483], but also dye-doped silica 

nanoparticles [484], quantum dots [485], and upconversion nanoparticles [486] as optical 

contrast agents. Their surface has been modified with various functionalities by adsorption or 

conjugation to introduce for example a nucleic acid as drug [487], targeting ligands such as 

peptides [488], and poly(ethylene glycol) to provide stealthiness to the nanoparticles [489]. 

In this work, the UCNP@polymer based on HPMA previously synthesized were tuned for 

theranostics. While UCNPs will act as luminescent probes for bioimaging, the polymer corona 

will act as drug carrier.  

The model drug used in this work was 5-fluorouracil (5-FU), which is a well-known anticancer 

agent introduced in 1958 used for the treatment of a wide range of cancers (e.g. colorectal 

cancer, skin, breast, brain, liver, and cancers of the aerodigestive tract)[490] through several 

mechanisms of action including interference with mRNA translation and DNA synthesis [491]. 

Unfortunately, 5-FU drug has a short plasma half-life of 8-20 min, is metabolized 

enzymatically in the liver [491], and has a low selectivity towards cancer cells leading to its 

exposure to healthy cells.[490] Its clinical use is thus limited due to severe side effects such 

as gastrointestinal and bone marrow toxicity as well as liver diseases[492,493]. Recent 

developments have aimed of improveing the bioavailability of 5-FU [490] by its encapsulation 

in polymer particles (e.g. alginate [494], aliphatic polyester [495], and 

poly(alkylcyanoacrylate) [496]) or vesicles such as liposomes [497], the preparation of 

prodrugs [498] and its conjugation to polymers (e.g. hyaluronic acid [499] and 

polyaspartamide [500]).  

The work described here covers various aspects of drug delivery systems from the 

encapsulation of 5-FU to its conjugation on the polymer considering various release 

mechanisms such as hydrolytic and stimuli-responsive release. The development of stimuli-

responsive drug conjugates is an interesting approach to control the release of the drug at 

the targeted site. Relevant stimuli in cancer cells are the acidity of the tumor environment, 
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high concentration of reducing agent (i.e. glutathione), and overexpressed enzymes such as 

cathepsin B and esterase [501]. The formation of ester linkages by reaction with the hydroxyl 

group of HPMA repeat units considered as such linkages can be hydrolytically degraded in the 

presence of acids, bases, human serum albumin, and metal ions, but also esterases that are 

frequently expressed in cancer cells, e.g. carboxylesterase [502,503]. Other stimuli 

considered in this work are redox sensibility through the insertion of disulfide bridges 

degradable by glutathione [504] and enzymatic stimulus by introducing a peptide sequence 

(GLFG) sensitive to cathepsin B [505]. These stimuli responsive linkages were introduced 

either on the side chains between the drug and polymer backbone or at the branching points 

through the use of the relevant transmer. 

2. Results and discussion  

2.1. Passive loading of 5-FU in UCNP@polyHPMA and UCNP@HBP 

UCNP@polyHPMA and UCNP@HBP (DB = 0.17) obtained from UCNP@CPABDhigh having 

respectively 44 and 42 wt% of polymer grafted on UCNPs were used to investigate the drug 

loading, encapsulation efficiency, and drug release. The nanohybrids (3.3 mg/mL) were 

passively loaded by incubating them in water at room temperature for 24 h varying the 

amount of 5-FU from 0.7 to 3.3 mg/mL corresponding to a feed in drug of 16 to 50 wt% 

relative to the nanohybrids. The drug loading was determined by UV spectroscopy (Figure 4.1) 

using a calibration curve of 5-FU in water established with the characteristic absorbance of 5-

FU at 265 nm (Figure A.4.15). For UCNP@polyHMPA, the drug loading increased from 0.5 to 

1.4 wt% when increasing the feed in drug, while for UCNP@HBP the drug loading increased 

from 0.7 to 2.9 wt% respectively. These results indicated a low drug loading for these systems 

that could be detrimental for a use as drug delivery system, but a higher encapsulation 

efficiency of HBPs to load 5-FU as compared to polyHMPA attributed to the formation of 

internal cavities in the HBP structure promoting a better retention of the drug [506] [507].  



 

123 
 

 

Figure 4.1. Passive loading of 5-FU in UCNP@polyHPMA (open blue diamonds) and UCNP@HBP (filled 
red circles): evolution of the (a) drug loading and (b) encapsulation efficiency as a function of the feed 
in drug.  

 

The cumulative amount of drug released (Figure 4.2) was monitored for drug-loaded 

UCNP@HBP by placing it in a phosphate buffer solution (PBS) at pH 7.4 and 37 °C withdrawing 

aliquots in triplicate at predetermined times. The results indicated that after 8 h, more than 

70 % of 5-FU loaded in UCNP@HBP was released under these conditions. This burst release 

was related to the hydrophilicity of 5-FU and polyHPMA. PolyHPMA did not act as a barrier 

against the diffusion of this drug of small size. After 24 h, almost all the drug (78 %) was 
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released. This nanocarrier was not suitable to be used for drug delivery as the drug would be 

released while the carrier would be circulating in the blood stream before reaching the 

targeted site.  

 

Figure 4.2. Drug release profile of 5-FU-loaded UCNP@HBP under physiological simulated conditions 
(PBS, 37 °C, pH 7.4) for experiments conducted in triplicate: (a) study over 8 days and (b) zoom on the 
first 12 h of the study highlighted in gray in (a). 

2.2. Conjugation of 5-FU on UCNP@HBP through ester linkages 

To improve the encapsulation stability in the blood stream and increase the drug loading, 

drug conjugation was considered, in which the drug is covalently bound to the nanocarrier 

and its release occurs thanks to a labile bond. Due to the number of hydroxyl groups on 
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polyHPMA [508], the drug conjugation with drugs was considered through reaction of these 

groups with a carboxylic acid present on the drug to promote the formation of an ester 

linkage[503] that is degradable by hydrolysis in physiological conditions in the presence of 

esterase or hydrolytic enzymes, but also catalyzed with acids or bases [503].  

As 5-FU does not have a carboxylic group, it was modified with chloroacetic acid under basic 

conditions according to a previous report [509] (Scheme 4.1) to obtain 5-fluorouracil-1-acetic 

acid (5-FU-COOH). 5-FU-COOH was conjugated to the polymer backbone of UCNP@HBP by 

esterification reaction using HBTU as coupling agent (Scheme 4.2). 5-FU-conjugated 

UCNP@HBP was characterized by FT-IR spectroscopy (Figure 4.3).  The spectrum of 5-FU-

conjugated UCNP@HBP was similar to the one of UCNP@HBP with additional peaks notably 

at 1243 and 1699 cm−1 attributed to the C-F stretching bands and the C=O group 

of pyrimidine ring of 5-FU respectively, confirming the conjugation of 5-FU onto UCNP@HBP.   

 

 

Scheme 4.1. Synthesis of 5-FU-COOH. 

+

1) KOH, H2O

2) HCl

https://www-sciencedirect-com.scd-rproxy.u-strasbg.fr/topics/chemistry/pyrimidine
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Scheme 4.2. Conjugation of 5-FU-COOH on UCNP@HBP. 

HBTU, DIPEA

DMF

rt, overnight
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Figure 4.3. Characterization of UCNP@HBP (dashed blue line), 5-FU-conjugated UCNP@HBP (solid 
green line), and 5-FU-COOH (red dotted line): (a) full spectra and zoom on the range of wavelengths 
of (b) 1200-1300 and (c) 1660-1760 cm-1. 

 

The zeta potential of 5-FU-conjugated-UCNP@HBP (Figure 4.4) was −14.7 mV, while 

UCNP@HBP revealed a lower negative surface charge measured as −0.05 mV. It seems that 

the conjugation of 5-FU to HBPs increased the surface charge of UCNPs, which could be 

attributed to the presence of non-covalently conjugated 5-FU leading to a negative charge. 
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Figure 4.4. Zeta potential of analysis of UCNP@HBP and 5-FU-conjugated UCNP@HBP  
 

5-FU loading in 5-FU-conjugated UCNP@HBP was determined via hydrolysis of the ester 

bonds between drug and polymer under basic conditions. The recovered 5-FU was quantified 

by UV spectroscopy at 265 nm using the 5-FU calibration curve as 12 w% (Figure A.4.16). In 

comparison to passive loading, the drug loading through conjugation was four times higher 

for the same feed in drug (i.e. 3 vs 12 wt%). The drug release was then carried out in PBS at 

37 °C at pH 7.4 (Figure 4.5). When comparing it to the system involving passive loading of 5-

FU, the initial burst release was only 11 wt% of 5-FU with the first 6h (compared to 68 wt% 

for passive loading) followed by a sustained release of the drug reaching 60 wt% after (456 h) 

19 days. The influence of the pH was investigated conducting the same experiment at pH 3.2 

to mimic gastric environment [510]. The cumulative drug release profile indicated an initial 

burst release of 10 wt% followed by a plateau. These results suggested a better hydrolysis of 

ester bonds between the drug and polymer backbone at neutral pH as compared to acidic 

conditions which has been previously reported [511,512].  
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Figure 4.5. Drug release profiles of 5-FU from 5-FU conjugated UCNP@HBP under simulated 
conditions (PBS, 37 °C) at pH 7.4 (filled red circles) and 3.2 (open blue diamond).  

 

2.3. 5-FU-conjugated on UCNP@HBP with stimuli-sensitive branching points 

The degradation of ester bonds can also be triggered by esterases which are overexpressed 

in cancer cells [513,514]. However, due to the hyperbranched structure of the polymer and 

the large size of esterases such as carboxylesterases (61-65 kDa),[515] the access of the 

esterase to the ester groups may be sterically hindered reducing its ability to promote the 

drug release (Figure 4.6). To overcome this difficulty, the introduction of degradable 

branching points was considered to break down the polymer and thus provide access of the 

esterase to the ester linkages present between the drug and the polymer. However, these 

degradable branching points should be stable while the polymer-drug conjugate is circulating 

in the bloodstream and should be able to degrade solely when at the targeted site. Redox- 

and enzyme-sensitive branching points through the use of the corresponding transmers 

(Figure 4.7) were thus considered for the design of the nanocarrier due to the high 

concentration in reducing agents and cathepsin B respectively in cancer cells. 
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Figure 4.6. Enzymatic activity of esterases on non-degradable polymers and polymers with stimuli-
degradable branching points grafted on UCNPs. 

 

Figure 4.7. Structure of redox- and cathepsin B-transmers. 

2.3.1. Redox-sensitive linkages 

Disulfide bonds are stable in biological conditions, but cleave in the presence of a reducing 

agent. Glutathione is one of the most important reducing agents highly overexpressed in 

cancer cells [516]. Its concentration is about 2-10 mM in the cytosol as compared to less than 

10 μM in extracellular fluids [517]. We proposed in this work to introduce a disulfide bridge 

on the transmer (MA-SS-CPABD, Figure 4.8) that was prepared in two steps according to the 

protocol reported by Tao et al. (i.e.  synthesis of 2-((2-hydroxyethyl)disulfanyl)ethyl 4-cyano-

4-(phenylcarbonothioylthio)pentanoate by reaction between CPABD and 2-hydroxyethyl 

disulfide, followed by an esterification reaction with methacrylic acid) [518]. The 

polymerization from UCNP@CPABDhigh (10 mg/mL) was conducted at 65 °C using MA-SS-

esterase esterase

Non-degradable polymers
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esterase to ester bonds

Polymers with degradable branching points
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esterase
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cathepsin B-sensitive transmer (MA-GFLG-CPABD)
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CPABD as transmer in the molar ratio of [HPMA]:[MA-SS-CPABD]:[AIBN] of 200:1:0.2. TGA of 

redox-sensitive UCNP@HBP (UCNP@HBPredox) indicated a content of 31 wt% of polymers 

(Figure 4.8), while UV spectroscopy afforded the determination of the amount of MA-SS-

CPABD incorporated on the polymer as 0.121 mmol per gram of UCNP corresponding to a DB 

of 0.17. 

The degradation of the polymer was studied in PBS at pH 7.4 at 37 °C using dithiothreitol (DTT) 

as reducing agent, which has a similar activity as glutathione (Scheme 4.3). TGA analysis was 

used to measure the amount of polymer remaining at the surface of UCNPs after adding the 

reducing agent (Figure 4.8). The HBP with redox sensitive linkages showed a weight loss of 25 

and 5 wt% in the absence and presence of DTT respectively. The weight loss in the presence 

of DTT was similar to UCNP@CPABD suggesting the full degradation of the polymer under 

these conditions. Furthermore, DLS indicated a Dh of 248 and 149 nm (based on intensity) 

before and after adding DTT confirming the polymer degradation (Figure 4.9). 

 

 

 

Scheme 4.3. Degradation of redox-sensitive branching points of UCNP@HBPredox in the presence of 
DDT. 

PBS pH 7.4, 37  C, 24 h



 

132 
 

 

Figure 4.8. TGA of UCNP@CPABD (green solid line), UCNP@HBPredox as control in water (red 
dashed line) and after addition of 10 mM of DTT ( blue dotted line).  

 

 

Figure 4.9. DLS measurements of UCNP@HBPredox before (solid green line) and after (dashed blue line) 
addition of 10 mM of DTT in a) intensity and b) number.  
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To investigate the rate of degradation of HBPredox in the presence of DTT, the polymer was 

labeled with Rhodamine B linked to the polymer through a GLFG peptide sequence. 

Rhodamine B-GFLG was synthesized by solid-phase peptide synthesis followed by on resin 

end-capping of the peptide sequence with Rhodamine B (Scheme 4.4). The peptide sequence 

was synthesized by solid-phase peptide synthesis from a 2-chlorotrityl chloride resin adding 

iteratively each amino acid using HBTU as coupling agent. The peptide sequence was then 

end-capped on the resin with Rhodamine B by esterification reaction using N,N’-

diisopropylcarbodiimide (DIC) as coupling agent [519]. The coupling between Rhodamine B 

and peptide on resin was not completed, therefore with capping unreacted amine on resin, 

cleaving step was done. Rhodamine B-GFLG was conjugated on UCNP@HBPredox by 

esterification reaction using HBTU as coupling agent. The amount of Rhodamine B was 

determined by UV spectroscopy as 0.3 μmol per gram of UCNPs using a calibration curve of 

Rhodamine B in water (Figure A.4.17). Upon addition of DTT, the degradation of HBPredox 

occurred readily and was monitored by UV-vis spectroscopy at 552 nm for the supernatant 

(Figure 4.10). The results indicated a fast degradation of the polymer observed by the 

presence of fragments of Rhodamine B-labeled polymer in solution up to 60% in the first 30 

min following the addition of DTT reaching a plateau around 73% after 120 min.  

 

 

Scheme 4.4. Synthesis of Rhodamine B-GFLG. 

1) 

DIC, HOBt, DIPEA, DMF

2) TFE/CH2Cl2

1) Fmoc-Gly-OH

DIPEA, CH2Cl2
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1) Fmoc-Leu-OH

HBTU, HOBt,   

DIPEA, DMF

2) piperidine, DMF

1) Fmoc-Phe-OH
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DIPEA, DMF

2) piperidine, DMF

1) Fmoc-Gly-OH

HBTU, HOBt,   
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Figure 4.10. Rhodamine B release profile from Rhodamine B-labelled UCNP@HBPredox in PBS at pH 7.4 
at 37 °C in the presence of DTT. 

2.3.2. Enzyme-sensitive linkages 

In order to prepare an enzyme-responsive HBP, a transmer based on an enzyme-sensitive 

peptide sequence was synthesized. The peptide sequence chosen was Gly-Phe-Leu-Gly (GFLG) 

as it was identified to be cleavable in the presence of cathepsin B, which is an enzyme highly 

upregulated in cancer cells [520]. The targeted transmer (MA-GLFG-CPABD, Scheme 4.5) was 

constituted of the GFLG peptide sequence with CPABD at its N-terminus and a methacrylate 

group at its C-terminus. The peptide sequence was synthesized similarly by solid-phase 

peptide synthesis and then end-capped on the resin with CPABD by amidation reaction 

(Scheme 4.5). GLFG-CPABD was cleaved from the resin using a solution of 2,2,2-

trifluoroethanol (TFE) in dichloromethane and was then coupled to 2-hydroxy methacrylate 

by esterification reaction using HBTU as coupling agent. The structure of the enzyme-sensitive 

transmer (MA-GLFG-CPABD) was confirmed by 1H and 13C NMR spectroscopies and mass 

spectroscopy (Figure 4.11). 
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Scheme 4.5. Synthesis of MA-GLFG-CPABD 

1) 

HBTU, HOBt, DIPEA, DMF

2) TFE/CH2Cl2

end-capping with CPABD

introduction of methacrylate group

HBTU, HOBt,
DIPEA, DMF
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Figure 4.11. Characterization of MA-GLFG-CPABD: (a) 1H and (b) 13C NMR spectra in MeOD and (c) 
mass spectrometry.  
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The polymerization from UCNP@CPABDhigh (10 mg/mL) was conducted using MA-GFLG-

CPABD as transmer using similar conditions as those used to prepare UCNP@HBPredox, i.e. 65 

°C using a molar ratio [HPMA]:[MA-SS-CPABD]:[AIBN] of 200:1:0.2, affording enzyme-

sensitive UCNP@HBP (UCNP@HBPenzyme). Mean size of the prepared UCNP@HBPenzyme was 

measured about 120 nm without any aggregated particle (Figure 4.12). TGA of 

UCNP@HBPenzyme indicated a percentage of polymer grafted on UCNPs of 25 wt% (Figure 4.13) 

corresponding to 0.735 mmol of HPMA repeat units per gram of UCNPs. The amount of MA-

GFLG-CPABD involved in RAFT polymerization at the surface was measured by UV 

spectroscopy as 0.087 mmol/gNPs, and DB was estimated around 0.19.  

 

 

Figure. 4.12. DLS measurement of UCNP@HBPenzyme in PBS.  
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Figure 4.13. TGA thermogram of UCNP@CPABD (green solid line) and UCNP@HBPenzyme (blue dotted 

line). 

3. Conclusion  

In summary, we have studied the potential UCNP@HBP as nanocarrier for the delivery of 5-

FU. Drug loading via passive loading for UCNP@HBP and UCNPs@polyHPMA revealed a higher 

capacity of drug loading for UCNP@HBP (e.g. 1.4% and 2.9% drug loading for 

UCNPs@polyHPMA and UCNP@HBP, respectively ). Drug release from UCNP@HBP passively 

loaded with 5-FU was fast reaching 78% of drug released after 24 h. To enhance drug loading 

and encapsulation stability of 5-FU, drug conjugation was considered through ester bonds, 

which are susceptible to hydrolysis to release the drug under physiological conditions in 

cancer cells due to their high concentration in esterases. By conjugating 5-FU to UCNP@HBP, 

the drug content increased by four folds as compared to passive loading and more sustained 

release of 5-FU was observed.  

To promote a higher accessibility of esterases to the ester bond between the polymer and 

drug, redox-degradable groups were introduced on UCNP@HBP at their branching points. The 

degradation of UCNP@HBPredox was studied by TGA and DLS in the presence of DTT as 

reducing agent. The amount of polymer on surface of UCNPs and hydrodynamic size 

decreased clearly confirming the degradation of HBPs grafted at the surface of UCNPs. The 

insertion of enzyme-sensitive branching point based on a specific peptide sequence, i.e. GLFG, 
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prepared by solid-phase peptide synthesis was also considered to obtain enzyme degradable 

nanohybrids, UCNP@HBPenzyme. Future work will include the degradation study of 

UCNP@HBPenzyme in the presence of Papain enzyme having the same activity as Cathepsine B 

in cancer cells. To validate the potential of this work, the investigation of the cytotoxicity of 

these nanohybrids will be necessary along with their study in cell culture.
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1. Materials 

Yttrium(III) chloride hexahydrate (99.99%), ytterbium(III) chloride hexahydrate (99.99%), 

erbium(III) chloride hexahydrate (99.99%), oleic acid (OA, technical grade, 90%), 1-

octadecene (technical grade, 90%), sodium hydroxide (anhydrous, ACS reagent, ≥97%), 

ammonium fluoride (ACS reagent, ≥98.0%, IGEPAL® CO-520, tetraethylorthosilicate (TEOS, 

98%), (3-aminopropyl)triethoxysilane (APTES, 98%), 1-hydroxybenzotriazole hydrate (HOBt, 

97%), 2,2’-azobis(isobutyronitrile) (AIBN, 98%), N,N’-dicyclohexylcarbodiimide (DCC, 99%), 

4-(dimethylamino)pyridine (DMAP, 99%), 4-cyano-4-(thiobenzoylthio)pentanoic acid (CPABD, 

>98%), ammonium hydroxide (28%), Fmoc-L-Leu-OH (>97%), piperidine (99%), methacrylic 

acid (99%), N,N′-Diisopropylcarbodiimide (DIC, 99%)  silica gel (high-purity grade, pore size 

60 Å, 230-400 mesh), phosphate buffered saline tablets (PBS), N,N-dimethylformamide 

anhydrous, (DMF, 99.8%), anhydrous methanol (MeOH, 99.8 %), anhydrous dichloromethane 

(DCM, ≥99.8%), and N,N-dimethylformamide (DMF, >99%) were purchased from Sigma-

Aldrich. N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 

(HBTU, 99%), 2-chlorotrityl chloride resin (1.6 mmol/g, 100-200 mesh), Fmoc-Phe-OH (>99%) 

and Fmoc-Gly-OH (>98%) were purchased from Iris Biotech. 2-Hydroxyethyl methacrylate 

(HEMA, 98%) and 5-fluorouracil (5-FU, 98%) were purchased from ABCR. 

N-Ethyldiisopropylamine (DIPEA, 99%), 1,4-dioxane (≥99.5%), 1-amino-2-propanol (94%), 

methacryloyl chloride (97%) and 2,2,2-trifluoroethanol (TFE, 99+%) were purchased from Alfa 

Aesar. Rhodamine B (95%) was purchased from Merck. Hydrofluoric acid (HF, 40% in H2O) was 

purchased from Ridel de Haen. Ethanol (absolute, 99.99%), cyclohexane (99.8%), and acetone 

(99.8%), Diethyl ether (99%) were purchased from Carlo Erba. Dialysis tubing (regenerated 

cellulose, MWCO of 1 kDa, SpectrumLab) was purchased from Roth. All chemicals were used 

as received, except if noted otherwise. AIBN was recrystallized twice from ethanol. N-(2-

Hydroxypropyl) methacrylamide [521] (HPMA), 2-(methacryloyloxy)ethyl 4-cyano-4-

(phenylcarbonothioylthio)pentanoate [466] (MA-CPABD), 5-fluorouracil-1-acetic acid [509] 

(5-FU-COOH) and the redox-sensitive transmer [518] (MA-SS-CPABD) were synthesized as 

reported in the literature. All the syntheses on solid support were performed in solid phase 

extraction (SPE) tubes (12 and 25 mL polypropylene SPE tubes with polyethylene frits, 20 µm 

porosity purchased from SUPELCO®) and shaken using a modified IKA KS 130 basic shaker.  
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2. Characterization techniques 

UV-vis spectroscopy was carried out using a Perkin Elmer Lambda 25 spectrophotometer.   

Dynamic light scattering (DLS) experiments were performed on a Malvern Zetasizer Nano ZS 

at 633 nm (He-Ne laser beam) with a scattering angle fixed at 173° at 25 °C. Before 

measurement, the solutions were filtered through a 0.45 μm syringe filter. 

High resolution transmission electron microscopy (HR-TEM) images were obtained on a JEOL 

2100F electron microscope with an accelerating voltage of 200kV. TEM samples were 

prepared by placing few drops of nanoparticle suspension onto a carbon-coated grid and air-

drying under ambient conditions. The size distributions of the samples based on TEM images 

for more than 100 particles were investigated by the open-source ImageJ software (Version 

1.51n, Wayne Rasband, National Institutes of Health, USA). 

Fourier transform infrared (FTIR) spectra were recorded on a Bruker Vertex 70 spectrometer 

using the attenuated total reflectance (ATR) technique between 500 and 4000 cm-1. 

1H and 13C NMR spectra were recorded in CDCl3, DMSO-d6, MeOD, or D2O on a 400 MHz 

Bruker Avance III HD spectrometers equipped with a BBO type probe at 25 °C.  

Size-exclusion chromatography (SEC) was performed on DIONEX Ultimate 3000 system 

equipped with a guard column and four Shodex OH-pak columns (7.5 x 300 mm, 803HQ, 

804HQ, 806HQ, 807HQ), a Wyatt OPTILAB rEX differential refractometer, and a Wyatt DAWN 

HELEOS II light scattering detector and was operated at 30 °C using 60/40 water/acetonitrile 

with 0.1 M NaNO3 as eluent at a flow rate of 0.5 mLmin-1.   

Luminescence spectra of UCNPs were obtained using an inverted microscope (Olympus IX71) 

equipped with a high numerical aperture objective (Olympus, UApo N 100x/1.49 Oil) excited 

at 980 nm using a continuous-wave laser coupled to a single-mode fiber with a maximum 

output of 350 mW (Qphotonics, QFBGLD-980-350) [522]. (ILLKIRCH) 

X-ray powder diffraction (XRD) measurements were performed on a Rigaku SmartLab 

diffractometer with Cu Kα1 radiation (45 kV, 200 mA, λ=0.15406 nm) for the characterization 

of crystallinity and phase of nanocrystals. (IPCMS) 

Nitrogen adsorption/desorption isotherms according to the Brunauer–Emmett–Teller (BET) 

theory were recorded on a Micromeritics TriStar 3000 V6.07A analyzer. The samples were 

degassed at 150 °C for 3 h in the degassing port of the adsorption apparatus. (ECPM)  
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3. Experimental protocols for Chapter 2 

3.1. Synthesis of NaYF4:Yb3,Er3+
 nanocrystals  

NaYF4:20% Yb3+,2% Er3+ nanocrystal was synthesized according to a previously reported 

procedure with some modification [343]. In a typical recipe: 1 mmol of RECl3 (Y:Yb:Er = 78%: 

0.2%:0.02%) was added into a mixture solution of oleic acid (6 mL) and 1-octadecene (15 mL) 

in a round bottom flask with vigorous stirring and heated at 150 °C to form a homogeneous 

solution which was further cooled down to 30 °C under argon atmosphere. Then, a mixture 

of NaOH (0.1 g, 2.5 mmol) and NH4F (0.1448 g, 4 mmol) in 5 mL of methanol was added to the 

above solution and stirred for 30 min at 30 °C. Afterward, the mixture was heated from 80 to 

110 °C for the removal of methanol. Then, the mixture was heated to a given temperature 

(290, 300, 305, 310, 315 °C) for 30, 60, 90, 120 or180 min under an argon atmosphere for the 

formation of nanocrystals. For the microtube setup, the primary nuclei solution was 

transferred to a microtube with different internal diameters (ID) (4083, 1753 and 876 µm) 

under argon atmosphere and placed into a thermoregulated oven at different fixed 

temperatures (290, 300, 305, 310 and 315 °C) and maintained at these temperatures for 

different times (30 to 330 min) and then cooled down to room temperature. The products 

were precipitated by the addition of acetone, collected by centrifugation, and finally 

redispersed into cyclohexane.  

4. Experimental protocols for Chapter 3 

4.1. Synthesis of NaYF4; Yb 20%; Er 2% upconversion nanoparticles with amine groups at 

their surface (UCNP@NH2) 

NaYF4:20% Yb3+, 2% Er3+ nanocrystals having a diameter of 25-30 nm were prepared by the 

co-precipitation method according to a previously reported procedure [343] with some 

modifications. Briefly, 1 mmol of lanthanide chloride (Y:Yb:Er = 78:20:2) were dissolved into 

a solution of oleic acid (6 mL) in 1-octadecene (15 mL) under vigorous stirring and heated to 

150 °C to obtain a homogeneous solution that was then cooled to 30 °C under argon. A 

mixture of NaOH (0.10 g, 2.5 mmol) and NH4F (0.14 g, 4.0 mmol) dissolved in 5 mL of MeOH 

was then added and stirred for 30 min at 30 °C. The mixture was then heated at 110 °C for 50 

min to remove MeOH, then at 290 °C for 180 min under argon. The solution was cooled to 
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room temperature and 25 mL of acetone was added. The precipitate was centrifugated, 

isolated and redispersed in 20 mL of cyclohexane. The concentration of the dispersion of 

NaYF4:20% Yb3+, 2% Er3+ nanocrystals capped with oleate ligands (UCNP@OA) in cyclohexane 

was around 40 mgmL-1.   

UCNP@OA were modified with silanol (Si-OH) in the presence of TEOS under basic conditions 

by reverse microemulsion method [388,523] followed by the introduction of primary amine 

groups by treating with APTS [388]. Briefly, 1.5 g of IGEPAL® CO-520 (3.33 mmol) was charged 

in a 50 mL centrifuge tube followed by 21 mL of cyclohexane and 4 mL of UCNP@OA 

dispersion (20 mgmL-1 in cyclohexane) were added into the tube. After 1 min of sonication, 

the mixture was poured to a 100 mL flask under vigorous stirring (750 rpm). 0.165 mL of 

ammonium hydroxide (28%) was added slowly and stirred for 30 min. 50 µL of TEOS (0.22 

mmol) were added to the reaction mixture that was stirred for 24 h. 30 µL of APTS (152 μmol) 

was then added and stirred for 24 h. 50 mL of a mixture of acetone and ethanol (50:50) was 

added to the reaction tube. The mixture was centrifuged at 6500g for 30 min at room 

temperature and the supernatant was discarded.  The UCNPs were washed several times with 

redispersion by vortex and sonication in ethanol and finally with acetone. The nanoparticles 

were dried under vacuum yielding 140 mg of amine-functionalized UCNPs. UCNP@NH2 with 

a lower amount of amine groups were prepared similarly by adding 7.5 or 15 µL of APTS (38 

and 76 μmol respectively) yielding to 121 and 129 mg of UCNP@NH2,low and UCNP@NH2,medium 

respectively.  

4.2. Synthesis of CPABD-functionalized UCNPs (UCNP@CPABD) 

120 mg of UCNP@NH2,high were dispersed in 5 mL of DMF. A solution of HBTU (154 mg, 0.4 

mmol), HOBt (55 mg, 0.4 mmol), CPABD (113 mg, 0.4 mmol) and DIPEA (142 µL, 0.8 mmol) in 

2 mL of DMF was added to the dispersion of UCNP@NH2 under argon. The reaction mixture 

was stirred vigorously overnight at room temperature. The UCNPs were then collected by 

centrifugation and washed five times with DMF and three times with acetone by redispersion 

in the solvent followed by sonication for 10 s. UCNP@CPABD with a high CPABD grafting 

density (UCNP@CPABDhigh) was finally dried under vacuum at room temperature for 48 h 

affording 115 mg of UCNP@CPABDhigh (95% yield). The preparation of UCNP@CPABD with a 

medium (UCNP@CPABDmedium) and low (UCNP@CPABDlow) CPABD grafting density were 

carried out according to the same protocols using 77 mg of HBTU (0.2 mmol), 22.5 mg of HOBt 
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(0.2 mmol), 57 mg of CPABD (0.2 mmol) and 71 µL of DIPEA (0.4 mmol) for 

UCNP@CPABDmedium and 39 mg of HBTU (0.1 mmol), 12 mg of HOBt (0.1 mmol), 29 mg of 

CPABD (0.1 mmol) and 40 µL of DIPEA (0.2 mmol) for UCNP@CPABDlow.   

4.3. Preparation of polyHPMA from UCNP@CPABD by surface-initiated RAFT 

polymerization from UCNPs (UCNP@polyHPMA) 

In a 5 mL round bottom flask, 30 mg of UCNP@CPABD, 250 mg of HPMA (1.7 mmol), 2.52 mg 

of CPABD (9 μmol, 3 mM), and 3 mL of solvent (1,4-dioxane, DMF or MeOH) were added and 

dispersed under ultrasonication for 6 min (three times 2 min in a cold water bath). 0.33 mg 

of AIBN (2 μmol) dissolved in 50 L of the solvent used for the polymerization was added to 

the reaction flask. The reaction mixture was degassed by bubbling argon into the solution for 

30 min. The reaction mixture was stirred in an oil bath thermostated at 65 °C. For kinetic 

studies, aliquots were withdrawn at predetermined intervals during the polymerization to 

determine the monomer conversion of the polymer formed in solution. HPMA conversion 

was determined by 1H NMR spectroscopy by comparing the integration of the vinyl protons 

at 5.7 ppm of HPMA to the integration of the methyl protons at 0.5-1.1 ppm of the backbone 

of polyHPMA. After 24 h of reaction, the reaction mixture was then quenched by placing the 

reaction flask in an ice bath. UCNP@polyHMPA were isolated by centrifugation. The 

supernatant was collected and precipitated in Et2O to isolate the polymer formed in solution. 

UCNP@CPABD were further purified by performing cycles of centrifugation and redispersion 

in MeOH (five times) and acetone (twice) to remove any ungrafted polymer. The polymers 

formed in solution and at the surface of UCNPs (UCNP@polyHMPA) were dried under vacuum 

at room temperature for 48 h.  

4.4. Preparation of HBP from UCNP@CPABD by surface-initiated RAFT copolymerization 

(UCNP@HBP) 

30 mg of UCNP@CPABD, 250 mg of HPMA (1.7 mmol), 3.52 mg of MA-CPABD (90 μmol), and 

3 mL of 1,4-dioxane were placed in a 5 mL bottom flask and dispersed under ultrasonication 

for 6 min (2 min × 3) in a water bath at 10 °C. 0.33 mg of AIBN (2 μmol) dissolved in 50 L of 

1,4-dioxane was added the reaction mixture. The reaction mixture was degassed by bubbling 

argon into the solution for 30 min. The reaction mixture was stirred in an oil bath 
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thermostated at 65 °C. For kinetic studies, aliquots were withdrawn at predetermined 

intervals during the polymerization to determine the monomer conversion of the polymer 

formed in solution. After 24 h of reaction, the reaction mixture was then quenched by placing 

the reaction flask in an ice bath. UCNP@HBP were isolated by centrifugation, MeOH was 

added to redisperse the nanoparticles and centrifuged again. The supernatant was collected 

after each washing step. The degree of branching (DB), monomer conversion and molecular 

weight of the polymer formed in solution were determined by UV-vis spectroscopy, 1H NMR 

spectroscopy, and SEC measurement respectively. UCNP@HBP were further purified by 

performing cycles of centrifugation and redispersion three times in successively 1,4-dioxane, 

MeOH, and acetone to remove any ungrafted polymer. The polymers formed in solution 

(HBPsol) and at the surface of UCNPs (UCNP@HBP) were dried under vacuum at room 

temperature for 48 h. The UCNPs were dried under vacuum at room temperature for 48 h.  

4.5. Cleavage of the polymers from the surface of UCNPs 

30 mg of UCNP@polymer dispersed in 2.5 mL of deionized water were sonicated for 2 min 

before adding 0.5 mL of 40 % HF (Caution: HF is highly corrosive). The solution was shaken for 

4 h and then neutralized by adding very slowly a saturated solution of NaHCO3. The mixture 

was dialyzed against water for 2 days and then centrifuged to collect the supernatant that 

was lyophilized. 

4.6. Monitoring of CPABD concentration by UV-vis spectroscopy 

For accurate comparison, a stock solution of CPABD was prepared using one part for the 

polymerization and another part as control. After polymerization, the supernatant was 

collected from the washing steps and concentrated by rotary evaporation. The pink residue 

was dissolved in 5 mL of MeOH and the solutions were characterized by UV-vis spectroscopy.  

5. Experimental protocols for Chapter 4 

5.1. 5-FU loading 

5.1.1. Passive loading 

Loading. 5-FU (1 to 5 mg) was dissolved in 0.5 mL of water, while 5 mg of UCNP@HBP or 

UCNP@polyHPMA was dispersed in 1 mL of water and sonicated for 30 s. The drug solution 
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and suspension of UCNP@polymer were mixed, sonicated for 30 s and shacked at room 

temperature for 24 h as depicted in Figure E1. The mixture was centrifuged at 6,500 g for 10 

min at room temperature and the supernatant was discarded.  The loaded UCNP@polymer 

were washed by redispersion in 1 mL of water followed by vortexing, centrifuged discarding 

the supernatant, and dried under vacuum. 

 

Figure E.1. Passive loading of 5-FU in UCNP@polyHPMA and UCNP@HBP. 

Quantification. 2.5 mg of loaded UCNPs was dispersed in 2 mL of distilled water that was 

shaken for 3 h. The supernatant was collected after centrifugation and the UCNPs were 

redispersed in fresh distilled water. These steps were repeated to collect the supernatant 6, 

24 and 48 h from the beginning of the experiment. The supernatants were combined and the 

volume was adjusted to 25 mL. The absorbance value of 5-FU was determined at 265 nm by 

UV spectroscopy. The amount of drug was determined from the calibration curve of 5-FU in 

water (Figure 4.1).  

5.1.2. Conjugation on UCNP@HBP 

Loading. 10 mg of UCNP@HBP was sonicated for 2 min (2×1 min) in 2 mL of anhydrous DMF. 

10 mg of 5-FU-COOH (0.054 mol) and 41 mg of HBTU (0.108 mmol) were dissolved in 1 mL of 

DMF that were placed in an ice bath for 10 min. 0.04 mL of DIPEA (0.216 mmol) was added to 

the solution of 5-FU-COOH. After 10 min, the solution of UCNP@HBP were added dropwise. 

The mixture was allowed to stir overnight at room temperature. The solution was centrifuged 

and the particles were collected. Cycles of centrifugation and redispersion in DMF and water 
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were repeated at least five times to ensure that no free drug remained at the surface of 

UCNPs. The product was freeze-dried. 

Quantification. To determine the amount of 5-FU conjugated on the polymer, the drug was 

cleaved using KOH and quantified by UV spectroscopy. Briefly, 2 mg of 5-FU-conjugated 

UCNP@HBP were dispersed in 2 mL of 50/50 water/THF and sonicated for 1 min.  95 mg of 

KOH were added to the solution that was stirred in an oil bath at 50 °C overnight. The mixture 

was centrifuged and the supernatant was collected. Cycles of centrifugation and redispersion 

in water were repeated three times. All the supernatants were collected and concentrated by 

rotary evaporation. The resulting solution was neutralized with diluted HCl. The solution was 

added in a 25 mL volumetric flask that was filled with water used for characterization by UV-

Vis spectroscopy at 275 nm. The concentration in drug was calculated based on the calibration 

curve (Figure 4.5). Drug loading and encapsulation efficiency were calculated from Equations 

1 and 2 respectively. 

Drug loading (wt%) =
drug weight in nanocarrier

weight of nanocarrier
× 100            

Equation 1 

Encapsulation efficiency (%) =
drug weight in nanocarrier

weight of the feeding drugs
× 100           

Equation 2 

5.2. 5-FU release 

Drug release studies were carried out in PBS buffer (pH 7.4) at 37 °C. 2 mg of samples were 

dispersed into 2 mL of PBS buffer. The solution was dialyzed against 50 mL of PBS buffer at 37 

°C under a gentle agitation. 2 mL of the release medium was withdrawn at predetermined 

times and replaced with an equal volume of fresh medium to keep the total volume constant. 

Using UV–Vis spectroscopy at 265 nm, the drug release percentage was calculated with 

respect to the initial drug content using the 5-FU standard calibration curve (Figure 4.1) using 

Equation 3. 

drug release (%) =
Mt

M0
× 100                                   

Equation 2 

where M0 and Mt represent the amount of loaded and released drug at time t, respectively. 
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5.3. Preparation of cathepsin B-sensitive transmer (MA-GLFG-CPABD) 

The synthesis involved first solid-phase peptide synthesis to obtain GLFG-CPABD followed by 

its coupling to HEMA in solution.   

5.3.1. Synthesis of GLFG-CPABD 

1 g of 2-chlorotrityl chloride resin (1.6 mmol) was swollen in 10 mL of DCM in a 25 mL SPE 

tube and washed 3 times with DCM. 0.38 g of Fmoc-Gly-OH (1.28 mmol, 0.8 eq) was added to 

the tube. The vessel was degassed by performing three vacuum/argon cycles. 8 mL of 

anhydrous DCM was added and agitated for 10 min under argon. 0.9 mL of DIPEA (5.12 mmol, 

3.2 eq) was added and the mixture was agitated for 90 min under argon. The solution was 

filtered and the resin was washed six times with DMF. 10 mL of a solution of DCM, MeOH, 

and DIPEA (8:1.5:0.5) was added to tube and agitated for 10 min (twice). The solution was 

filtered and the resin was washed six times with DMF and DCM. The resin was dried under 

vacuum at room temperature for 48 h. The grafting density in glycine on the resin was 

determined by gravimetric analysis as 1.1 mmol/g. Fmoc protecting groups were removed by 

agitation for 5 min with 10 mL of 25 v% piperidine in DMF. After filtration and washing the 

resin, a fresh solution was added and agitated for 30 min followed by washing with DMF and 

DCM.  

The other amino acids were added iteratively using the following protocol. Fmoc-amino acid-

OH (2.2 mmol,2 eq), HBTU (0.83 g, 2.2 mmol) and HOBt (0.30 g, 2.2 mmol) were weighted in 

a vial and dissolved in 8 mL of anhydrous DMF. 1.5 mL of DIPEA (8.8 mmol) were added to the 

solution that was poured into the SPE tube containing the resin. The mixture was agitated for 

90 min.  After filtration and washing the resin, the deprotection step was conducted with 25 

v% piperidine in DMF and the resin was washed with DMF and DCM.  

The peptide sequence was then end-capped with CPABD using a similar protocol using 

replacing Fmoc-amino acid-OH by CPABD (205 mg, 0.7 mmol). The resin was transferred to a 

glass vessel. A solution of 20 v% TFE in DCM was added to cleave GLFG-CPABD from the resin 

and agitated for 1 h. The solution was extracted from resin by filtration. The cleaving steps 

were performed three times. The solution was concentrated by rotary evaporation and the 

product was isolated by precipitation in diethyl ether. The product was dried under vacuum 

for 48 h at room temperature (2/3 of resin: 430 mg, 90%).  
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1H NMR (400 MHz, CD3OD, 3.31)  7.90-7.93 (m, 2H), 7.58-7.60 (m, 1H), 7.42-7.44 (m, 2H), 

7.41-7.19 (m, 5H), 4.58-4.62 (m, 1H), 4.41-4.43 (m, 1H), 3.72-3.87 (m, 4H), 3.13-3.15 (m, 1H), 

2.93-2.96 (m, 1H), 2.54-2.64 (m, 2H), 2.37-2.51 (m, 1H), 1.93 (s, 2H), 1.55-1.72 (m, 3H), 0.87-

0.94 (m, 6H). 13C NMR (101 MHz, CD3OD, 49.00) δ 173.49, 172.74, 172.02, 171.22, 170.61, 

144.75, 136.83, 132.88, 128.97, 128.40, 128.19, 126.50, 126.30, 118.48, 54.83, 51.79, 46.02, 

42.50, 40.45, 40.28, 37.02, 33.38, 30.42, 24.34, 22.96, 22.18, 20.55. 

5.3.2. Synthesis of MA-GLFG-CPABD 

400 mg of GLFG-CPABD (0.61 mmol, 1 eq), 150 µL of HEMA (1.22 mmol, 2 eq) and 0.46 mg of 

HBTU (1.22 mmol, 2 eq) were dissolved in 3 mL of DMF in a 5 mL bottom flask, which was 

then put in ice bath for 10 min. 426 µL of DIPEA (2.44 mmol, 4 eq) was added to the mixture. 

After 20 min, the ice bath was removed and the mixture was kept to stir for 16 h at room 

temperature. The mixture was precipitated in cold water. The precipitate was collected by 

centrifugation and dried under vacuum for 24 h. The product was dissolved in MeOH and 

precipitated in cold diethyl ether twice. The compound was passed through a C18 column 

(Discovery® DSC-18 SPE Tube) using a mixture of 30/70 water/acetonitrile and the main 

fraction was isolated and concentrated by rotary evaporation The product was redissolved in 

MeOH and precipitated in cold diethyl ether. The product was collected by centrifugation and 

dried under vacuum at room temperature for 48h yielding a pink powder (390 mg, 83%).  

1H NMR (400 MHz, CD3OD, 3.31) δ 7.87-7.98 (m, 2H), 7.55-7.65 (m, 1H), 7.38-7.47 (m, 2H), 

7.11-7.31 (m, 5H), 6.10 (s, 1H), 5.62 (s, 1H), 4.55-4.72 (m, 1H), 4.29-4.54 (m, 1H?), 3.92 (s, 2H), 

3.68-3.89 (m, 4H), 2.88-3.29 (m, 2H), 2.35-2.65 (m, 4H), 1.94 (s, 3H), 1.92 (s, 3H), 1.52-1.76 

(m, 2H), 1.24-1.40 (m, 2H), 0.69-1.01 (m, 6H). 13C NMR (NMR (101 MHz, CD3OD, 49.00) δ 

174.98, 174.14, 173.35, 172.06, 170.80, 168.52, 146.16, 138.22, 137.43, 134.22, 130.32, 

129.76, 129.56, 127.88, 127.66, 126.65, 119.86, 64.04, 63.68, 56.24, 53.23, 47.45, 43.97, 

41.94, 41.65, 38.30, 34.81, 31.82, 25.73, 24.33, 23.51, 21.93, 18.39. ESI-MS (m/z) [M+H]+ 

calculated from C38H47N5O8S2Na 788.28, found 788.27. 

5.4. Preparation of stimuli-responsive HBP from UCNP@CPABDhigh by surface-initiated 

RAFT copolymerization (UCNP@HBPredox and UCNP@HBPenzyme) 

30 mg of UCNP@CPABDhigh, 250 mg of HPMA (1.7 mmol), and 3 mL of 1,4-dioxane (3.0 mL) 

with either 3.52 mg of MA-SS-CPABD (90 μmol) or 6.9 mg of MA-GFLG-CPABD (90 μmol) were 
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added to a 5 mL round bottom flask and dispersed under ultrasonication for 6 min (2 min × 3) 

in a cold water bath. 0.33 mg of AIBN (2 μmol) dissolved in 50 μL of 1,4-dioxane was added to 

the reaction mixture that was purged by bubbling argon for 30 min. Polymerization was 

carried out in a preheated oil bath thermostated at 65 °C for 24 h. The reaction was stopped 

by placing the vessel in an ice-water bath. The UCNPs were separated by centrifugation. 

Cycles of centrifugation and redispersion of UCNPs in successively 1,4-dioxane, MeOH and 

acetone (three times for each solvent) were performed to remove any ungrafted polymer 

from the nanohybrids.  

5.5. Degradation study of redox-responsive HBP grafted on UCNPs in the presence of DTT 

20 mg of UCNP@HBPredox were dispersed in 4 mL of PBS (ph = 7.4) by ultrasonication. The 

solution was divided into two parts (solutions A and B). 2 mL of 20 mM of DTT in PBS was 

added to solution A, while 2 mL of PBS (pH = 7.4) was added to solution B (control). The 

solutions were shaken at 37 °C for 24 h.  The nanoparticles were separated by centrifugation 

and washed several times with distilled water. The nanoparticles were dispersed in water by 

sonication and one droplet was taken for DLS measurement. Finally, the nanoparticles were 

separated and dried under vacuum for 48 h.  

5.6. Synthesis of Rhodamine B-GFLG 

GLFG sequence was synthesized by solid-phase peptide synthesis as in Section 5.3.1. The end-

capping was performed on 0.2 g of resin bearing the GLFG sequence (0.4 mmol) with 0.38 g 

of Rhodamine B (0.8 mmol, 2eq) in the presence of 0.12 mL of DIC (0.8 mmol, 2eq) and 0.1 g 

of HOBt (0.8 mmol, 2eq) in 6 mL of a mixture of DMF and DCM (50:50). The solution was 

agitated for 16 h at room temperature under argon. The resin was washed six times with DMF 

and six times with DCM. To remove all unreacted Rhodamine B, the resin was agitated with 

30 mL of a mixture of DCM and DMF (50:50) overnight. Rhodamine B-GFLG was isolated after 

cleavage from the resin as described in Section 5.3.2 using 20% TFE in DCM as a pink solid.  

5.7. Conjugation of Rhodamine B-GFLG on UCNP@HBPredox 

25 mg of UCNP@HBPredox dispersed in 3 mL of DMF was sonicated for 2 min (1 min × 2). 10 

mg of Rhodamine B-GFLG (0.012 mmol) and 9.1 mg of HBTU (0.024 mmol) were dissolved in 

0.5 mL of DMF and placed in an ice bath for 10 min. 20 μL of DIPEA (0.049 mmol) was added 
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followed by the suspension of UCNP@HBP dropwise. The solution was stirred overnight at 

room temperature and then centrifuged to collect the nanoparticles. Cycles of centrifugation 

and redispersion in DMF, water, and MeOH were repeated at least five times to ensure the 

full removal of unreacted Rhodamine B-GFLG. The pink product was dried under vacuum at 

room temperature for 48 h.  

5.8. Degradation rate of the polymer in the presence of DTT 

10 mg of redox-sensitive of Rhodamine B-labeled UCNP@HBPredox was dispersed in 1 mL of 

water.  1 mL of 20 mM DTT in water was added. The solution was agitated on a shaker at 37 °C 

for 15 min and centrifuged to collect the supernatant. The nanoparticle was redispersed in 

water and a fresh solution of DTT was added. The procedure was repeated to collect the 

supernatant at 30 min, 2 h and 3 days of incubation.   

 



 

 
 

CONCLUSION AND PERSPECTIVES  
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The objective of this work was to develop a platform for theranostics based on hyperbranched 

polymers (HBPs) acting as drug carrier and upconversion nanoparticles (UCNPs) as bioimaging 

probe. The first part of this work focused on the synthesis of UCNPs and more specifically on 

the effect of the type of reactor (i.e. flask and microtube) used for the phase transition 

between α- and β-phase nanocrystals. Based on experimental evidences, we summarized the 

fate of α-phase nanocrystals namely nucleation, growth by coalescence and Oswald ripening, 

rearrangement to irregular shape nanocrystals, dissolution and phase transition as a function 

of the heat treatment temperature and type of reactor. To the best of our knowledge, for the 

first time was observed that α-NaYF4:Yb,Er nanocrystals passed through an anisotropic 

metastable intermediate by a coalescence mechanism, similar to the so-called oriented 

attachment, before to rearrange and dissolve to give rise to the β-NaYF4:Yb,Er nanocrystals 

by Ostwald ripening phenomenon. The resultant β-NaYF4:Yb,Er nanocrystals with rod-like 

shape showed a longitudinal epitaxy growth unlike the flask system which promoted a 

symmetric epitaxy growth The diameter of microtube plays a critical role in the shape 

evolution of the final products from spheres to nanorods due to different dissolution rates of 

α-NaYF4:Yb,Er nanocrystals. By tuning the temperature and diameter of microtube, different 

nanorods in size were prepared. To conclude, microtube could be a promising reactor in order 

to scale up the production of nanorods UCNPs. 

From this original work, several perspectives could be considered, such as: 

1. Investigation of the effect of solvent ratio and capping agent 

2. Promotion of an internal mixing in the microtube (e.g. by intense vibration) in order 

to understand the effect of collision of nanocrystals in phase transition and 

comparison with static condition 

3. Investigation of different compositions of UCNPs with addition of some doping agent, 

e.g. Gd+3 and Li+ 

4. Preparation of core-shell UCNP nanorods using microtube (i.e. producing anisotropic 

shell) 

5. Investigation of luminescence properties of the β-NaYF4:Yb,Er nanorods produced 

with different microtube IDs 

6. Investigation of continuous-flow synthesis of β-NaYF4:Yb,Er nanocrystals using the 

microtube system  
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7. Investigation of an oscillated heating system in continuous- flow process in order to 

better understand the effect of temperature gradient during phase transition.  

Having in hands tools to tune the shape, size and phase of UCNPs, and aiming at growing 

hyperbranched polymers at their surface, a silica shell bearing amine groups was prepared 

using reported protocols in the literature. The presence of amine groups was used to attach 

a RAFT chain transfer agent to promote the growth of a biocompatible polymer based on N-

(2-hydroxypropyl) methacrylamide (HMPA) from their surface. Hyperbranched polymers 

were prepared by self-condensing vinyl copolymerization with 2-methacryloyloxy)ethyl-4-

cyano-4-((phenylcarbonothioyl)thio)pentanoate as transmer. By tuning the grafting density 

in chain transfer agent at the surface of UCNPs and the concentration in transmer, HBPs with 

different molecular weights and degrees of branching were prepared. Results revealed that 

the polymerization from the surface of UCNPs with a high grafting density in RAFT agent led 

to chain-chain coupling reaction leading to HBPs with high molecular weights and molecular 

weight distributions. However, the use of a low grafting density in RAFT agent afforded the 

preparation of HBPs with an acceptable degree of branching and narrow molecular weight 

distribution. In summary, termination reactions were the main challenge of this work and 

affected the preparation of hyperbranched polymers from the surface of UCNPs. Therefore, 

it would be interesting to investigate the effect of the polymerization temperature and the 

concentration in nanoparticles on the hyperbranched polymer obtained. Furthermore, more 

advanced RAFT polymerization techniques such as photo-induced electron/energy transfer 

(PET)-RAFT, and microwave assisted-RAFT polymerization could be of interest to decrease the 

probability of termination reactions occurring at the surface. 

The nanohybrids based on UCNPs and HBPs were evaluated as potential carriers for 5-

fluorouracil (5-FU). 5-FU was passively loading in the polymer corona of the synthesized 

nanohybrids, but low loading and low encapsulation stability were observed. 5-FU was then 

conjugated through an ester bond, which led to improved drug loading and encapsulation 

stability. Aiming at triggered drug release, nanohybrids based on hyperbranched polymers 

with redox- and enzyme-degradable branching points were prepared for the first time to the 

best of my knowledge. The prepared redox-sensitive system showed a tangible degradation 

in the presence of dithiothreitol making it a promising nanocarrier due to the enhanced 

accessibility of esterase to the ester bonds between the drug and the polymer. From this 

platform, triggered and targeted drug delivery could be envisaged. For triggered drug release 
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in cancer cells, a stimuli-responsive linkage between the drug and polymer would be 

considered instead of ester bonds. For instance, redox-sensitive linkage between 5-FU and 

polymer would be a promising strategy to simultaneously trigger drug release and 

degradation of the polymer in cancer cells. For targeted drug delivery, targeting ligands would 

be conjugated to the abundant terminal groups of UCNP@HBP to achieve active targeting. 

More precisely, thiol groups could be introduced on UCNP@HBP by aminolysis of CPABD 

terminal groups and used to conjugate the tripeptide Arg-Gly-Asp (RGD) functionalized with 

an acrylate group via Michael addition reaction to UCNP@HBP. Finally, these nanohybrids 

could be good candidates for theranostic due to the high potential of hyperbranched 

polymers for drug delivery and UCNPs as promising luminescence probe for bioimaging.
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1. Appendix for Chapter 2 

 

Figure A.2.1. XRD analyses of resultant nanocrystals at 300 °C in the 4083 µm microtube after 120 
min heating. 

 

 

Figure A.2.2. XRD analyses of resultant nanocrystals at 310 °C in the 879 µm microtube for 30 and 90 

min heating. 
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Figure A.2.3. Comparison of the luminescence intensity of α-NaYF4:Yb,Er nanocrystals in 879 μm 
microtube at 310 °C after 30 min (red solid line) and 90 min (black dash line) of heating (λex = 980 nm). 

 

 

Figure A.2.4. XRD analysis of resultant nanocrystals at 310 °C in the 879 µm microtube for 120 min 
heating. 
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Figure A.2.5. Schematic illustration of the two setups used to investigate the effect of heat transfer in 
the synthesis of β-NaYF4:Yb,Er nanocrystals at 290 °C: Erlenmeyer flask (left side) and round bottom 
flask (right side). The illustration shows as well the temperature as returned by a digital thermometer 
placed in different parts of the setups. 

 

 

 

Figure A.2.6. TEM images of NaYF4:Yb,Er nanocrystals obtained in 879 μm microtube after 60 min (a) 

and 150 min (b) heating at 290 °C. 
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Figure A.2.7. Longitudinal epitaxial growth of β nanocrystals in 4083 µm microtube for different heat 

treatment times at 300 °C. 

 

 

Figure A.2.8. Longitudinal epitaxial growth of β nanocrystals in 4083 µm microtube for different heat 
treatment times at 315 °C.  
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Figure A.2.9. Size evolution of obtained NaYF4:Yb,Er nanocrystals for different microtubes and 
temperatures (from DLS measurements). 
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2. Appendix for Chapter 3 

2.1. N-(2-Hydroxypropyl) methacrylamide (HPMA) 

 

Figure A.3.10. 1HNMR (a) and 13CNMR (b) spectra of HPMA in CDCl3 
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2.2. 2-(methacryloyloxy)ethyl 4-cyano-4-(phenylcarbonothioylthio)pentanoate (MA-CPABD) 
 

 

Figure A.3.11. 1HNMR (a) and 13CNMR (b) spectra in CDCl3 and ESI-MS spectrum (c) of chain transfer 

monomer (CTM) 
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3. Appendix for Chapter 4 

3.1. 5-FU-COOH 
 

 

 

Figure A.4.12. 1HNMR (a) and 13CNMR (b) spectra of 5-FU-COOH in DMSO-d6 
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3.2. redox-sensitive transmer (MA-SS-CPABD) 

 

Figure A.4.13. 1HNMR (a), 13CNMR spectra (b) in CDCl3 and ESI-MS (c) of MA-SS-CPABD 
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3.1. Rhodamine B-GFLG 

 

Figure A.4.14. 1HNMR spectrum in MeOD (a)  and ESI-MS spectrum (b) of Rhodamine B-GFLG 

[M]+

817.43

m/z

1, 3, 10, 112, 4, 9, 12

1
2

6
7

3
4

58

14
13

10
9

11

12

18
17

16

15

18

17, 16

6

15, 7, 14, 13, 17, 18, 19, 20, 21

5, 8

14

15
16

17

18
19

20
21

22
23

24

25
27

26

25, 2623, 24 DEE

MeOD
H2O 16

DEE
15 22 14, 27

(a)

(b)

https://www.google.com/url?sa=i&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjOk4qLkZHkAhVNqxoKHaOQCfoQjhx6BAgBEAI&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FESI-MS-spectrum-of-the-model-peptide-H-Ala-LysFru-Ala-Phe-OH-complexed-with-TAG1_fig10_261256991&psig=AOvVaw2apVzP9jxnfT6ZMt4VoTsG&ust=1566379648965401


 

168 
 

 

Figure  A.4.15. Calibration curve of 5-FU-COOH in water by UV spectroscopy at 275 nm. 

 

Figure A.4.16. Calibration curve of Rhodamine B in water at 552 nm. 
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Figure A.4.17. Calibration curve of 5-FU in water by UV spectroscopy at 265 nm. 
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Résumé 

La théranostique est un domaine de la biomédecine en plein essor qui combine le diagnostic 
et la thérapie en un même vecteur. L’approche développée lors de cette thèse combine les 
propriétés luminescentes des UCNPs et la capacité des polymères à encapsuler un principe 
actif de façon covalente ou non. Ce projet a conduit au développement et approfondissement 
de différentes compétences : 1) synthèse de nanocristaux de NaYF4:Yb3+,Er3+ dans des 
microtubes permettant de moduler la taille, la forme et la phase en fonction de différents 
paramètres opératoires, 2) la synthèse de nouveaux monomères et transmères en combinant 
la chimie organique et la synthèse peptidique en phase solide, 3) la préparation de polymères 
hyperramifiés par polymérisation radicalaire contrôlée de type RAFT depuis la surface des 
nanocristaux, 4) l’étude de l’encapsulation covalente et non covalente ainsi que le relargage 
de 5-fluorouracile et 5) l’étude de polymères répondant à un stimulus en terme de 
dégradation.  

Mots-clés : UCNPs, traitement thermique, transition de phase, nanovecteur, encapsulation, 
polymères hyperrramifiés 

 

Summary 

Theranostics is a growing field in biomedicine because of its ability to combine diagnosis and 
therapy in a single vector. The approach developed in this thesis combines the luminescent 
properties of UCNPs and the ability of polymers to encapsulate covalently or not a drug. This 
doctoral project led to the development and/or deepening of different skills: 1) synthesis of 
NaYF4:Yb3+,Er3+ nanocrystals in microtubes with tunable size, shape and phase according to 
different operating parameters, 2) synthesis of new monomers and transmers by combining 
organic chemistry and solid-phase peptide synthesis, 3) the preparation of hyperbranched 
polymers by controlled radical polymerization under RAFT conditions from the surface of 
nanocrystals, 4) the study of covalent and non-covalent encapsulation and the release of 5-
fluorouracil and 5) the study of polymers responding to a stimulus in terms of degradation. 

 Keywords: UCNPs, heat treatment, phase transition, nanocarrier, encapsulation, 
hyperbranched 

 


