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RESUME

Les détails structurels des nanoparticules au niveau des sous-particules sont essentiels
pour comprendre leurs fonctionnalités et les mécanismes impliqués dans leur formation.
En particulier, les géométries de ces caractéristiques déterminent la réponse optique
globale de la particule. Les nanoparticules métalliques creuses de géomeétries cubiques,
avec des morphologies variables sur leurs parois et leurs vides, offrent une plate-forme
pour étudier les effets de ces caractéristiques structurelles sur les propriétés de
nanoparticules uniques et de leur ensemble. Dans cette thése, je rapporte le contrdle des
trous et des vides des sous-particules en modifiant la dynamique de la réaction de
remplacement galvanique (GRR). Avec l'usage de la microscopie électronique a
balayage et a transmission (MEB et MET), des analyses statistiques et des simulations
électromagnétiques, j'ai observé que la rupture de symétrie dans les particules
individuelles, causée par les morphologies des sous-particules telles que les trous, les
vides, les coins ouverts et les pores ont un effet drastique sur les positions des pics de
résonance plasmonique dans leurs spectres ultraviolets-visible-proche infrarouge (UV-
Vis-NIR). Ces observations sont essentielles pour comprendre la formation des structures
pendant le GRR, utilisées pour concevoir les nanoparticules creuses pour diverses
applications. Dans mon travail de thése, j'emploie les MNP creux comme agents de
livraison. J'ai abordé I'effet des morphologies de sous-particules sur la livraison du cargo.
Par imagerie en champ clair par MET, j'ai calculé la proportion de livraison du cargo sous
la surface (ARR) des nanoparticules creuses. J'ai observé que l'incrémentation des coins
ouverts augmente I'ARR dans les petits et grands modeles. J'ai également observé que
I'accumulation de polyvinylpyrrolidone (PVP) au-dessus des régions de sous-particules
altére la livraison du cargo. Dans les analyses MET, pour les petites morphologies
représentées par des pores, ce phénomeéne provoque un blocage de la morphologie des
sous-particules en raison du comportement PVP dans les expériences en phase solide.
Cependant, lorsque des particules avec de petites morphologies de sous-particules sont
stimulées thermiquement dans la phase liquide, la livraison du cargo est obtenue. De
plus, lorsque la taille des morphologies de sous-particules augmente dans les

expériences en phase solide, comme les trous et les coins ouverts, I'effet de blocage PVP



est minimisé, augmentant la livraison du cargo. En outre, j'ai observé que I'utilisation de
différents substrats altére la livraison du cargo des nanoparticules creuses. Alors qu'un
substrat isolant améliore la livraison du cargo, un excellent matériau thermiquement
conducteur le diminue. Cet effet est di au fait que le substrat isolant augmente
excessivement la température locale autour des nanoparticules creuses et du substrat

de support adjacent en comparaison au reste des régions.

Nos résultats décrivent la conception de nanoparticules via des morphologies de sous-
particules pour plusieurs applications. Par ailleurs, notre méthodologie propose une
nouvelle méthode de caractérisation par microscopie électronique pour étudier in-situ les
mécanismes de livraison du cargo des nanostructures. A ma connaissance, la
caractérisation in-situ de nanoparticules uniques pour les études structurelles, optiques

et de livraison du cargo n'a pas été abordée auparavant.

Mots clés: nanoparticules, cargo, in-situ, creux, MET, sous-particule, livraison,

température
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ABSTRACT

The structural details of nanoparticles at the sub-particle level are critical for
understanding their functionalities and the basic mechanisms involved in their formation.
In particular, the geometries of such features determine the particle's overall optical
response. Hollow metallic nanoparticles (hollow-MNPs) with cubic geometries, and
varying morphologies on their walls and voids, offer a platform to study the effects of such
structural features on the properties of single nanoparticles and their ensemble. In this
thesis, | report the control over sub-particle pinholes and voids by modifying the galvanic
replacement reaction (GRR) dynamics. Using scanning and transmission electron
microscopy (SEM and TEM), statistical analyses, and electromagnetic simulations, |
observe that symmetry breakage in individual particles, caused by the sub-particle
morphologies such as pinholes, voids, open corners, and pores, has a drastic effect on
the plasmon-resonance peak positions in their ultraviolet-visible-near infrared (UV-Vis-
NIR) spectra. These observations are essential to understand the formation of the step-
like structures during the GRR, used to engineer the hollow-MNPs for diverse
applications. In my thesis work, | employ hollow-MNPs as cargo release agents. | address
the effect of sub-particle morphologies on the cargo release. From bright-field images, |
calculate the area release ratio (ARR) of the hollow-MNPs. | observe that the increment
of open corners increases the ARR in both small and large templates. | also observe that
the accumulation of polyvinylpyrrolidone (PVP) over the sub-particle regions alters the
release of the cargo. In TEM analysis of small pores, this phenomenon blocks the pore in
the solid phase experiments. However, when particles with small sub-particle
morphologies are thermally stimulated in the liquid phase, the cargo release is achieved.
In addition, when the sub-particle morphologies' sizes increase in the solid phase
experiments, like pinholes and open corners, the PVP blocking effect is minimized,
increasing the cargo release. Also, | observe that the use of different substrates alters the
cargo release of hollow-MNPs. An insulator substrate enhances the cargo release, while
an excellent thermally conductive material decreases it. This effect is because the
insulator substrate excessively increases the local temperature around the hollow-MNPs

and the adjacent-supporting substrate compared to the rest of the regions.
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Our results outline nanoparticle design via sub-particle morphologies for several
applications. Besides, our methodology proposes a new characterization method via
electron microscopy for studying in-situ the cargo release mechanisms of nanostructures.
To the extent of my knowledge, single nanoparticles' in-situ characterization for structural,

optical, and cargo delivery studies has not been addressed before.

Keywords: nanoparticles, cargo, in-situ, hollow, TEM, sub-particle, delivery, temperature
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INTRODUCTION

Au cours des derniéres décennies, émergentes maladies infectieuses et chroniques sont
apparues au sein de la population. Ceux qui ont une incidence génétique ou un
désavantage géographique augmentent rapidement ou menacent d'augmenter
prochainement. Le concept de trouver des nouvelles voies de traitement pour ces
maladies a été proposé récemment. La nano-médecine a été proposée comme nouvelle
voie de traitement des maladies. Cette science est basée sur l'application de la
nanotechnologie pour guérir la menace médicale d'une population en utilisant des
matériaux a I'échelle nanomeétrique. Elle combine la physique, la chimie et la biologie
pour résoudre un défi que les méthodes cliniques conventionnelles ne peuvent pas
relever. Avec la progression de cette science et Iavancement de la
recherche des nouveaux médicaments et systémes d'administration, des nombreuses
procédures thérapeutiques basés sur la nanotechnologie ont été proposées, offrant un

nouvel avantage aux méthodes cliniques traditionnelles.

Plusieurs des études ont montré l'importance d'étudier différents mécanismes de livraison
des médicaments pour adapter ces résultats a traitements nouveaux et efficaces dans
'organisme. Chaque voie d'administrationa des facteurs qui peuvent affecter
la biodisponibilité des médicaments et elles posseédent des avantages et des
inconvénients. Le perfectionnement des méthodes d'administration ou la conception de
nouvelles méthodes peuvent améliorer I'administration de chaque médicament. Les
véhicules de livraison (VLs) peuvent étre associés a des stratégies de cargo des
médicaments et de ciblage pour améliorer I'efficacité du médicament. Les VLs permet
aux scientifiques de trouver différentes fagons de traiter la maladie dans I'organisme sans

changer le médicament ni I'améliorer.



La recherche sur les nanoparticules métalliques (MNPs) a connu un essor au cours des
derniéres décennies. En particulier, les nanoparticules creuses ont été utilisées avec
succés ennano-médecineen raison de leur avantage a régler leurs
résonances plasmoniques jusqu'a la gamme spectrale proche infrarouge sans
augmenter leur taille totale, et elles peuvent étre nano-congues pour absorber la lumiére
dans le range biologique permis. Cet avantage permet aux nanoparticules creuses d’avoir
une résonance plasmonique et de conserver de petites tailles qui facilitent I'absorption

cellulaire, une propriété que les nanoparticules conventionnelles ne possédent pas.

Les caractéristiques fonctionnelles des nanoparticules creuses sont en fonction des
morphologies structurales des sous-particules qui se développent au cours du processus
de creusage. Par conséquent, notre capacité a utiliser efficacement ces particules dans
différentes applications est fondamentalement liée a notre compréhension de leurs
détails structurels et de la maniére dont elles se forment a travers I'évolution des

processus chimiques pertinents.

Les nanoparticules creuses sont synthétisées en utilisant des nano-cubes de Ag comme
modeles. Ce processus de synthése utilise la réaction de remplacement galvanique. Les
changements structurels se produisent par la réaction galvanique entre les espéces Ag et
HAuCls, en remplagant de le Ag atomique par de le Au via la réduction spontanée de Au3*
par AgC.

En I'échelle nanométrique, la réaction commence lorsqu’une nanoparticule d’Ag entre en
contact avec des ions AuCl*. Ensuite, les atomes Ag sont oxydés spontanément et
dissous par les ions AuCl*, donnant des ions Ag* dans la solution de la réaction.
Simultanément, les atomes Au se déposent a la surface de la nanoparticule en raison de
la réduction de l'ion Au®* (situé dans les ions AuCI*). Comme I'Au et I'Ag sont miscibles
a l'échelle nanométrique, tout deux avoirs la méme structure cristalline cubique a faces
centrées (FCC) et des constantes de parameétre cristallin similaires, la formation d'un
alliage AgAu est attendue avec une composition variable en fonction de la concentration
d'AuCI* dans la solution. Cette miscibilité implique une diffusion des atomes métalliques.
Elle est régie par de nombreux facteurs, tels que les espéces chimiques impliquées, les
conditions de réaction (par exemple, la température) et les propriétés physiques, telles

que la taille et la forme des nanoparticules. Les transformations chimiques et structurelles



dans les nanoparticules creuses, se produisant par réaction de remplacement galvanique
ont des effets drastiques sur le spectre optique (absorbance), avec une caractéristique
proéminente étant le déplacement de la longueur d'onde de leurs

modes plasmoniques résonants.

La formation de structures creuses permet la possibilité d'insérer des matériaux a
l'intérieur de la structure. Ce cargo peut étre livré par différents mécanismes. Cependant,
des mécanismes de stimulus thermiques sont souvent utilisés pour effectuer le processus
de livraison. La génération de chaleur dans les nanoparticules métalliques (comme les
nanoparticules creuses) efficace dans la gamme de la résonance plasmonique, qui est
un mouvement collectif d'électrons, et elle est provoquée lorsque la nanoparticule

métallique est exposée a une excitation optique (par exemple, laser).

Une fois I'énergie est absorbée, il pourrait y avoir une excitation et une relaxation a travers
des différents types de mécanismes, et compris les phénomeénes électron-électron (e-e)
et électron-phonon (e-ph), en fonction de l'irradiation de la source. L'interaction électron-
électron commence lorsque les électrons libres (dans la nanoparticule métallique)
absorbent I'énergie. Ce processus d’interaction obtient une partie de leur énergie totale.
En outre, l'interaction e-ph au sein d'un réseau cristallin de la nanoparticule métallique
est contribué. La chaleur est dissipée de nanoparticule métallique et augmente la

température du milieu environnant.

De méme comme l'interaction photon-matiere, les électrons peuvent également soutenir
une interaction inélastique avec des électrons libres et par des excitations d'électrons
collectives dans I'échantillon, comme le plasmon et polaritons. Aussi, qu’ils perdront de
I'énergie qui peut étre transférée sous la forme de chaleur. Ces mécanismes peuvent étre
observés et mesurés dans une microscopie électronique a transmission (MET) ou
différentes techniques de caractérisation telles que la spectroscopie de perte d'énergie
électronique (EELS) que sont basées sur le principe d’électron-matiére. L'utilisation de la
microscopie électronique a transmission (MET) pour étudier et caractériser les propriétés

physico-chimiques des nanomatériaux a I'échelle nanométrique a été cruciale pour
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comprendre et corréler les processus qui expliquent le comportement

des nanostructures.

L'interaction entre les énergies élevées du faisceau électronique et I'échantillon produit
une gamme de signaux qui fournissent diverses informations en microscopie
électronique. Les informations que nous pouvons obtenir a partir de ces interactions sont
la composition chimique, la morphologie de l'imagerie et I'étude des structures cristallines
de I'échantillon. Au cours de l'interaction électron-matiére, la chaleur est également
geéneérée, ce qui rend possible I'utilisation du faisceau électronique comme source de
chauffage contrblable pour la génération de processus thermiques a I'échelle
nanométrique et des études thermiques en microscopie électronique.

La chaleur générée pour le faisceau électronique en microscopie électronique a été utilisé
pour des mesures thermiques dans un nouveau dispositif a base de dioxyde de
vanadium, des conductances thermiques des nanoparticules et des matériaux 2D et pour
I'effet Debye-Waller pour les mesures thermiques.

Par conséquent, l'importance du faisceau électronique dans les études de microscopie
électronique est déterminante non seulement pour les études thermiques, mais aussi
pour les changements structurels, les compositions chimiques ou les mesures ou la

chaleur peut avoir un effet dans I'échantillon.

Dans ce travail, nous utiliserons la chaleur générée par le faisceau électronique dans les
expériences de la MET pour activer la livraison du cargo dans les nanoparticules creuses.
Ce travail étudiera I'effet des caractéristiques des sous-particules et I'effet du substrat sur
la vitesse et la quantité de livraison du cargo. Ces expériences aideront également a

élucider la distribution physique de la chaleur lors de la livraison d’'un cargo.

Champ d’étude

Dans cette thése, nous allons synthétiser deux types différents des nanoparticules
creuses. Nous étudierons et comparerons les morphologies des sous-particules a l'aide
de deux modéles Ag cube différents (appelés petits et grands modeles). Par la réaction
de remplacement galvanique, nous observerons les changements structurels dans les

nanoparticules creuses. Nous établirons une corrélation de ces caractéristiques des
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sous-particules (trous et vides) avec les spectres d'absorption optique. Nous
présenterons les résultats de la microscopie électronique a balayage (MEB), de la
spectroscopie UV-vis-IR, des outils logiciels analytiques et des simulations
électrodynamiques pour discuter de la relation entre la structure et les propriétés optiques
des nanoparticules creuses. Cette recherche nous aidera a concevoir le type de

caractéristique des sous-particules que nous voulons utiliser pour de futures applications.

Nous étudierons la livraison d’un cargo dans les nanoparticules creuses en chauffant
indirectement la nanoparticule avec un faisceau électronique dans le MET. Cette
technique de caractérisation nous permettra d'analyser les particules individuelles au
méme qu'elles sont irradiées. A travers de l'imagerie par MET, et la spectroscopie de
perte d'énergie des électrons (EELS), nous éluciderons l'effet des morphologies des
sous-particules sur les mécanismes de livraison. A notre connaissance, ces études n'ont

jamais été réalisées pour des nanoparticules isolées.
REVUE DE LA LITTERATURE

Les nanoparticules creuses ont été largement étudiées en vue d'applications dans
différents domaines tels que la catalyse, la plasmonique et la nanomédecine. Leur
avantage est qu'elles présentent des propriétés dépendantes de la taille, de la forme, de
la morphologie et de la composition. A travers & la synthése controlée, il est possible de
contrdler les propriétés physiques et chimiques des nanoparticules creuses et de
concevoir la nanoparticule spécifique qui peut étre utile en fonction de I'application.
Cependant, le contrdle de leurs caractéristiques structurelles (par exemple, la taille, les

vides ou les trous) est un défi.

Synthése et les études structurales des nanoparticules creuses

L’exigence en matiere de chimie utilisant la réaction de remplacement galvanique est
basée sur des réactifs qui possédent un potentiel d'oxydation et de réduction plus élevée.
Le réactif possédant d'un potentiel de réduction plus élevé s’appeler "modéle
sacrificielle”; en général, ces modéles sont des nanoparticules métalliques
solides. L'analyte, qui a un potentiel d'oxydation plus élevé, est une

solution anionique métal-halogénée a base de métaux ioniques tels qu’Au, Pd ou Pt.
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La réaction de remplacement galvanique se développe en cinq étapes générales :
i) Initiation de la dissolution de I'Ag pendant le dép6t d'Aud*.
ii) Formation d'un trou et de parois uniformes en alliage d’Au-Ag
iii) Suppression des coins
iv) Génération de pores dans le mur par un processus de désengagement
v) Génération de pores dans les coins

En général, les structures creuses peuvent exister dans différentes morphologies
fabriquées par réaction de remplacement galvanique. Les nanoparticules d'argent ont été
choisies comme modeéle pour un modeéle sacrificiel pour la synthése des nanoparticules
creuses. Elles peuvent étre produites sous forme de sphéres, de plaques et de cubes.
Cependant, les nanostructures de spheéres, de plaques et de cubes sont les plus utilisées

dans les réactions de remplacement galvanique.

Dans les applications d'administration de médicaments, la propriété optique n'est pas le
parametre essentiel a prendre en compte ; la biocompatibilité, la stabilité et la quantité du
cargo chargée sont les principaux parameétres que les nanoparticules creuses doivent

respecter pour étre utilisés dans I'administration de médicaments.

Les nanoparticules creuses cubiques sont des structures poreuses de taille compacte et
peuvent étre synthétisées avec précision en contrélant leurs propriétés plasmoniques et
la chimie de surface. Les propriétés a |'état solide de ces nanostructures représentent un
avantage en comparaison au reste des structures creuses. Par exemple,
les modeles des nanocubes d'Ag possédent des sites actifs spécifiques. Ces sites
entrainent des changements structurels au cours de la réaction de remplacement
galvanique, que les nanosphéres dAgne possédent pas. Cet avantage
des nanocubes d’Ag est crucial parce qu'il permet aux chercheurs de concevoir
la nanoparticule en fonction de la propriété optique, de la taille et de la morphologie des

sous-particules.
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Les nanoparticules creuses en morphologie cubique sont les structures les plus
appropriées pour les applications d'administration de médicaments en raison de leurs
avantages en matiére de morphologie et de formation de structures. Cependant, les
détails structurels de ces nanostructures doivent étre étudiées pour maximiser le succés

des applications biomédicales.

Etudes structurelles des nanoparticules cubiques creuses

Le contrdle nul des caractéristiques des sous-particules représente un défi si
ces nanostructures sont utilisées dans l'administration de médicaments, car les
possibilités de modifier leurs structures sont limitées, ce qui peut interdire I'absorption ou
I'administration du médicament. Cependant, Skrabalak et al. ont étudié les mécanismes
impliqués dans la production de nanoparticules cubiques creuses. Des analyses au MEB
et MET ont montré que la morphologie initiale des nanocubes d'Ag conduit a différents

mécanismes de modification structurelle pour produire des nanoparticules creuses.

En 2016, Geng et al. ont rapporté dans la littérature le réglage optique du LSPR de
l'ultraviolet a l'infrarouge proche en utilisant la réaction de remplacement galvanique en
utilisant des nanocubes d'Ag solides comme modéle sacrificiel et en les transformant en
nanoparticules creuses. Pour ce faire, ils ont utilisé une méthode de synthése modifiée
en utilisant du bromure de cétyltriméthylammonium (CTAB) et de I'acide ascorbique dans
la réaction de remplacement galvanique. A travers de ce changement, différentes

structures d'étapes ont été obtenues.

Les changements structurels tels que dans la nanoparticule entiére, comme dans les
morphologies des sous-particules, ont pu étre obtenus en modifiant les paramétres de la
réaction galvanique ou la morphologie des modéles d'argent. Cependant, pour avoir une
comparaison directe et la possibilité de surveiller la réaction pour contréler ces étapes, la
réaction galvanique doit étre suivie sans modifications. L'effet de la taille du gabarit sur
les morphologies des sous-particules n'a pas été étudié. Il est donc essentiel de
développer une méthode pour étudier et expliquer les mécanismes impliqués par ce

changement.
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Nanoparticules creuses comme véhicules de livraison du cargo

En raison de leur stabilité et de leur biocompatibilité, ainsi que de leur manipulation sare,
les matériaux de change de phase (PCMs) ont été utilisés au cours de la derniére
décennie pour l'administration de médicaments a l'aide de nanoparticules creuses.
Les PCMs changent leurs caractéristiques physiques lorsqu'ils absorbent de la chaleur.
La phase du matériau varie en fonction de la température et, selon le rang de
température, ces matériaux peuvent fondre ou se solidifier. Selon ['‘application,
les PCMs peuvent étre choisis en fonction de leur température de fusion. Dans
I'administration de médicaments, cette température doit étre proche de la température
moyenne du corps afin d'éviter les dommages causés par la chaleur pour libérer le

médicament.

En 2011, Moon et al. ont présenté un nouveau systéme d'imagerie diagnostique par
contraste pour lI'administration contrélée de médicaments a I'aide d’'un PCM. lIs ont rempli
le vide des nanoparticules creuses avec du 1-tétradécanol (le PCM) combiné a un
colorant pour effectuer ce travail. Le colorant simule la présence d'un médicament.
L’objective du colorant est de détecter l'effet de sa présence dans le systéme, par
exemple, si la charge a l'intérieur d'une nanoparticule creuse a réussi en observant

I'absorption optique du colorant aprés la procédure de chargement.

De méme, Tian et al. ont rapporté I'effet de la température et de l'irradiation laser sur la
livraison du médicament ou du colorant. L'effet de la température est basé sur la livraison
maximale par rapport a la température ambiante ; Tian et al. ont trouvé une température
maximale de 42 °C et Moon et al. a 40 °C. Tout d'abord, aucun d'entre eux n’a indiqué
pas la méthode a suivre pour trouver la température maximale de livraison et elle est
basée sur I'nypothése que le PCM aura un changement de phase a ~39 °C. Cependant,
les caractéristiques structurelles de la particule peuvent affecter la livraison du cargo,
indépendamment de la température de changement de phase. Nous pouvons conclure

ici qu'une étude de cet effet fait défaut.
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Techniques d'imagerie pour les applications de livraison du cargo

Les techniques d'imagerie qui permette d'évaluer I'administration de médicaments a base
de nanoparticules sont d'une grande importance. Plusieurs de ces techniques jouent un
réle important dans ['évaluation préclinique des nanosystemes d'administration de

medicaments, permettant d'élucider leur mécanisme d'action et leur effet thérapeutique.

Microscopie a force atomique (AFM)

L'AFM a été utilisée pour étudier les interactions entre médicaments et de la cellule et de
la molécule d’'une maniére singuliere, ce qui permet de visualiser les effets des
meédicaments a I'échelle des cellules vivantes, inaccessibles par les
techniques traditionnelles de caractérisation. Cette technique permet également de
mesurer la taille et de nombreux autres paramétres physiques des médicaments en une
seule analyse. Cependant, cette technique a été utilisée pour obtenir uniquement des
informations physiques sur les nanoparticules et elle pose un probléme commun pour la
caractérisation de I'administration de médicament. Le temps de balayage est crucial pour
analyser l'administration in-situ ou in-vivo, connaissant que I'administration initiale est
rapide. Cette technique n'est pas adaptée a la caractérisation des mécanismes de
livraison a I'échelle nanométrique pour tout type des nanosystémes d'administration de

médicament.

Microscopie électronique

De nombreux des véhicules inorganiques telles que les nanoparticules de silice
mésoporeuse, les nanoparticules métallo-organiques et les nanoparticules de carbone
ont été analysés au microscope électronique. En raison de ses avantages en
comparaison aux techniques conventionnelles et de la possibilité d'analyser les
nanosystémes avec différentes techniques in-situ (par exemple, EELS, EDS, etc.), la
microscopie électronique a permis d'observer avec succes l'interaction des véhicules

inorganiques avec les systémes vivants.
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La microscopie électronique a principalement été utilisée pour déterminer l'interaction
cellulaire entre les nanosystémes et les cellules in vitro et elle est limitée a I'évaluation
de la distribution des nanoparticules sur les entités biologiques ou seulement pour leurs
études morphologiques. Actuellement, il n'existe aucune étude associée a la livraison de
meédicaments par des veéhicules inorganiques. Le systeme fermé d'analyse en
microscopie électronique, ou le stimulus peut étre difficile a fournir, a été limité a cette

technique pour leur utilisation dans les analyses in-vivo et in-vitro.

METHODOLOGIE

Synthése des nanoparticules cubiques d’Ag

Dans un récipient en verre (20 mL) chauffé a 150 ° C, 6 mL d'éthyléne glycol et 70 uL de
Na,S-9H20 3 mM ont été ajoutés et le récipient est laissé pendant 10 min. Ensuite, 1.5
mL de PVP 8 M et 0.5 mL d'Ag* 280 mM ont été ajoutés.

La solution a été centrifugée a 2000 g pendant 30 minutes. Le surnageant a été lavé avec
de I'eau distillée pendant 3 fois. Le culot a été remis en suspension avec 1.5 mL d'eau
distillée et il est ultrason pendant 1 min ; puis, il a été placé dans un flacon contenant 2.5
mL d'eau distillée. Les volumes ont été modifiés avec 2.9 mL d'éthyléne glycol, 225 pL
Na2S-9H20, 3.75 ml de PVP et 1.25 ml d'Ag* pour des modéles plus grands

de nanocubes d'argent.

Synthése des nanoparticules creuses

Pour ce processus, 5 mL de PVP 0.001 % et un agitateur magnétique ont été placés dans
un récipient a fond rond. Ensuite, 200 uL de AgNC pour le petit modelé et 100 pL pour le
grand modelé ont été ajoutés dans le flacon et la solution a été chauffée pendant 10 min.
Ensuite, on a ajouté du HAuCls4 0.1 mM (a une vitesse de 0.75 mL par minute), et la
solution a été chauffée a reflux pendant 10 min. Les volumes de HAuCl4 étaient de 4.01,
4.75,5.75, 7.00 et 8.50 mL pour le petit modeéle ; et pour le grand modelé étaient de 3.00,
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4.00, 5.50, 7.00 et 8.50 mL pour le grand modele. Ensuite, il a été centrifugé a 2000 g

pendant 30 min. Les nanoparticules ont été dispersées dans 4 mL d'eau distillée.

Caractérisation des nanoparticules creuses

Tous les échantillons des nanoparticules cubiques d'Ag et des nanoparticules creuses
ont été caractérisés en utilisant un UV-Vis-NIR avec une longueur d'onde de balayage
de 300 a 1100 nm.

Les analyses structurelles et statistiques des nanoparticules creuses petits et grands ont
été effectuées a l'aide d'un microscope électronique a balayage et les images sont

analysées a l'aide d'un code Matlab.

Simulation électrodynamique

Les simulations informatiques ont été réalisées dans une
simulation électrodynamique classique, en résolvant les équations de Maxwell dans un

formalisme de méthode des éléments finis (FEM) dans le logiciel commercial COMSOL.

Synthése des nanoparticules creuses modifiées

Une nouvelle méthode de synthése a été mise pour obtenir des sous-particules de
caractéristiques similaires aux petites nanoparticules creuses. Une version modifiée de
la méthode a été réalisée en utilisant un grand modéle de nanoparticules cubiques d’Ag.
Pour faire ¢a, 5 mL de PVP 0,1 % et 2 mL des nanoparticules cubiques grands d’Ag ont
été ajoutés dans le flacon. Ensuite, du HAuCl4 10 mM a été ajouté et la solution a été
refluée pendant 10 min. Les volumes de HAuCl4 étaient de 8.5, 15 et 22 mL. La solution
a été centrifugée et lavée. Le culot a été dispersé dans 4 mL d'eau distillée et gardée

dans un flacon de verre a 4 °C.
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Chargement du cargo dans les nanoparticules creuses

Dans un flacon de verre, 4 mL des nanoparticules creuses préalablement synthétisés ont
été centrifugées et dispersées dans 4 mL d'alcool isopropylique. A partir de cette
solution, 3 mL des nanoparticules creuses ont été mélangées a 5 mL de 1-tétradécanol a
70 °C. Apres I'évaporation de l'isopropanol, le flacon a été placé dans un bain de sable

pendant 8 heures.

Aprés le chargement du cargo, I'échantilon a été transféré dans un récipient
préalablement chauffé (90 °C) et elle est centrifugée a 4600 g pendant 5 min. Ce
processus a eté répété jusqu'a ce que la majeure partie du 1-tétradécanol soit éliminée.
Aprés la centrifugation, les nanoparticules ont été dispersées dans 1 mL d'eau distillée et

gardées a 4 °C.
In-situ livraison du cargo des nanoparticules creuses

La solution de nanoparticules a été diluée 1:1 avec de I'eau distillée, puis 20 pL de cette
solution ont été placés dans une grille de TEM avec un substrat de monoxyde de silicium
d'une épaisseur de 15 a 30 nm. La solution dans la grille s'évaporer a température

ambiante.

Des images en champ clair des échantillons ont été recueillies pour analyser la livraison
du dans les nanoparticules creuses. La livraison a été capturée dans un processus image

par image pendant 30 min.

Les nanoparticules creuses pour les petits et grands (modifiés) modelés ont été classées
en fonction de leur nombre de coins ouverts. Toutes les images ont été traitées a l'aide
d'un code du logiciel MATLAB.
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Comparaison du substrat sur la livraison du cargo

Le grand modelé des nanoparticules creuses a été utilisé pour comparer l'effet de deux
substrats sur la livraison du cargo. Les particules ont été analysées par imagerie en

champ clair pendant 30 minutes et analysées avec le code MATLAB.

Analyses des MET images en champ clair

L'analyse de chaque pile d'image a été effectuée a l'aide du code de Matlab, générant
des informations sur la zone de livraison. Les zones ont été tracées en fonction de leur

caractéristique de sous-particule depuis la livraison initiale jusqu'a 30 min.

Détection de PVP sur la surface des nanoparticules creuses

En utilisant la microscopie électronique a transmission par balayage (STEM), les
nanoparticules creuses ont été analysées pour détecter la présence de PVP. Plus
précisément, les nanoparticules ont été imagées et analysées a l'aide du détecteur de
champ noir annulaire a angle élevé (HAADF) et de la spectroscopie de perte d'énergie
d'électrons (EELS), avec 10 secs de collecte. La collecte des EELS a été effectuée par
un balayage linéaire etl'analyse a été effectuée différemment, en fonction des
nanoparticules creuses (modelés grands et petits). Pour les petites nanoparticules
creuses, le balayage linéaire a été effectué a partir d'un coin, incluaient part de la face,
du coin ouvert, du mur et du substrat. Les grandes nanoparticules creuses (non modifiés)
ont été analysés sur face et des pores de la structure. Les grandes nanoparticules
creuses (modifiés), ont été analysés en considérant le substrat (les deux cotés), la face

et les trous sur la structure.

Les analyses pour la caractérisation du STEM-EELS a été effectué avec un code
automatisé dans Matlab en utilisant la soustraction du fond avec le modéle d'ajustement

de la loi de puissance.
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RESULTATS ET DISCUSSION

Caractérisation structurelle

Les nanocubes d’Argent ont différents changements de structure au cours de la réaction
de remplacement galvanique pour démontrer les effets des changements structurels sur
les nanocubes complets ; les nanoparticules creuses ont d'abord été analysées par MEB.
L'évolution de leur taille totale et de leurs épaisseurs de paroi en fonction de la
concentration en HAuCls est différente pour les deux modéles. Pour le petit modéle, la
taille totale des nanoparticules creuses augmente d'environ 7 nm, par rapport a la taille
totale du modéle, et elle reste constante avec l'augmentation de la concentration de
HAuCls. En revanche, les nanoparticules creuses grosses présentent un phénoméne
différent. L'incrément de taille des nanoparticules creuses, a partir de la taille du grand
modele, est négligeable pour la plus faible concentration de HAuCls4. Cependant, comme
la synthése est effectuée avec plus de HAuCl4, la taille totale des cubes creux augmente
linéairement. Pour la concentration la plus élevée de HAuCls, les nanoparticules creuses
sont en moyenne d'environ 8 nm plus grands que leur modeéle. L'épaisseur totale de la
paroi des nanoparticules creuses est la méme pour chaque modéle (~10 nm) et reste

constante avec I'addition de HAuCla.

Pour les deux modeles, lors du processus de remplacement galvanique, les atomes d'Ag
sont oxydés pour réduire les ions Aud* (présentés dans AuCl*), déposant des atomes
d’Au a la surface de la nanoparticule. Avec plus d'atomes d’or déposés, la paroi externe
augmente son épaisseur tandis que le vide a l'intérieur de la particule se développe
simultanément par l'oxydation de I'Ag dans l'intérieur. De plus, I'épaisseur de la paroi
interne est réduite par le processus spontané d'inter-diffusion, qui se produit entre les
interfaces d’Au (paroi externe) et Ag (paroi interne), ainsi que par I'oxydation continue de
I'Ag sous la réaction de remplacement galvanique. Ce processus fixe la limite

géométrique a lI'expansion du vide tétragonal a l'intérieur de la nanoparticule.

Les caractéristiques des sous-particules réveélent des différences structurelles entre les

modeles petits et grands. Pour le petit modéle, I'augmentation de la concentration de
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HAuCI* au-dela du point de développement du vide complet produit des trous sur la face
du cube. Le diamétre du trou augmente a mesure que la concentration de HAuCI*
augmente, et les coins du cube se tronquent, ajoutant des trous supplémentaires a la
structure. D'autre part, le grand modéle montre un modéle différent aprés le
développement complet du vide intérieur. Dans ce cas, de petits trous apparaissent lors
de l'augmentation de la concentration de HAuCl4, et au lieu de croitre en taille, ils se

multiplient.

Ces informations démontrent différentes caractéristiques de surface pour le petit et le
grand modele, ce qui implique différents mécanismes chimiques impliqués dans leur
formation. Cette différence peut s'expliquer par la dynamique de diffusion nette des
espéces métalliques composant les nanoparticules alliées. D'autre part, cette dynamique
de diffusion est régie par l'effet Kirkendall, un phénomeéne général décrivant la diffusion
nette de deux espéces avec des temps de diffusion différents par échange de lacunes et

différentes tensions de surface subies par des nanoparticules de différentes tailles.

Pour le grand modéle, le phénoméne dominant a l'origine de I'évolution de la morphologie
est basé sur I'effet Kirkendall. Le taux de diffusion de I'Ag est supérieur a celui d’Au. Ainsi,
l'interface effective entre Ag et Au se déplace vers la surface extérieure lorsqu'un plus
grand nombre d'atomes d’Ag migrent vers la paroi extérieure de la nanoparticule vide,
formant un alliage. Ce faisant, ces atomes d'Ag proches de la surface externe de la
particule peuvent agir comme de petits sites de nucléation. Une fois que la réaction
galvanique oxyde I'Ag élémentaire du noyau, les atomes d'Ag diffusés vers la paroi
externe s'oxydent. Cette préférence est en corrélation avec la stabilité de I'espéce, ou
I'Ag élémentaire est moins stable que I'Ag allié. Apres l'oxydation de ces atomes alliés

d'Ag, il y aura de petites ouvertures de surface que nous appelons pores.

Les nanoparticules creuses pour le petit modéle ont une tension superficielle plus
importante, causée par son rapport surface /volume plus élevé, pour modifier la
dynamique de diffusion nette de l'alliage. Comme les études de Murch et al. I'ont montré
de petites particules d'alliages métalliques présenteront des défauts tels que des

dislocations de Shockley partielles, qui peuvent jouer un rdle essentiel dans la
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reconstruction de la particule. Surtout, la densité de tels défauts sur la paroi externe
augmente avec la réduction de la taille des nanoparticules. Il a été démontré qu'une
dislocation partielle de Shockley pouvait transporter du matériel de l'extérieur vers
I'intérieur pour de petites nanoshells. Comme la dislocation crée un canal pour la diffusion
des atomes, les atomes a la surface externe diffuseront de préférence vers la surface
interne en raison de la tendance du systéme a supprimer la formation de vide.
Contrairement a ce qui s'est passé avec les particules plus grandes, l'apparition de
défauts cristallins est sensible a la structure géométrique de la nanoparticule. lls
apparaitront préférentiellement sur certains sites du cube creux au lieu d'étre répartis sur
sa surface. Ainsi, un plus petit nombre de sites de nucléation pour les trous apparaissent
dans les petites nanoparticules, augmentant en diamétre a mesure que le remplacement

galvanique progresse.

Caractérisation optique

Les morphologies de sous-particules modifient les propriétés optiques de ces systéemes
de nanoparticules. Des analyses UV-Vis-NIR ont été effectuées pour relier les propriétés
optiques a la concentration de HAuUCls et, par conséquent, a différentes morphologies
structurelles des particules. Aussi, des simulations électrodynamiques ont été effectuées

pour soutenir et comprendre les observations expérimentales.

Dans ce travail, nous pouvons observer un décalage vers le rouge du pic de résonance
principale avec une concentration croissante de HAuCls. Aussi, la réponse optique de
ces nanocubes partiellement évidés (en raison de faibles concentrations de HAuCl4)
montre un changement clair dans la forme spectrale du pic d'absorption principal, avec

I'apparition d'une épaule du cété a haute énergie de la résonance principale.

J'ai également simulé les structures observées expérimentalement avec une épaisseur
de paroi correspondant a 50 % de I'épaisseur moyenne de paroi mesurée pour accueillir
le couplage de la structure vide. De plus, nous avons inclus I'alliage de la paroi en utilisant
les fonctions diélectriques pour plusieurs alliages Au / Ag et les fonctions diélectriques de

I'Au et de I'Ag pur en tant que deux régions de paroi distinctes. Les changements dans la
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composition de l'alliage n'affectent pas de maniére significative la position des
résonances plasmoniques. La contribution dominante au LSPR provient des

caractéristiques géométriques, des vides et des trous.

Livraison du cargo des nanoparticules creuses

Quand une source d'énergie externe interagit avec une particule plasmonique, de forts
champs de surface sont induits en raison de l'excitation cohérente des électrons (LSPR).
La relaxation rapide de ces électrons excités produit une forte chaleur localisée. Dans
notre travail, J'ai utilisé l'interaction d'un faisceau électronique avec des nanoparticules
creuses, pour augmenter la chaleur locale, déclenchant une livraison du cargo. Plus
précisément, les nanoparticules creuses avec un cargo seront exposées a un faisceau

électronique a 200 kV, qui est également utilisé pour la caractérisation par imagerie.

J'ai réalisé une collection d'images MET en champ clair des nanoparticules creuses avec
une variation de la taille et les caractéristiques des sous-particules, telles que les coins
ouverts, les pores, les trous, et j'ai comparé leur effet sur le taux de livraison du cargo.
Toutes les expériences ont été réalisées dans les mémes conditions sur le méme substrat

avec la méme énergie de faisceau électronique.

L'analyse de la livraison du cargo a été réalisée a l'aide du logiciel Matlab avec un
algorithme de traitement d'image personnalisé. Les images ont été analysées en
appliquant un seuil pour sélectionner les zones les plus sombres pour la nanoparticule
creuse et la livraison relachée. Ensuite, un masque a été appliqué sur I'image, puis le
calcul de la surface a été automatiquement pris a partir de la valeur de dimension en
nanomeétres. Il est important de mentionner que chaque image a été analysée
automatiquement. Chaque pile d'images de MET en champ clair contient environ 800

images. Chaque image est prise a un moment de la livraison initiale jusqu'a 30 min.

L'image originale est transformée en une image en noir et blanc, différenciant le cargo et
la nanoparticule du reste de I'image, qui correspond au substrat. Le processus commence
par la premiére image, qui est considérée comme la premiére valeur initiale. La premiére

image contient une zone « supplémentaire » du cargo en raison de la livraison immédiate.
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Je vais discuter les différences de livraison du cargo sur les petites et grandes
nanoparticules dans cette thése. En outre, le calcul de la livraison d’area sera tracé et
comparé pour chaque catégorie du nombre de coins ouverts pour différentes tailles. Ces
catégories sont quatre, trois et un coin ouvert, représentés désormais respectivement par
4-OpCo, 3-OpCo et 1-OpCo.

Quantification de la livraison du cargo des nanoparticules creuses petits et grands

Livraison du cargo des nanoparticules creuses petits

La morphologie des sous-particules avec quatre coins ouverts offre plus de livraison du
cargo que les autres. Le 3-OpCo posséde une valeur de livraison (ARR) de 1.2, avec une
livraison de fret trois fois plus petite que 4-OpCo. La nanoparticule creuse avec les coins
les moins ouverts (1-OpCo) a un ARR moyenne de 1.03, ce qui est relativement plus petit
que le reste. Ces expériences montrent comment les caractéristiques des sous-particules
affectent les profils de livraison des nanoparticules. Les coins ouverts aident a
l'incrémentation de la livraison du cargo qui est chargée dans la nanoparticule creuse. Le

plus est chargé, plus la livraison.

J’ai hypothese que les coins ouverts sont la morphologie des sous-particules qui domine
le mécanisme de chargement et de livraison du cargo pour les petites nanoparticules
creuses. Comme les coins ouverts ne sont pas directement affectés par le PVP, les coins
ouverts influencent le mécanisme de livraison. Si le nombre de coins ouverts augmente,

I'ARR sera augmenté.

Livraison du cargo des nanoparticules creuses grands (avec modification)

Les nanoparticules creuses grands présentent un comportement similaire aux
nanoparticules petites pour chaque catégorie. Pour toutes les morphologies, il est montré
que le largage de la livraison est amélioré en augmentant le temps d'exposition avec le
faisceau électronique. Cependant, comme observé pour les nanoparticules creuses
petits, les quatre coins ouverts présentent une plus grande quantité de livraison du cargo
que les autres. La grande particule avec le plus grand nombre de coins ouverts a un ARR
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moyen de 2.0, indiquant que la surface totale (nanoparticule creuse plus le cargo) devient
deux fois la surface initiale (nanoparticule creuses comme la surface initiale). Les valeurs
de I'ARR décrément considérablement avec un nombre décroissant de coins ouverts. Le
comportement de livraison pour les quatre coins ouverts est également différent du reste.
La livraison est beaucoup plus rapide dans les 5 premiéres minutes. Puis entre 5 et 15

min, la livraison est plus lente pour ensuite se stabiliser aprés ce temps.

La catégorie 3-OpCo a un ARR=1.43 a 30 min, et il est environ la moitié de la version
indiquée pour 4-OpCo. Le 1-OpCo atteint un ARR de 1.15, étant beaucoup plus petit que
le reste. La saturation commence au début de la livraison initiale pour 1-OpCo. Pour 3-

OpCo et 4-OpCo, la saturation prend plus de temps que 1-OpCo.

Effet du substrat dans la livraison du cargo

Dans les expériences MET, non seulement les nanoparticules sont irradiées avec le
faisceau électronique, mais le substrat interagit également avec le faisceau et pourrait
affecter les propriétés thermiques des nanoparticules. Pour observer I'effet du substrat
sur la livraison du cargo, nous avons comparé deux matériaux différents, un isolant,

représenté par SiO, et un bon conducteur thermique, le graphéne (Gf).

Dans nos expériences, le substrat joue un réle important dans les mécanismes de
livraison du cargo. Sa fonction est d'augmenter la température locale du systéme
(nanoparticules plus le cargo). Une fois que la particule est irradiée avec le faisceau
électronique, le substrat provoquera une isolation thermique, produisant une élévation de
la température locale dans la nanoparticule, qui est ensuite transférée au cargo et au
substrat environnant. Le cargo est ensuite fondu de cette maniére ; il peut déplacer dans
le substrat en raison de sa température plus élevée (supérieure a 40 ° C). Cependant, si
le substrat est un bon conducteur thermique, tel que le graphéne, la chaleur sera dissipée
plus rapidement. La température locale sera alors confinée dans une zone beaucoup plus
petite, empéchant la cargaison de s'écouler a travers le substrat. En comparaison d'un
substrat insolent, la chaleur sera plus haute dans le substrat et le cargo peut déplacer en

une zone supérieure.
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CONCLUSIONS
Analyse structurelle des nanoparticules creuses

Cette these a porté sur les études structurelles des nanoparticules creuses et les effets
des caracteéristiques des sous-particules sur les propriétés optiques et les études de
livraison du cargo. A travers des études expérimentales, nous avons caractérisé les
étapes intermédiaires de la réaction de remplacement galvanique qui transforme les
nanoparticules cubiques d’Ag en nanoparticules creuses. Nous avons observé que les
nanoparticules creuses suivent un développement morphologique différent au cours de

la réaction galvanique, déterminé par la taille du modele initial.

Les modéles petits des nanoparticules cubiques d’Ag commencent par un
développement a moitié vide. Au fur et a mesure que la réaction galvanique se poursuit,
d'autres morphologies de sous-particules se développent, d'abord le développement
complet du vide dans toute la structure, puis l'apparition d'un trou sur la face de la
structure et enfin la modification et I'ouverture des coins. De méme, les nanoparticules
cubiques grandes d’Ag ont montré des structures semblables au vide, mais les derniéres
morphologies des sous-particules dans la réaction galvanique ont créé de petits pores
sur les facettes des cubes creux. Nous attribuons ces différences structurelles a des
changements dans le mécanisme de diffusion dominant des nanoparticules avec

différents relations surface/volume.

Les morphologies des sous-particules formées pour les différents modeles ont eu un effet
majeur sur les résonances plasmoniques et, par conséquent, sur l'absorption optique des
nanoparticules. A travers de la caractérisation optique, nous avons pu observer que
chaque structure a une absorption dans une longueur d'onde spécifique. Ces absorptions
sont les résonances plasmoniques, qui sont caractéristiques de chaque particule en
fonction de la morphologie de la sous-particule. Cependant, les structures semblables a
des vides présentent des modes différents. Avec a I'analyse de simulation, nous avons

pu expliquer que les phénomeénes présentés dans les structures vides sont dus a
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I'nybridation des modes plasmoniques et a leur interaction avec les surfaces extérieures

des nanoparticules creuses.

De plus, l'analyse dans la simulation montre que les absorptions de résonances
plasmoniques caractéristiques optiques concordent avec celles obtenues par les
résultats des expériences. Cependant, la différence est attribuée a différentes
morphologies de sous-particules dans les nanoparticules creuses, ce qui provoque un
pic d'absorption avec un demi-maximum de largeur totale (FWHM) spécifique. Les

valeurs obtenues se situent dans le rang de le FWHM des analyses expérimentales.
Livraison du cargo dans les nanoparticules creuses

Les nanoparticules creuses obtenus par la réaction galvanique ont été utilisés pour les
études de livraison du cargo. Nous avons observé que les différentes morphologies des
sous-particules présentées dans les nanoparticules creuses affectent directement le

chargement et la livraison du cargo.

Les nanoparticules creuses plus petits ont montré que la seule morphologie de sous-
particule menant a la livraison du cargo est celle des structures avec des coins ouverts.
Les grandes nanoparticules creuses ne liberent pas dans aucune structure, y compris
celle avec des pores dans la facette de la nanoparticule. L'absence de livraison du cargo
est en cours a la présence de PVP sur les morphologies des sous-particules. Nous avons
observé que le PVP s'accumule sur les bords des sous-particules, provoquant le blocage
de la structure et empéchant le chargement du cargo. Cependant, I'accumulation de PVP
est minimisée sur les sous-particules plus grandes telles que les coins ouverts, le controle
du chargement du cargo et les mécanismes de livraison. De cette maniere, nous avons
synthétisé des nanoparticules creuses avec des coins ouverts (pour comparer avec les
modeles petits), et nous avons observé qu'ils étaient capables de libérer le cargo, comme

dans les nanoparticules creuses petits.

La quantification de I'area de livraison du cargo dans les nanoparticules creuses petits et
grands a montré qu'en augmentant le nombre de coins ouverts, la livraison du cargo

augmente. Cependant, la structure creuse avec 4 coins ouverts a montré un écart type
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important par rapport au reste des nanoparticules, y compris les petites nanoparticules
creuses. Ce phénomene s'explique par linteraction du PVP avec le reste des
morphologies des sous-particules. Les petits trous seront plus affectés par I'accumulation
de PVP que les plus grands. La formation et la variation du diameétre des trous présentés
dans les coins ouverts, explique l'effet du PVP sur cette caractéristique des sous-

particules et leur contribution aux mécanismes de chargement et de livraison.

L'interaction du faisceau électronique avec les nanoparticules creuses et leur utilisation
comme Vvéhicules de transportation du cargo a mis en évidence l'importance des études
sur I'électron-matiére pour évaluer différents mécanismes. Plus précisément, dans notre
méthodologie, nous avons pu élucider que la température s'éléve au-dessus de 40 °C

parce que c'est le point de fusion de notre matériau a changement de phase (le cargo).

En outre, nous évaluons l'effet sur la livraison du cargo des nanoparticules creuses en
comparant deux substrats différents. Le substrat isolant, représenté par SiO, a montré
une livraison du cargo plus que celui qui posséde une conductivité thermique plus élevée,
le graphéne. Cela suggére que les substrats isolants auront un effet majeur sur
'augmentation locale de la température que les substrats conducteurs et que ce
processus affecte la livraison du cargo. Toutefois, nos conclusions portent sur
limportance des différentes études qui peuvent étre réalisées en microscopie
électronique. L'interaction du faisceau électronique avec I'échantillon entrainera une
augmentation de la température du systéme. Ainsi, l'observation des différents

mécanismes par cette technique de caractérisation doit tenir compte de ce facteur.
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1 INTRODUCTION

In the last decades, emerging infectious and chronic diseases have appeared within the
population. Those who have a genetic incidence or geographic disadvantage, will suffer
of diseases are rapidly increasing diseases or threatens to increase shortly. The concept

of finding new routes of treatment for these diseases has been proposed recently. [1, 2]

Nanomedicine is applying nanotechnology to achieve the cure or treat of a medical threat
to the population. This science is based on the use of materials on the nanometer scale.
It combines physics, chemistry, and biology to solve a challenge that conventional clinical
methods cannot achieve. With this science's progression and research on new drugs and
drug delivery systems, numerous therapeutic procedures based on nanotechnology have
been proposed [3, 4], offering a new advantage to traditional clinical methods. These new
therapeutic methods increase drug specificity and diagnostic accuracy. For example, new
drug administration routes have been formulated to have a specific action in the payload
in specific regions of the organism reducing their toxicity to other normal parts and

increasing their bioavailability.

The research on finding or designing new drugs is a promising area that characterizes
discovering a new product based on the biological target. Several studies have found the
importance of studying different drug release mechanisms to adapt these findings to new
and effective treatments in the organism. However, the research on new drugs usually

lacks in two essential aspects: bioavailability and bio-selectivity.

Bioavailability is when the absorption of the drug takes place. Each route of administration
has factors that can affect drug bioavailability. It is the fraction of the administered dose
that reaches the systemic circulation, and here, bio-selectivity plays an important role. Bio
selectivity means that the drug can be carried into the organism to a specific place,
allowing that the specific drug dose can be decreased due to the improvement of the
therapeutic problem's target area/site. The use of "carriers" enables the introduction of a
therapeutic substance into the organism. It also improves the drug payload's efficacy and
safety by controlling the rate, time, and place of release in the body, something the drugs



lack by themself. That is why the research on drug delivery systems (DDS) has been

necessary for the last few years.

Current research on DDS can be described in four categories:

e Routes of delivery
Drugs can be delivered in different ways, such as oral, inhalation, or absorption
administration. Each method possesses distinct advantages and disadvantages,
and not all of them are compatible with every drug. Improving the delivery methods
or designing new ones can enhance the success in the delivery of every drug.

e Targeting strategies
The target may be whole organs, tissue-based regions, disease forms (such as
tumor cells), or structures inside cells (RNA chain). The development of specific-
target molecules or structures increases the possibilities of healing a specific area
without damaging other parts of the organism.

e Cargo
In addition to drugs, researchers are also exploring the use of genes, proteins,
organic molecules, and stem cells as treatments to treat alone or in combination
with drugs various diseases.

e Delivery vehicles (DVs)
Researchers have begun to reformulate the paths in drugs that can be delivered
in the system to be safer and more compatible in specific conditions. The more
targeted a drug is, the lower its chance to affect different parts of the organism.
DVs can be combined with cargo and targeting strategies to improve the drug's
effectiveness. DVs gain interest lately due to their advantage of using various

drugs and their use as secondary treatment agents.

As explained before, DVs allow scientists to find different ways to treat diseases in the
organism without changing the drug or improving them. That is why DV became one of

the most crucial research nowadays in DDS.



DVs have chemical, physical, and morphological characteristics. Depending on the
action, they may have different affinities to different drugs due to their polarities through
chemical or physical interactions. All these factors influence the interaction and the kinetic
mechanisms of the nanocarriers in different biological systems. [5-7]. Mechanisms of
drug delivery are difficult to elucidate because the conventional techniques of
characterization focus on a whole assemble of DV, ignoring the differences in

morphology, size, and structural details DV may have.

Other parameters, such as the nature of the carriers (e.g., organic, inorganic, and bio-
composites) and the form in which drugs can be hosted, such as core-shell or matrix
systems, are essential for elucidating their drug delivery profiles [8, 9]. The critical
mechanism profiles of drug delivery can be divided into four categories, which are

diffusion, solvent-interaction, chemical reaction, and stimuli-controlled release [10].
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Figure 1.1 Drug delivery mechanisms of the essential DV nowadays. Diffusion: The drug
is released in time by the removal of the hydrogel protecting the polymer reservoir.
Solvent-interaction: the solvent influx by osmosis into the core of the reservoir (e.g.,
water), propitiating the drug's release. Biochemical reactions: pH, organic-groups, and
enzymatic reactions initiate the drug release by breaking the drug-host linked structure.
Stimuli-controlled mechanisms: modification of the structure through different parameters

initiating the delivery, such as heat, sonication, light, and magnetic fields.

Although there are different drug release mechanisms, strategies are mainly based on
improving the nanostructures' specificity to target regions in the organism [11, 12]. That
is why all these four categories of mechanisms are under research to achieve this task.
Nowadays, the strategies that are currently under study for an optimal drug release are
based on the coating or chemical functionalization of the host structures with several
materials [13]-[15]. This functionalization allows drugs to be delivered in a particular



environment. However, the creation of a ligand based-drug delivery is difficult, and
several designs must be performed previously (such as solvent and diffusion
mechanisms), which lead to a lack of interaction with the type of disease and poor
biocompatibility with the organism or tissue design [1]. Besides, due to different DVs'
physicochemical characteristics, it has been difficult to standardize the mechanism of

release in the organisms [1, 16].

Stimuli-based DVs have shown the ability to control the release of drugs when they are
exposed to external factors such as ultrasound [17-19], heat [20, 21], magnetism [22,
23], light [22, 24, 25]. These simulations allow controlling the release of the drug outside
the DV. The biochemical reactions and stimuli-based mechanisms represent
nanomedicine's most promising research nowadays. They combine different
mechanisms' properties for single systems, enhancing the performance of the drug
delivery. However, the information about this system's action mechanisms is little known
due to the physical limitations of conventional characterization techniques (e.g.,

ensemble, segmented, or single nanoparticle analyses).

Based on their physicochemical properties, stimulated-DV can be divided into two groups:

e Organic
Organic DVs are carbon-based nanomaterials that are generally characterized by
a high drug loading capacity. They allow flexible control of both morphology and
chemical composition. However, colloidal stability plays an essential role in organic
DVs applications; it means that these carriers can only be used in systems to allow
their surveillance until they reach the specific target.

¢ |norganic
Inorganic DVs represent the most versatile way of drug delivery. They can be
synthesized more broadly: from silica and magnetic nanoparticles to metallic
nanostructures. These DVs are resistant to different organisms' changes and can

load different types of drugs. Besides, the ease of synthesis and their adaptability



to different media, making them the most suitable structures to be used in drug
delivery approaches.
Moreover, the different properties of inorganic and organic DVs and their combinations
provide significant advantages offering the specific functionalities of organic materials at
the surface of inorganic NPs. For example, inorganic nanoparticles can be coated with
polymers to be functionalized with biomolecules, enhancing the inorganic nanostructures'

selectivity and efficiency [26—28].

1.1 Inorganic DVs

Inorganic nanoparticles have unique properties that make them attractive for drug delivery
purposes. Inorganic DVs are non-toxic, biocompatible, and very stable structures

compared to organic DVs.

Many inorganic structures have been proposed to be DV's [29-32]. However, hollow-
MNPs possess essential properties to be used for delivery purposes and the possibility
to carry the drug inside their structures; this allows protecting the drug to the media in
which it is going to be released. The time over-controlled drug release that hollow-MNPs

can provide is the most important property suitable for biological purposes.

1.2 Hollow-MNPs as thermal-cargo delivery vehicle?

Research on metallic nanoparticles (MNPs) supporting plasmonic resonances has seen
a surge in the last decades. Their strong coupling with light has been exploited in various
applications, such as creating nanostructured sensors [33] or enhancing light-harvesting
devices' efficiency. [34] In particular, hollow-MNPs have been successfully used in
catalysis and nanomedicine. As catalysts, hollow-MNPs have been shown to induce a
higher catalytic activity than traditional nanoparticles [35, 36] due to their larger available
surface, through which they interact with adsorbed reagents.[37] An additional advantage
comes from the flexibility to tune their plasmon resonances up to the near IR spectral
range without increasing their total size or aspect ratio, a requirement for conventional
non-hollow MNPs.[38]



This ability is particularly relevant for nanomedicine applications. Hollow-MNPs can be
nanoengineered to absorb light in the biological window [39, 40]. The biological window
is the region on the electromagnetic spectrum in which the tissues scatter and absorb
less light. In this region, the distance travelled by photons increases within the tissue, and
the probability of photon absorption by another system (e.g., DV, drugs, nanoparticles)

also increases.

As shown in Figure 1.2, hollow-MNPs and gold nanorods (AuNRs) are the most suitable
nanostructures for nanomedicine due to their LSPR in the biological window. However,
the advantage of hollow-MNPs over conventional MNPs is that they can be engineered
to retain a plasmon resonance even at small sizes that can facilitate cell uptake, a
property that MNPs (e.g., AuNRs) do not possess.[41] Consequently, hollow-MNPs are
an excellent tool for nanomedicine applications (e.g., imaging, photothermal therapy, and
drug delivery). [42—46]
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Figure 1.2 Effective attenuation coefficient spectrum comparing the different tissues of the
organism and the range of the first and second biological windows. The absorption range
of some metallic and specific nanoparticles are shown and compared against their location
in the spectra, showing that hollow-MNPs (based on an Au/Ag alloy) and AuNRs are
suitable nanomedicine applications. Adapted from "Second window for in vivo imaging"
by A. Smith, M. Mancini, and S. Nie, 2009, Nat Nanotechnol, 4(11), Copyright (2009) by
Springer Nature. [40]

Functional characteristics of hollow-MNPs, including those mentioned above, depending
on the sub-particle structural morphologies that develop through the hollowing process.
Therefore, our ability to effectively use such particles in different applications is
fundamentally linked to our understanding of their structural details and how they form

through the evolution of the relevant chemical processes.

1.2.1 General overview of cargo delivery on hollow-MNPs

In drug delivery, the importance of knowing the structure of the nanoparticle is essential.
It allows proposing different routes of loading/delivering the cargo. However, high control
over the structure of the composite material is necessary to harness this potential. An



example of the structures' control is the pores' size or pinholes forming in the nanoparticle
structure. These pinholes should be large enough to allow the cargo to be loaded and

delivered successfully from the nanostructure.

Also, delivery mechanisms for hollow-MNPs have not been explained up to the present,
and elucidating these mechanisms is essential to achieve the optimal structure for
successful drug delivery. The objective should be to propose and understand the

mechanisms for controlling the release's location and timing.

There are different mechanisms by which the delivery is activated. In our case, we will
use temperature as the initiator of a delivery. It will be achieved by irradiating the
nanoparticle with an e-beam that will heat the particle. This heat is going to be transferred
to the cargo, which starts the delivery mechanisms. That is why the study and research

of the correlation between optical and thermal properties with the sub-particle

morphologies are essential.
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Figure 1.3 General overview of the load and delivery of the drug from a hollow-MNP. After
the nanoparticle is irradiated with a pulsed laser, heat is produced and transferred to the
surrounded media. The heat stimulates the drug inside the hollow-MNP, and it causes the

expulsion from the nanostructure.



1.2.2 Galvanic replacement reaction (GRR)

The structural changes occur through the GRR between Ag and HAuCl4 species.[47] This
process, which has been extensively studied and reported,[48-52] presents a way to
synthesize Au/Ag hollow nanoparticles. First, solid Ag cubical nanoparticles (Figure 1A)
are synthesized as a template to obtain hollow-MNPs by replacing atomic silver with gold
via the spontaneous reduction of Au3* with AgP. Differences in the reduction potentials of

Au®*/Au® and Ag*/Ag° enable a spontaneous GRR, which can be described as
Equation 1: 3Ag(s) + AuCly.q) — Aug) + 3497 ) + 4C1

At the nanoscale, the reaction begins when an Ag nanoparticle gets in contact with AuCls
ions. Then, Ag atoms are oxidized spontaneously and dissolved by AuCls ions, yielding
Ag® ions into the reaction's solution. Simultaneously, Au atoms are deposited on the
nanoparticle's surface caused by the Au3* ion's reduction (located in AuCls™ ions). As the
Au and Ag are miscible at the nanoscale, both having the same face-centered cubic
(FCC) crystal structure and similar lattices constants, an AgAu alloy's formation is
expected with varying composition as a function of the concentration of AuCls in the
solution. This miscibility implies a diffusion of the metal atoms, governed by many factors,
such as the chemical species involved, reaction conditions (e.g., temperature), and

physical properties, such as the nanoparticles' size and shape.

It has been observed that GRR co-exists at the nanoscale with a process of diffusion
known as the Kirkendall effect, which can lead to more complex hollow structures [49].
Furthermore, as the molar ratio of AuCls: Ag increases, dealloying and surface
reconstruction processes are initiated [47]. The Kirkendall effect defines the motion of the
boundaries between two metals due to an unbalanced diffusion of atoms arising from the
species having different diffusion rates. Initially described for bulk systems [53], it was
also found to act in the nanoscale. [54] The Kirkendall effect provides a continuous
outward material flux with simultaneous vacancies inside the nanoparticles in core-shell
systems.[55, 56] Besides, this effect has emerged as an important self-templated strategy
for synthesizing hollow nanoparticles. It has been used to synthesize hollow
nanostructures with different morphologies (e.g., nanospheres, nanotubes, and
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nanocubes), [50, 54, 55, [57, 58] and different compositions (e.g., bimetallic alloys and

non-metallic oxides).[59—-61]

Moreover, it has been shown that the Kirkendall effect is a size-dependent process, and
it can be altered if the nanoparticle has a reduced dimension, which imposes a boundary
condition. One example is the defect formation in smaller nanoparticles. At smaller sizes,
the defect formation chance at the nanoparticle's surface is higher. It allows an inward
diffusion of the atoms presented on the outer surface, being transported by the defect
diffusion mechanism.[62, 63] These diffusion mechanisms lead to unlocking different

morphological modifications during the galvanic replacement reaction.

As noted above, chemical, and structural transformations occurring through galvanic
replacement reaction have drastic effects on the optical spectrum (UV-vis-NIR
absorbance) of the hollow-MNPs, with a salient feature being the shift in wavelength of
their resonant plasmonic modes. Several studies have already suggested that this shift
is due to changes in (a) the chemical composition of the hollow-MNPs due to alloying, (b)
their wall thickness, and (c) morphology due to void formation.[38, 64] But these studies
remain limited because they have focused on a single type of nanoparticles with a fixed
size and only fully developed inner voids. Furthermore, the diversity of pinhole
morphologies occurring at the MNPs' surfaces were not addressed. Hence,
understanding how sub-particle morphologies affect these nanoparticle ensembles’

optical response and how these morphologies depend on other factors is lacking.

1.3 Electron microscopy characterization

Electron microscopy is a characterization technique used to obtain high-resolution images
of biological and inorganic specimens. It is used in biomedical research to investigate the
structure of cells [65], [66], tissues [67], [68], and macromolecular complexes. This
technique's high spatial resolution results from electrons' use (which have very short
wavelengths) as the illuminating radiation source. In this technique, different

characterizations can be used depending on the sample or the needed information.

This characterization technique represents a suitable way of analyzing very small

structural details on nanoparticles, such as the sub-particle morphologies that hollow-
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MNPs develop during their synthesis. Additionally, the extra characterization techniques
that can be achieved parallel to electron microscopy can help observe different in-situ

phenomena that hollow-MNPs may present.

1.3.1 Transmission electron microscopy (TEM)

TEM microscopy is an electron technique that uses a small beam of electrons to visualize
specimens and generate a magnified image. TEMs can image objects around the
nanometric scale. The TEM employs a high voltage electron beam to irradiate a sample
and create an image. An electron gun or cathode at the top of the TEM column emits
electrons that are accelerated through the microscope’s column. The difference with light
microscopes is that rather than having a glass lens focusing the light, the TEM uses
electromagnetic lenses that focus the electrons to create a small (in diameter) electron
beam. This beam interacts with the specimen, and electrons can either scatter or are
transmitted. These electrons can be detected through different detectors that are placed
in different places in the TEM microscope. Figure 1.4 shows the schematic representation

of a TEM microscope and its respective parts.
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Figure 1.4 Schematic representation of a TEM microscope showing the parts that conform
to this equipment. Adapted from Vision and visual servoing for nanomanipulation and

nanocharacterization in scanning electron microscope. Marturi N. 2013. [69]

1.3.2 Imaging modes in TEM

1.1.1.1  Bright-field imaging

Bright-field imaging is the most common technique used with a TEM. The imaging
process begins when the electron beam interacts with the specimen, some areas of the
sample absorb or scatter electrons and appear darker, while other areas that transmit
electrons appear brighter. [70] In the bright field image, the transmitted electron beam is
selected with the aperture, and the scattered electrons are blocked. Since the transmitted
beam is selected, areas with crystalline or high mass materials will appear dark. When
an aperture is selected in the bright-field mode, it allows only the direct beam to pass. In
this case, the image results from a weakening of the direct beam by interacting with the

sample. Therefore, the image's formation depends on its mass-thickness and
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diffraction contrast: thick areas, areas in which heavy atoms and crystalline areas appear
with dark contrast. [71]

In bright-field TEM, the image's enhanced contrast can be manually tuned via objective
apertures or energy filters (depending on the detector/camera). This technique is also
suitable for most types of structures, and it is widely used. However, bright field images
have their disadvantages. Problems may occur with contrast (which can be fixed by using
a smaller objective aperture), and they are not suitable for crystalline structures that are

too small.

1.1.1.2 Dark-field imaging
Dark-field TEM is the inverse of bright-field TEM. In this TEM mode, the scattered

electrons are selected, and the transmitted electrons are excluded. In dark-field imaging,
the areas where there are no electron scattering will be darker, and where there are
scattered electrons (usually specimen and other materials) will appear brighter [72]. This
technique can enhance the contrast compared to a bright field image, which is sometimes
not clear enough when crystalline features are too small. This technique can be used to

study the crystal lattice, crystal defects, stacking faults, dislocations, and grain sizes.

1.3.3 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) is a microscopic technique that
combines the principles of transmission and scanning electron microscopies. The STEM
technique requires thin samples where there could be a transmission of electrons, and it
also analyzes the electrons that are scattered by the interaction with the electron beam

and the sample. [73]

The STEM technique scans the specimen with a very small, focused beam of electrons.
The pixel size can modify the scan's size if the image to be analyzed, modifying the
acquisition time: the higher resolution, longer acquisition time. The interactions between
the e-beam and the specimen generate a signal that is correlated with beam position.
This correlation is used to create an image in which the signal level is represented by the

brightness at the beam's corresponding location in the image. During the electron beam

14



interaction, various types of scattering are produced. The electrons at high scattering

angles are used to form high-resolution, chemically sensitive, Z-contrast images.

One of its principal advantages compared to TEM is that STEM can use other signals that
cannot be spatially correlated in TEM. These signals are secondary electrons, scattered
electrons, X-rays, and electron energy losses. These signals can be obtained at the same
time as the imaging, allowing direct correlation of images and spectroscopic data.
However, due to the beam's focused energy, the specimen's interaction can burn organic

materials or create carbon contamination. [74], [75]

To analyze these signals, the microscope must have detectors that can collect and

correlate this information.
Bright-field detector

It is located at the same place as the aperture in bright-field TEM mode and detects the

intensity in the direct beam from the specimen.
Annular dark-field detector

The annular dark-field detector is a hollowed disk where the bright-field detector is placed.
The dark-field detector uses scattered electrons for image formation, like the dark-field
mode in TEM.

High angle annular dark-field (HAADF) detector

The HAADF detector, like a dark-field detector, is a detector in the form of disk with a hole
on its center, but the disk diameter and the hole are much larger than in the dark-field
detector. Thus, it detects electrons that are scattered to higher angles. In this detector,

the Z contrast is achieved.
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Figure 1.5 Schematic representation of the STEM characterization. In this image, the
different detectors are shown, and how the e-beam interacts with the sample is also
presented. Extra detectors such as electron energy loss (For EELS spectroscopy) can also

be used.

1.3.4 Electron energy loss spectroscopy (EELS)

Electron energy-loss spectroscopy (EELS) is an analytical technique based on the
inelastic scattering of fast electrons with a specimen. When this interaction occurs, the
electron losses energy, which is then detected through the EELS spectroscopy. This
technique can detect the elemental composition and physicochemical properties of

different materials, including biological samples. [76], [77]

EELS analyzes the transmitted electrons to determine the amount of energy they have
lost when the e-beam interacts with the sample. Due to this phenomenon, information

about interaction with atoms that includes elemental information, chemical bonding,
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valence, and conduction bands, among others, can be detected by EELS spectroscopy.
[78]

Electron energy losses can be measured using a gatan image filter (GIF) to detect
materials' compositional and electronic properties. The GIF camera is a setup of energy
imaging filters that can be used to acquire either filtered images or electron spectrum on
a CCD camera. A magnetic prism chromatically disperses the electrons. The imaged line
spectra are converted into a two-dimensional line plot of electron intensity as a function
of electron energy loss. Figure 1.6 shows the schematic representation of the GIF

camera.
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Figure 1.6 Schematic representation of a GIF camera used to analyze the energy loss by
an electron when interacts with a specimen. First, electrons pass through an aperture to
be re-directed in the prism to the energy filters (green rectangles) then the deflector
positions the electrons through the CCD camera. Image used from “Fast simultaneous
access to multiple analytical TEM data streams with GIF Tridiem and STEMPack,” Mike

Kundmann, Gatan Inc. 2011.
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1.4 Electron-matter interaction through electron microscopy

Since the development of electron microscopy through the invention of the transmission
electron microscope by Ernst Ruska, this field has been developed by scientists until
reaching an ultrahigh sub-Angstrom spatial resolution. Nevertheless, providing ultrahigh
spatial resolution in electron microscopy is not the only goal of this technique; indeed, it
is similarly important to characterize material properties at the nanoscale. In nanoscience,
where many of the physicochemical processes happen at the nanoscale, electron
microscopy offers, through the electron probes, the brightness, emittance, and
spatiotemporal resolutions that are needed to study the processes within the time-energy

and momentum-space.

Like photon-matter interactions, incident electrons can also experience inelastic
interaction with single electrons from the specimen and by collective electron excitations
within the sample, like plasmon and photon polaritons result of which they will lose energy.
These mechanisms can be observed and measured in a TEM where different
characterization techniques, such as energy electron loss spectroscopy (EELS), are

based on electron-matter interactions.
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Figure 1.7 Schematic representation of the inelastic interaction. a) A fast electron has a
near-field interaction with the free electrons of a metallic nanoparticle (MNP). b) the
electron loses energy, and the LSPR is excited. c) The LSPR decays: i) radiatively, by
emitting a photon (hv), ii) or non-radiatively, when the electron energy is absorbed

internally, and it can be dissipated in different mechanisms such as heat.

The use of TEM in investigating and characterizing the nanomaterials' physicochemical
properties at the nanoscale has been crucial to understand and correlate the processes

that explain the behavior of the nanostructures.

In recent years, the development of new TEM techniques aided the study of
nanomaterials' unique properties that could not be studied before. These modern
microscopes include new additaments such as gaseous chambers [79], heating/cooling
holders [66—68], liquid cell holders [83], laser irradiation [70, 71], and new camera
detectors that allow scientists to study in-situ and in-vivo the processes that may occur at
different conditions. For instance, many of the electron-matter or photon-matter
interactions within nanoparticles occur in the femtosecond regime. The use of a
conventional technique such as TEM with an ultrafast laser provides a unique way of
characterizing nanoscale mechanisms. The design of such combined techniques led to

the birth of the so-called ultrafast electron microscopy (UEM), which is conducted using
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a stroboscopic pump-probe approach. In the case of the UEM, pump-probe experiments
mean that one laser pulse is used to excite the specimen, and another is used to hit the
photocathode to produce the electrons via the photoelectric effect. Figure 1.8 shows the

essential parts and processes that occurred in the UEM.

Pump — 1 Cathcgde
— — =i (Photoelectric process)
—_— Condenser
At lenses and apertures
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——  Objective lenses
lenses and apertures

e pump

Detectors

Figure 1.8 General overview of a UEM. Pump-pulses irradiate the cathode, and the
photoelectric process is initiated, producing electron pulses. Probe-pulses interact with

the specimen, which is also interacting with the electron pulses at different times.

The consolidation of TEM as a characterization technique, apart from its imaging use,
drawn attention to the effects that the electron beam (e-beam) has on the processes
studied by in-situ experimental analysis. It is well known that e-beam damages the sample
at high exposure times during TEM imaging [72, 73] or induces a change in the
morphology of nanoparticles [74, 75]. However, in-situ analysis with the new
measurement developments (e.g., heating/liquid holders or gas chambers) possesses

different challenges in TEM-based measurements.

For example, it has been found that e-beam increases dislocation activation during in-situ

experiments in gold and aluminum films [90]. For nano-systems-based characterizations,
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the e-beam ionizes gas molecules, increasing their reactivity and modifying the surface
of the specimens [77, 78]. In liquid-phase TEM experiments, the e-beam leads to the
water's radiolysis, forming reducing and oxidizing species that may potentially modify and
destroy specimens [79, 80]. In this fashion, it is particularly important to understand the

effect of the e-beam on the samples' behavior.

1.4.1 The heating mechanism for electron-matter interaction

The electron-matter interaction in TEM can be categorized based on energy transfer
processes. These processes are the radiolysis, generated due to the inelastic scattering
of electron-electron interactions, causing heating, ionization, and X-rays in the specimen.
The second process is the elastic scattering produced from the electron-atom interaction,
creating point defects due to the atomic displacement. In a general way, the energy
transfer by inelastic scattering is reduced at higher e-beam energies, while elastic

scattering is increased [95].
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Figure 1.9 Schematic representation of the interaction between swift electrons (transmitted
electrons for TEM analysis) and atoms. When a swift electron interacts with an electron
from an atom, it produces inelastic scattering and X-Rays; when it interacts with the atomic

nucleus, it produces backscattered electrons and elastic scattering.

The interaction between the high e-beam energies and a specimen produces a range of
signals that provide various information in electron microscopy. Figure 1.9 shows the
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schematic representation of the electron-matter processes and their corresponding
signals depending on the electron-matter interaction. The information we can obtain from
these interactions is the chemical composition, morphology, and crystalline structures of
the specimen. During the electron-matter interaction, heat is also generated, making
possible the use of the e-beam as a controllable heating source for the generation of

thermal processes at the nanoscale and thermal studies in electron microscopy [82—84].

Electron beam possesses some advantages for its use as a thermal metrology tool for
nano-systems. First, the spatial resolution that an e-beam provides is higher than other
nanoscale thermal measurements such as thermoreflectance, Raman spectroscopy, and
other methods with limitations in the fabrication length scale [85, 86]. The second
advantage is the high heat flux that a high-energy e-beam has by focusing it in a small
area, which is fundamental in the studies of hotspots, which is essential in the engineering
and design of nanoelectronics. The e-beam is dynamically controllable in shape and

position, which makes this source important in thermal studies. [101]

1.4.2 Thermodynamics of heating through electron-matter interaction using a TEM

When an electron beam irradiates a specimen, most of the interactions between electrons
with atoms result in energy losses. This energy loss includes the heat generated in the
irradiated material, increasing the local temperature of analysis compared to the

surroundings' temperature. [102], [103]

For TEM analysis, the heat deposited in the specimen per second can be calculated by

Equation 2.

Equation2  AQ = AE-(lpeam/€) -(t/\)

Where AE represents the average energy loss per inelastic collision per electron, t is the
thickness of the specimen, A represents the electron mean free path for all inelastic
scattering, Iream is electron beam current, and e represents the charge of electron

electron.

In Equation 2, the units of AQ will be considered as eV to have similar dimension because
the units of AE are eV.
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At the steady-state of TEM analysis, the heat generation can be balanced by heat loss

due to radial thermal conduction and radiation in the vacuum. Thus, we can have:

Equation3 I AE-LE = Amkt(T—To)
; peam A (0.58+21n(%))

Where Ilveam the electron beam current, k is the specimen's thermal conductivity, To
represents the initial temperature and T the local temperature (final temperature), Ro is

the traveling distance of heat, and d represents the beam diameter. [104]

In Equation 3, some parameters have to be considered depending on the equipment
used. One of these parameters is the electron beam diameter (d). This parameter is a
major factor in all aspects of electron microscopes, where it can be used as a small,

focused beam depending on the characterization or analysis to be performed in a TEM.

This value can be calculated or measured experimentally. The calculation is simple, but
the value may vary from different equipment types due to the lack of considerations of
setup values for each microscope. The measurement of the diameter is difficult and can

be imprecise.

At this moment, there is not a universally accepted definition of the beam diameter.
Theoretically, the beam diameter can only be manipulated using a smaller condenser
aperture or increasing the condenser lens's excitation. Companies provide values of

beam diameters for each condenser or aperture setting. [105]

Unfortunately, these values are calculated and may significantly differ from the actual
beam diameter due to the assumption that the electron beam distribution is a Gaussian
form. Nevertheless, many parameters such as misalignments and astigmatism in TEM

avoid forming a real Gaussian distribution.

If no apertures are considered, the beam diameter could be defined by diffraction of the
electron (dominated by wavelength A) and spherical and chromatic aberration of the
electron lenses (mainly the objective lenses). Generally, for a Gaussian beam, the beam
diameter is defined by Equation 4: [106]

1/2
Equation4 d = (é) 2405-Cs-a®+1.222
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Where B represents the brightness of the electron beam, A is the electron wavelength, a
represents the convergence semi-angle of the electron beam, Cs stands for the spherical

aberration coefficient, and / represent the beam current.

In Equation 4, another parameter can be calculated experimentally, and it is correlated to
the diameter beam. This parameter is the brightness of the electron beam (). The
correlation is observed when the electron beam is focused on the specimen, the
brightness increases, and when it is spread, it decreases. Therefore, it is essential to
measure this parameter. Equation 5 shows the calculation of the brightness of the
electron beam.

4i,
(mdoap)

Equation 5 B =

Where do represents the beam's initial diameter, ie is the cathode emission current, and

oo stands for the source's divergence semi-angle.

This section shows that considering the specimen’s physicochemical properties and
calculating parameters during the TEM acquisition is essential to understand and
estimate the heat produced by the electron beam's interaction and the specimens. This
information is valuable to avoid samples' damage or understand some physicochemical
changes during the TEM analysis. [107], [108]

However, the estimation of some parameters could be difficult depending on the sample.
This problem is due to the use of complex nanosystems or the difficulty of observing
crucial parameters during in-situ characterizations. Figure 1.10 shows an approximation
of the temperature change (AT) considering thermal conductivity values and the primary
beam current from different electron beam sources. From this information, it is possible
to observe the difference in AT through different materials such as conductors,

semiconductors, and insulators. This estimation helps to estimate the AT in a faster way.

24



A FEG Slource Themionic Source

1000 |
AT(K)

kA1
Ceramics

100

10

01 ] ] | | | >
“10-10 10 108 107 10-6 10-5

Primary beam current (1), [A]

Figure 1.10 The increase of temperature (AT) through different electron beam currents and
thermal conductivity values (k) of different specimens. The dotted lines show the different
and most common electron sources that are found in TEM. Image used from Yougui, L
“Heat generation/temperature increase by electron irradiation.”

https://www.globalsino.com (2021). [104]

1.4.3 Importance of e-beam heating

The importance of the e-beam on the data acquisition in electron microscopy relies on
the changes that may occur in the specimen. Specifically, the heat generated due to the
high e-beam energy in TEM [109] is critical for studying nanoparticles' structural stability

or chemical composition [89, 90].

The e-beam heating in electron microscopy has been used for thermal observations,
which has been used in new devices based on vanadium dioxide [82, 91], thermal
conductances of nanoparticles [113], and two-dimension (2D) materials [114]. However,
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in these studies, the heating generated from the e-beam was only for increasing the
temperature and observe interaction with the specimen (e.g., phase transition), and

studies regarding the quantification of temperature were not done.

Another application where e-beam heating is important is the Debye-Waller effect (DW)
for thermal measurements. Here, irradiative energy (most used is laser) increases the
nanoparticle's heat by phonon vibrations. In DW studies, the energy contribution (based
on temperature) from the e-beam is neglected, and the studies assume that the specimen
is at room temperature when it is irradiated by an e-beam and is only considered the heat

contribution from the laser irradiation [115].

Hence, the importance of e-beam on the electron microscopy studies is determinant for
thermal studies and structural changes, chemical compositions, or measurements where
heat may affect. This work will use the heating generated by the e-beam in TEM
experiments to activate cargo release from single hollow-MNPs. This work will study the
effect of sub-particle features and substrate effect on the rate and amount of delivery.
These experiments will also help map and elucidate the spatial distribution of heat through

cargo delivery.

1.5 Scope of the study

In this work, | will synthesize two sets of hollow-MNPs. | will study and compare the sub-
particle morphologies using two different Ag cube templates (referred to as small and
large templates henceforth). Via the galvanic replacement reaction, | will observe the
structural changes in these hollow-MNPs. | will correlate these sub-particle features
(pinholes and voids) with the particle solutions' optical absorption spectra. | will present
results from scanning electron microscopy (SEM), UV-vis-IR spectroscopy, analytical
software tools, and electrodynamic simulations to discuss the relationship between the
structure and optical properties hollow-MNPs. This research will help us engineer the type

of sub-particle feature we want to use for future applications.

| will also load a dye (simulating a drug) into the hollow-MNPs for both templates using a
phase change material (PCM). | will study the cargo delivery of hollow-MNPs by indirectly

heating the nanoparticle with an e-beam (TEM). This characterization technique will allow
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me to analyze single particles while they are being irradiated. Via transmission electron
microscopy imaging TEM, and EELS, | will elucidate and correlate the sub-particle
morphologies' effect on cargo release. To the extent of our knowledge, these studies have

not been performed before for single nanoparticles.

1.5.1 Hypothesis

The change in the Ag template's size will unlock different sub-particle morphologies
formation mechanisms in the hollow-MNPs. These hollow-MNPs will have different optical
properties, which are correlated to their sub-particle morphologies. The difference
between these features for the small and large templates will provide different release

mechanisms for cargo delivery studies.
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2 LITERATURE REVIEW

Hollow-MNPs have been extensively studied towards applications in different fields such
as catalysis, plasmonic, and nanomedicine. [95-97] Their advantageous feature is that
their LSPR can be tuned depending on the size, shape, morphology, and composition
[119]. Via controlled synthesis, it is possible to control the physical and chemical
properties of hollow-MNPs and engineer the specific nanoparticle that can be useful
depending on the application. However, controlling their structural features (e.g., size,

void, or pinholes) is challenging.

This chapter will focus on the synthesis and structural studies of hollow-MNPs based on
the GRR of Ag and Au and compare different morphologies that can be obtained with this
reaction. The use of cubic hollow-MNPs in cargo delivery applications and the

characterizations used to analyze those results will be discussed further in this chapter.

2.1 Synthesis and structural studies of hollow-MNPs

GRR has been the most widely used method for synthesizing hollow-MNPs. Due to this
chemical reaction's versatility, the synthesis of a variety of bimetallic nanostructures is
possible. The nanoparticles possess additional versatility in their structures by changing

a few parameters (e.g., the composition of reactants, temperature, and time) [38, 99].

The chemical requirement using GRR is based on reactants that possess a different
potential of oxidation and reduction. The reactant with a higher reduction potential is
called a "sacrificial template"; commonly, these templates are solid metal nanoparticles
(MNPs). The analyte, which has a higher oxidation potential, is an anionic metallic-

halogenated solution based on ionic metals such as Au, Pd, or Pt [121].

As mentioned in 1.2.2, Galvanic replacement reaction of the Ag-Au system follows five

general steps:

i) Initiation of Ag dissolution during the Au3* deposition
ii) Formation of a pinhole and uniform wall thicknesses of Au—Ag alloy
iii) Corners truncation

iv) Generation of pores in the wall through a dealloying process



V) Generation of pores in the truncated corners

However, these steps can be modified if the parameters of the GRR change. The
parameters could be the silver template's morphology, the chemicals used in the reaction,
or reaction time. Figure 2.1 shows a general representation of the galvanic replacement

reaction to produce hollow-MNPs.

BEAg [auAg [ Void

Figure 2.1 Schematic detailing of the major steps that galvanic replacement reaction
follows. Pinhole formation and Ag dissolution (i), the formation of Ag-Au walls and void
size increment (ii), the formation of the truncated walls and full void size development (iii),
the dissolution of alloyed Ag atoms, and formation of pores (iv) and the formation of the
pores in the truncated corners and diameter increment for small pores (v). Adapted from
“Galvanic replacement reaction: A simple and powerful route to hollow and porous metal
nanostructures” by X. Lu, J. Chen, and S. Skrabalak, 2007, Journal of Nanoengineering
and Nanosystems, 221(1), Copyright (2009) by Sage publications. [122]

In early 2000, Xia et al. were the first to use the GRR to obtain noble metal-based hollow-
MNPs [51, 102, 103]. The hollow-MNPs, synthesized by the GRR, are characterized by
having bimetallic and thin walls. However, there is difficulty elucidating these
nanostructures' composition and structural details, particularly at the single-particle level
[125].

Characterizing and elucidating mechanisms of the chemical and physical behavior of

hollow-MNPs contributes to improving our understanding of the synthesis of these
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nanomaterials by GRR and thus allowing us to achieve and produce different materials

with desired features.

Generally, hollow structures can exist in different morphologies fabricated through GRR.
Silver nanoparticles have been chosen as the model for a sacrificial template for
synthesizing hollow-MNPs. The easiness of producing silver nanoparticles and their
versatility in changing their morphology [105—108] are among the principal properties that
make them suitable to synthesize different hollow nanostructured materials. They can be
produced in the form of spheres [130], rods [131], plates [132], and cubes [133], among
many. However, the nanostructures of spheres, plates, and cubes have been the most
widely used in GRRs [103, 113, 114]. Table 1 shows the representatives morphologies in

which Ag nanoparticles have been used for the sacrificial template.

In order to improve the optical and structural properties, as well as the properties of
hollow-MNPs, template-based morphology control has been achieved to obtain hollow
nanostructures of various shapes. The sacrificial template method plays a vital role
because it sets the optical properties of hollow nanoparticles. For instance, Ag nanocubes
and Ag nanoplates both have different LSPR. By controlling experimental parameters,
the LSPR for nanocubes can be tuned in 400-500 nm [114], while nanoplates can be
between 500-1200 nm [136]. If these structures are used as sacrificial templates in
galvanic replacement reaction, the LSPR of the hollowed structure can be tuned
depending on the application. The corresponding LSPR for the hollowed nanoplate can

be tuned in a broader range than hollow nanocubes in this fashion.

However, in drug delivery applications, the optical property is not the essential parameter
to be considered; biocompatibility, stability, and cargo loading capacity [116, 117] are

among the principal parameters hollow-MNPs have to meet to be used in drug delivery.

Since the first report of the synthesis of hollow-MNPs [124], researchers have prepared
hollow nanostructures by using Ag nanospheres [118, 119]. With the use of Ag

nanospheres in the GRR, spherical hollow-MNPs can be obtained easily.

Ag nanospheres possess a similar LSPR to Ag nanocubes. This similarity means that the
optical properties of spherical-shaped hollow-MNP are closely related to cube-shaped

hollow-MNP (e.g., LSPR wavelength, size, and morphology dependence). However,
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hollowed spheres have a disadvantage in the structural behavior; there is no control on
the sub-particle morphologies. This disadvantage represents an important parameter to
consider. Also, the final, individual hollow nanoparticle's structural changes will not
represent the ensemble. It represents a challenge in terms of the elucidation for drug
delivery mechanisms, increasing, for example, the standard deviation of the drug

delivered, among others.

Other types of structures obtained via GRRs using Ag and Au are the nanoframes. This
structure includes three-dimensional 3D skeletal nanostructures (e.g., nanocubes) and
planar, 2D nanostructures. Hollow 2D nanostructures are specific nanostructures that are
only obtained from specific AgNPs. The most commonly used template for 2D

nanoframes is the nanoplates [114, 120].

Due to their open-like structure, nanoframes are easy to use in loading drugs. However,
the open structure represents a limitation; drugs cannot be contained in such structures.
Thus, drugs used in this kind of nanostructures need to have a chemical interaction with
the metallic structure. Thiolate cargoes are the most common compounds used in drug

delivery for nanoframes.

Compared with 3D nanoframes and spherical and cubic hollow-MNPs, 2D-based
nanoframes cannot contain much drug-volume in their structure; this represents a
problem in drug delivery applications. 2D-based nanoframes are limited to drugs that can
interact chemically with their structures to be contained in these nanoparticles' spatial
volume. On the other hand, the low content of metallic Ag in 3D nanoframes provides low
cytotoxicity derived from the residual Ag after the GRR, and the production of oxygen-
species is minimized. Thus, nanoframes are more suitable for biomedical applications,
such as sensing and imaging [142]. Table 1 summarizes the disadvantages of hollow-
MNPs in spheres and frames that they could have either in structural details as in drug

delivery application.

As discussed above, hollow-MNPs possess disadvantages and advantages in their
structural behavior. Cubic hollow-MNPs are porous structures with compact sizes
obtained through the GRR based on Ag and Au materials, and they can be precisely

engineered by controlling their plasmonic properties and surface chemistry. These
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nanostructures' solid-state properties represent an advantage compared to the rest of the
hollow structures, such as the spheres and frames. For instance, the templates of Ag
nanocubes possess specific active planes. These sites lead to structural changes during
the galvanic replacement reaction, which Ag nanospheres do not possess. This
advantage that Ag nanocubes have is crucial because it allows researchers to engineer

the nanoparticle to have the desired optical property, size, and sub-particle morphologies.

In conclusion, hollow-MNPs in cubic morphology are the most suitable structures for drug
delivery applications due to their advantages in morphology and structure formation.
However, structural details for these nanostructures have to be studied to maximize the

success in biomedical applications.
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Table 1 Comparison and development of the representative Ag templates and their hollow-

MNPs counterparts. nanoplate [135] nanosphere [134] nanocube and nanorod [124].

Ag template Hollow-MNP Properties and applications in drug delivery

Nanospheres. The advantages of using these
templates are the facile synthesis of the template
and their hollow-MNP. However, the non-
controlled sub-particle features represent a
challenge in engineering these nanoparticles for

drug delivery.

Nanoplates. Their LSPR can be tuned in NIR,
being optimal for biomedical applications.
However, the low volume for loading cargo
makes them non-suitable for drug delivery

purposes.

Nanoframes. These nanoparticles can be
produced efficiently, and they possess an LSPR
located in NIR. However, their stability and their
limited use with bonded-based cargo represent a

low efficiency compared to their counterparts.

Nanorods. They possess optical absorptions in
NIR. However, their non-controllable sub-particle
features and their low volume for cargo are their

main disadvantages.

Nanocubes. These nanoparticles have a
controllable synthesis with LSPR located in the
biological window. Their versatility of loading

different cargos, high stability, and their

controlled sub-particles morphologies are their

main advantages.
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2.2 Structural studies of cubic hollow-MNPs

Structural studies in hollow-MNPs in the form of spheres are lacking. The sacrificial
templates in the form of spheres do not possess different mechanisms or applications
that may change sub-particle morphologies. For instance, Ag spheres can only be
modified by varying their physical size; consequently, mechanisms for sub-particle
changes such as pinholes and voids will be the same. From now on, this thesis will refer

to the hollow-MNPs as nanoparticles with cubic morphology.

The non-control of the sub-particle features represents a challenge if these
nanostructures are used in drug delivery. The options to modify their structure are limited,
limiting the optimal performance for drug absorption or delivery. However, Skrabalak et
al. [48, 49, 122, 123] have studied the mechanisms involved in the production of cubic
hollow-MNPs. Via SEM and TEM analyses, Skrabalak et al. found that Ag nanocubes'
initial morphology leads to different mechanisms for structural modification to produce
hollow-MNPs.

They demonstrated the control over the sub-particle morphologies producing hollow-
MNPs with pores explicitly localized at the corners. They achieved it using rounded Ag
nanocubes as a template (Figure 2.2B) in the GRR. This template's synthesis is similar
to sharp Ag nanocubes using the polyol method, and they can be obtained by modifying
reaction time [120]. These changes are different from using an Ag template with sharp
corners. In this latter case, the pinhole formation is essential to start the oxidation of Ag
atoms from the template. If the oxidizing agent's addition continues, the corners are
modified, and the pinhole diameter increases. We can infer that Ag templates have a

major role in generating sub-particle morphologies in GRR from these observations.
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Ag template Hollow-MNPs

A)

Figure 2.2 Schematic representation of the different sub-particle morphologies of cubic

hollow-MNPs by changing the Ag template from A) sharp corners and B) rounded corners.

Different sub-particle morphologies can also be achieved by modifying the synthesis
method. In 2016, Geng et al. [125] reported in the literature the optical tuning of the LSPR
from ultraviolet to near-infrared by using the galvanic replacement reaction employing
solid Ag nanocubes as a sacrificial template, which were transformed into hollow-MNPs
until finally, cubic nanoframes. They modified the synthesis method by applying cetyl
trimethyl ammonium bromide (CTAB) and ascorbic acid as surfactants instead of PVP
during the GRR. Due to this change, different step structures were obtained, and also the
obtention of a stable cubic nanoframe was possible. Figure 2.3 compares the structural
changes during the original procedure's galvanic replacement reaction versus the

modified version.
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Ag template Hollow-MNPs

.I .II-IIIBIVDV

50 nm

Figure 2.3 Sub-particle morphologies observed by Geng et al. [125]. I) Silver template, Il)
Beginning of the galvanic replacement reaction, Ill) Pinhole nanocube formation (in the
front and back facets), IV) single-walled and full void development and V) Nanoframe

formation. Changes were observed by increasing the concentration of HAuCl,.

Via single-particle EELS analysis, the authors characterized each structure's plasmonic
resonances found for every batch synthesized via GRR. It is unclear if the single-particle
analyses are characteristic for each batch. They do not mention any statistical analysis
that may support those structures' obtention in the majority in all the batches. For
instance, the structure observed in Figure 2.3lll corresponds to a pinhole that goes
through the front and back facets, and it is physically impossible for this structure to evolve

into the structure shown in Figure 2.3IV that posses complete walls with small pores.

Even though they did not perform any statistical analysis, they compared the optical
spectra with simulations using the boundary element method (BEM). They could correlate
that the EELS spectra from experiments are similar to their counterpart by performing
these simulations. However, these analyses are still for single-nanoparticles and not for
the ensemble (batch). The only possible explanation for the step structures' obtention in
Figure 2.3 could be that the synthetic procedure modifications made by Geng et al.

affected the structural mechanisms of formation for these nanostructures.

From this work, we can learn useful information. First, changing the GRR can induce
changes in the structural morphology of hollow-MNPs. Second, the simulation of these
nanostructures' optical properties can help us elucidate or, at least, correlate the

mechanisms involved during the GRR.
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All the observations from Skrabalak et al. and Geng et al. were made based on the use
of different shapes of Ag templates or varying parameters in the GRR. Nevertheless,
studies observing the changes that may occur by using different Ag templates' sizes were
not addressed before, and this is because the synthesis of Ag templates smaller than 30
nm is difficult [144]. Nonetheless, for drug delivery applications, the volume in which the
drug can be loaded is essential, as well as having a plasmonic absorption in biological

windows.

We think that the structural behavior of hollow-MNPs for drug delivery applications can
be made by using larger sizes of Ag templates, not smaller, as Skrabalak et al. focused

on before.

In summary, structural changes such as in the whole nanoparticle, as in sub-particle
morphologies, could be achieved by modifying the GRR or silver templates' morphology
parameters. However, to have a direct comparison and the possibility to monitor the
reaction to control these steps, the GRR must be followed without changes. The effect of
template size on the sub-particle morphologies was not studied. Hence, developing a
method to study and explain the mechanisms involved by performing this change is

essential.

2.3 Hollow-MNPs as cargo delivery actuators

Shin et al. [145] found that hollow-MNPs synthesized by GRR based on AuAg materials
possess pores around =3.4 nm measured via nitrogen adsorption. These pores are large
enough for drugs such as oligonucleotides or doxorubicin (commonly used in drug

delivery), which can be loaded and delivered successfully [145].

However, the cargo has to be contained before the delivery. Liquid solutions cannot be
kept inside hollow-MNPS. That is why different methods were developed in which the use
of smart polymers [125—-127] and phase change materials (PCMs) [128, 129] solved this
issue. Due to their stability and biocompatibility, and secure handling, PCMs materials
have been used in the last decade to perform drug delivery using hollow-MNPs.

PCMs change their physical characteristics when absorbing heat. The material phase

varies with temperature, and depending on the temperature range, PCM materials can
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melt or solidify. Depending on the application, PCMs can be chosen based on their
melting point temperature. In drug delivery, this temperature must be close to the body's
average temperature to avoid damages during the heat to release the drug. Figure 2.4

shows a schematic representation of the procedure for loading PCMs into the gold

nanocages.
PCM+Drug/dye ’ \ Cargo+hollow-MNPs
PCM in liquid phase - - (cargo) i
o Y (9
Addition of the drug/dye Loading the cargo into g !
hollow-MNPs e
T=Transition temperature T=Room temperature

Figure 2.4 Schematic representation of the steps involving loading the cargo into the
hollow-MNPS via the PCM method. First, the PCM material is melted and mixed with the
drug/dye (cargo). Then hollow-MNPs are added, and it allows the incorporation of the

cargo. The cargo+hollow-MNPs are extracted with water due to the polarity difference.

In 2011, Moon et al. [149] reported a new theranostic system for imaging via contrast of
photoacoustic and controlled drug delivery using PCM. They filled the void of hollow-
MNPs with 1-tetradecanol (PCM) combined with a dye to perform this work. The dye
simulates a drug's presence and is used to detect the cargo's presence (PCM and dye)
in the system. For instance, to probe if the load inside an hollow-MNP was successful,

observe the dye's UV-vis-NIR absorption after the loading procedure.

In their work, they used high-intensity focused ultrasound (HIFU) to stimulate the drug
release. By varying the power of HIFU, they could observe different release patterns, at
higher power, the release increases. Importantly, inductive heating takes longer times of
release compared to HIFU. These findings are explained by the fact that ultrasonication
stimulates local heating on the nanoparticle, being transferred directly to the PCM/drug

system.

However, the hollow-MNPs used in the study mentioned above were synthesized only
with a full void structure with small pores on their surface; the release mechanism is still

unclear. The bright-field images for hollow nanoparticles are shown in Figure 2.5. It is
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essential to characterize different hollow-MNPs to elucidate these mechanisms. Besides,
the use of HIFU in vivo for drug release is difficult. It is necessary to use a non-invasive

technique only in local places.

Figure 2.5 Bright-field TEM images for the hollow-MNPs synthesized by Moon et al. [149]
before (a) and after (b) the cargo loading process. The scale bar is 20 nm. Adapted from
“A New Theranostic System Based on Gold Nanocages and Phase-Change Materials with
Unique Features for Photoacoustic Imaging and Controlled Release” by G. Moon et al.,
2011, Journal of the American Chemical Society, 133, Copyright (2011) by ACS

publications.

Similarly, Tian et al. [150] reported the effect of temperature and laser irradiation on
drug/dye release. The effect of temperature is based on the maximum release compared
to room temperature; Tian et al. found a maximum temperature of the cargo release of
42°C and Moon et al. at 40°C. First, none of them reported the method to follow to find
the maximum temperature of release. The cargo release temperature is based on the
supposition that the PCM will have a phase change at ~39°C. However, structural
features on the particle can affect the release independently of the phase change

temperature. Here, we can conclude that a study of this effect is lacking.

Tian et al. reported the laser's effect on drug release in vitro experiments, showing that
the signal in Raman scattering decreases by increasing the exposure time to the laser.
This phenomenon is explained by the photothermal interaction between hollow-MNPs
and the laser. However, they could not calculate the system's temperature, which cannot

allow a direct correlation between the drug release and temperature.
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Many methods have been reported for drug release purposes using energy irradiation
[130-133]. However, none of them explains the mechanisms of release and their

correlation with the optical and structural properties of hollow-MNPs.

The lack of information about the mechanisms involved in drug release is due to the
characterization techniques. Many experiments are based only on the effect of diverse
parameters on the ensemble of nanoparticles. The analysis of single particles is the only
way to provide the exact information of these mechanisms depending on their structure.
This information can be extrapolated to the structures with the same morphology and sub-
particle features. That is why it is necessary to use a technique that can involve, at the

same time, the detection method with the parameter that triggers the drug release.

2.4 Imaging techniques for cargo delivery applications

Therefore, imaging techniques that offer an assessment of single nanoparticle drug
delivery are of great importance. Many of these techniques play a key role in the
preclinical evaluation of drug delivery nano-systems, allowing them to elucidate their
mechanism of action and therapeutic effect. Even though there are many techniques for
drug delivery characterization (e.g., molecular, optical, nuclear, and Raman imaging)
[134-138], this section will discuss and review the current techniques used to

characterize the mechanisms of drug delivery for inorganic nanocarriers at the nanoscale.

241 Atomic force microscopy

Atomic Force Microscopy (also called scanning force microscopy; AFM) uses the
deflection of a fine tip, the cantilever. This microscopy technique enables investigating
samples that are not necessarily conductive. When the tip is interacting with a surface,
the cantilever is bending due to forces between the tip and the specimen, causing a
proportional deflection to the force applied to the sample, which provides a visualization

of the surface topography. [160]

AFM has been used to investigate drug-target interactions at the single-cell and single-
molecule levels. This technique allows researchers to visualize the drug effects on live

cells, which are inaccessible by traditional characterization techniques. This technique
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also allows measuring the size and many other physical parameters for drug DVs in a
single analysis. [161] However, this technique has been used to obtain only physical
information of the drug nanocarriers [141-143], and it has a common problem for drug
delivery characterization, which is the long scanning time required for analyzing the
delivery in-situ or in-vivo, knowing that the initial delivery is rapid. This technique is not
suitable for characterizing the release mechanisms at the nanoscale for any drug delivery
actuators due that the time of delivery is faster than the acquisition time from this

characterization technique.

2.4.2 Electron microscopy

The broad range of electron microscopy techniques (imaging techniques, analytical
spectroscopies, tomography, gas or liquid in situ experiments...) currently provides the
means to reveal at the finest spatial scale, down to sub-Angstrom, the 2D and 3D
information required to monitor the structure and functionalization of the nanometric
systems as well as to rationalize their behavior. Inorganic nanoparticles, especially those
with a porous or hollow nature, have emerged as powerful materials for drug delivery
applications. One relevant characteristic of these materials is their high loading capacity,

with high volumes inside the structure in which the drug can be stored.

Many inorganic carriers such as mesoporous silica nanoparticles, metal-organic
nanoparticles [67-69], and carbon nanoparticles [144, 145] have been analyzed through
electron microscopy [146, 147]. Due to its advantages compared with conventional
techniques and the possibility of analyzing nano-systems with different in-situ techniques
(e.g., EELS, EDS, etc.), electron microscopy has been successfully used to observe
these inorganic nanocarriers interacting with living systems. Although TEM imaging
techniques could be employed to image nanocarriers inside cells [148, 149], the sample
preparation is problematic due to the complicated treatment processes that can induce
modifications in the cells and nanocarriers, preventing the use of TEM in these analyzes.
Also, the higher energies of TEM's e-beam can damage the sample due to its organic
composition. The use of cryo-TEM has limitations in analyzing systems that need heat as

a primary stimulus for drug delivery.
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The issues related to preparation, treatment processes, and specimen damage due to
the e-beam can be avoided using another electron microscopy technique, scanning
electron microscopy (SEM). In this microscopy technique, the morphological and
compositional (through EDS) information is obtained using specific emitted electrons. The
electrons used for the morphological information are the secondary electrons (with
energies smaller than 50 eV) and, for the composition analysis, the backscattered
electrons (with energies larger than 50 eV). Also, the low energy use in the e-beam (which
could be less than 30 keV) prevents biological specimens' damage. Electron microscopy
has mainly been used to determine the cellular interaction between nanocarriers and cells
in-vitro [150-152], and it is limited to evaluate nanoparticle distribution on the biological

entities or only for their morphological studies.

Nowadays, no study is associated with inorganic-based-nanocarriers' drug release in
real-time with a high spatial resolution. The closed system of electron microscopy analysis

makes it hard to introduce the stimulus for in vivo and in vitro analyzes.

2.5 Thermal studies of e-beam interactions

In-situ electron microscopy experiments are essential to observe the mechanisms at the
nanoscale. However, the electron beam may significantly impact specimens' stability,

increasing the difficulty of interpreting the results obtained through in-situ observations.

One of the complications it may induce is the transformation of the morphology of
nanoparticles. Albrecht et al. [174] studied the thermal stability of CTAB-stabilized gold
nanorods heated resistively to 400°C and irradiated under the e-beam in an
environmental-TEM and compared these results with ex-situ heating experiments. Under
inert conditions, the gold nanorods were stable when exposed to the e-beam, but in
contrast, the nanorods reshaped at temperatures lower than 100°C in ex-situ heating
experiments. They hypothesized that CTAB is transformed into a carbon layer under e-
beam irradiation. This layer prevents the nanorods from deforming. When the nanorods
in the in-situ experiments are exposed to an oxidizing environment, the carbon layer is
removed. It allows the diffusion of the gold atoms in the gold nanorod, tending to form

nanospheres.
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This work emphasizes the importance of understanding mechanisms taking place under
e-beam irradiation. However, the resistive heating they used in in-situ experiments does
not allow observing the direct effect of the e-beam on the nanosystem. The combination
of both heating sources causes the formation of the carbon layer that protects the gold
nanorods from deformation. Besides, CTAB degrades at a maximum temperature of
340°C [175]. The carbon layer transformation of CTAB that Albrecht et al. observed might
be related to the transformation of CTAB into smaller species, being initiated by the

resistive heating they used.

Measuring the real temperature of the specimen due to the irradiation of the e-beam in
TEM is difficult. The beam will interact with different materials (e.g., insulators, conductive
materials, etc.), which will vary the temperature for the specific area being analyzed. In
2012, Huang et al. [112] observed through selected area diffraction a phase transition
process from VO2(B) to VO2(M1) under electron beam irradiation. Although this
transition's exact temperature was not determined, the absence of the VO2(R) phase,
which is a phase formation of VO2 at 68°C, indicates that the specimen temperature is in
the gap between room temperature and 68°C. In 2014, Guo et al. [96] used a similar
approach. They prepared a micro thermometer based on a vanadium dioxide nanowire
measuring the specimen's temperature and flow rate. Using the mechanism from Huang
et al., the metal-insulator transition of VO2 (VO2(M1) to VO2(R)) at 68 °C provides a
change of properties of VO2 when it is exposed to the e- beam. However, this phase
transition is contradictory to what Huang et al. observed. This contradiction is a problem
that will affect all the experiments when they are compared. The TEM experiment
conditions must be equal to compare different systems, such as time of analysis, e-beam
energy, and the substrate. Hence, the development of a new approach is essential. A
material that will behave similarly in different TEM experiments where its physical
properties can be controllable is desirable. This material will aid in detecting the

temperature rise when the specimen is exposed to the e-beam.
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3 MATERIALS AND METHODS

3.1 Synthesis of silver nanocubes (AgNCs)

The synthesis of AQNCs was performed using the protocol from Skrabalak et al. [120].
The Ag nanocubes were prepared by the sulfide-mediated polyol method, in which Ag*
was reduced to Ag® by ethylene glycol in the presence of PVP and Na2S. However, this
protocol is designed just to synthesize nanoparticles with an average size of 45 nm. To
obtain different sizes, | modified this protocol by changing the concentration of Ag*. In a
glass container (vial 20 mL), which was heated at 150°C using silicon oil, a magnetic
stirrer was placed, and the speed was set at 260 rpm. Then, 6 mL of ethylene glycol and
70 uL Na2S-9H20 3 mM were added to the vial, and the solution was left for 10 min to
reach the target temperature and avoid the condensation of H20. After 10 min, 1.5 mL of
PVP 8 M (55,000 molecular weight) and 0.5 mL of Ag* 280 mM were added quickly (the
final concentration of Ag* was 17.30 mM), and the vial was covered again. The solution
was left for 15 min, after which the color of the solution changed from colorless to green

ochre.

The solution was transferred to a 50 mL conical tube, and it was centrifugated at 2000 g
for 30 min. The supernatant was then removed, and 1.5 mL of distilled water was added
to the conical tube, followed by sonication for 1 min. This solution was placed ina 1.5 mL
Eppendorf tube, and it was centrifuged at 9000 g for 10 min. The supernatant was
removed again, and 1.5 mL of distilled water was added, repeating the process twice.
Once the pellet was isolated, this was resuspended with 1.5 mL of distilled water and
sonicated for 1 min; then, it was placed in a vial containing 2.5 mL of distilled water. The
solution was stored at 4°C. This process was used to obtain the small template of AQNCs
to achieve larger sizes of AQNCs; | used the same methodology. However, volumes were
modified with 2.865 mL of ethylene glycol, 225 pL Na2S-9H20, 3.75 mL PVP, and 1.25
mL Ag™.



3.2 Synthesis of hollow-MNPs

Hollow-MNPs were synthesized by using the AgNCs. First, 5 mL of PVP 0.001% and a
magnetic stirrer were placed in a round-bottom flask. After that, 200 uL of AgNCs for the
small template and 100 pL for the large template (previously sonicated for 30 secs) were
added into the flask, and the solution was heated until a mild boil condition. Once the
water vapor was condensed in the flask, the solution was left for 10 min under continuous
stirring. Then, by using a syringe pump, HAuCl4 0.1 mM was added (with a speed of 0.75
mL per minute), and the solution was refluxed for 10 min. The HAuCls4 volumes were 4.01,
4.75,5.75, 7.00, and 8.50 mL for the small template; volumes were 3.00, 4.00, 5.50, 7.00,
and 8.50 mL for the large template. After the galvanic replacement process, the solution
was centrifuged once at 2000 g for 30 min. The supernatant was removed, and the pellet

was re-dispersed in 4 mL of distilled water and stored in a glass vial at 4°C.

3.2.1 Characterization of hollow-MNPs

All the samples of AgNCs and hollow-MNPs were characterized by using UV-Vis-NIR
Perkin ElImer Lambda 750 equipment with a scanning wavelength from 300 to 1100 nm.

Distilled water was used as a reference.

The structural and statistical analyses for small and large hollow-MNPs were carried out
using an SEM Tescan LYRA 3 equipment. Samples (for both, AGQNCs and hollow-MNPs)
were prepared by re-dispersing 40 uL of the AgNCs/Hollow-MNPs solution in 120 uL of
distilled water. Then, 20 uL of the re-dispersed solution was placed on a Si wafer
substrate, which was previously washed and cleaned. The complete SEM and high-angle
annular dark-field imaging (HAADF) with the scanning transmission electron microscopy
(STEM) characterizations of hollow-MNPs can be observed in Appendix I. Image analysis
was performed using a Matlab code, which extracts dimensional parameters from
particles in the samples. The histograms of wall thickness and total particle sizes are

available in Appendix Il. A group of 100 nanoparticles was analyzed in each sample.
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3.3 Electrodynamic simulation

The computational simulations were performed in a classical electrodynamic framework,
solving the Maxwell equations within a finite element method (FEM), as implemented in
the commercial software package COMSOL. | have modeled the nanoparticles' key
material and geometrical characteristics and calculated their optical response under
linearly polarized plane-wave excitation. Given that | am considering colloidal
nanoparticles, all the theoretical extinction cross-sections reported in this manuscript
were obtained by averaging both orthogonal polarizations for light propagating along each
of the three main symmetry axes of the cube, for a total of six illumination conditions
(reduced as appropriated by the specific symmetries of the nanoparticle). Besides the
interaction cross-sections, some figures depict the surface charge at the inner and outer
surfaces of the hollow-MNPs for relevant light incidences and polarizations to illustrate

the spatial symmetry of specific plasmonic modes.

In all cases, | have considered the nanoparticles as immersed in water (refractive index
of n = 1.33) since this is the solvent used in experimental optical characterizations. | have
modeled their permittivity using data from the literature, taking the permittivity of pure Au
and pure Ag. The alloys from an analytical model created from experimental data in Rioux
et al. [176] The material composition of the different nanoparticles is divided into the core,
an inner wall, and an outer wall to reproduce the two different effective diffusion models
under discussion. The regions separated to differentiate alloy distribution through different
permittivity data, i.e., inner and outer walls, are schematically described in the captions
of Figure 4.9. The nanoparticles developed from the small Ag template have a dominant
silver presence in the inner wall (AgsoAu1o) and pure gold at the outer wall, consistent with

an atomic diffusion-based on the nanoparticle's defect.

In the hollow-MNPs developed from the large Ag template, the first three models (in which
the void extends until homogeneously covering the inner cube volume) are modeled with
an inner wall composition of pure silver and an outer wall of Ag10Augo. Once the void is
fully developed, the inner wall will consist of a silver alloy (Ag7oAuso). The outer wall is
invariably an alloy with gold's dominant presence, although the proportion of silver
increases in the structures with pinholes (changing from Ag1oAugo to AgsoAuro).
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However, to compare the effect of the different gradients of alloys on the optical properties
of hollow-MNPs, | performed electrodynamics simulations for small and large particles
varying the concentration of the AgAu alloys for the inner wall (small particles) and the
outer wall (large particles) considering a the parameters from Table 2 and Table 3 for

small and large hollow-MPs, respectively.

Table 2 and Table 3 summarize the structural changes and the walls' compositions for
every model used in the computational analyses in Figure 4.7 and Figure 4.9 for
reproducing the experimental values. The additional datasets used to reproduce the
strong-coupling regime between the particle and void plasmonic modes use fractions of
the inner and outer wall thicknesses. At the same time, the remaining geometrical

features remain unchanged.

Table 2 Parameters used in the theoretical calculations for a small template with an inner

wall = 4 nm, outer wall = 3.5 nm, and a total size of 54 nm.

MODEL STRUCTURAL CHANGES

1 Void size of 46.5x46.5x40 nm (WxDxH).

2 Full void size of 46.5 nm

3 Void size 47 nm with a pinhole of 5 nm in
diameter

4 Void size 47 nm with a pinhole of 10 nm in
diameter

5 Void size 47 nm with a pinhole of 10 nm

and removal of 4 corners of the cube.
6 Void size 47 nm with a pinhole of 10 nm

and removal of 8 corners of the cube.
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Table 3 Parameters used in the theoretical calculations for the large template with an inner

and outer wall = 5 nm and a total size of 74 nm.

MODEL STRUCTURAL CHANGES
1 Void size of 65x65x20 nm (WxDxH).
2 Void size of 65x65x40 nm (WxDxH).
3 Full void size of 65 nm

Full void size and three random pinholes
of 3 nm on each face of the cube
Full void size and nine random pinholes
of 3 nm on each face of the cube

3.4 Synthesis of a modified large hollow-MNP

A new synthesis method was performed to have similar sub-particle features to small
hollow-MNPs. A modified version of the methodology was performed using a large AgQNCs
template. Here, the volumes and quantities will be explained, and the detailed steps are

the same as in section 3.1-Synthesis of silver nanocubes (AgNCs).

In a round-bottom flask of 50 mL, 5 mL of PVP 0.1% and a stirrer were placed. Then, 2
mL of large silver nanocubes (AgNCs) template were added to the flask. After, HAuCl4
10 mM was added, and the solution was refluxed for 10 min. The HAuCl4 volumes were
8.5, 15, 22 mL. After the galvanic replacement process, the solution was centrifuged and
washed three times at 2000 g for 30 min with distilled water. The supernatant was
removed, and the pellet was re-dispersed in 4 mL of distilled water and stored in a glass
vial at 4°C.

3.5 Cargo loading into hollow-MNP

The process for loading the cargo in the hollow-MNPs was used following the method
from Moon et al. [149]. In my experiments, | use 1-tetradecanol as cargo. In a glass flask,
4 mL of the previously synthesized hollow-MNPs were centrifuged and re-dispersed in 4
mL of isopropyl alcohol. From this solution, 3 mL of the hollow particles were mixed with
5 mL of 1-tetradecanol at 70°C. After the evaporation of isopropanol (approx. 30 min), the

hollow-MNPs were dispersed only in 1-tetradecanol. During the evaporation process,
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some of the nanoparticles were stuck in the beaker's walls. In order to re-dispersed them,
they were placed under ultrasonication for 1 min. Notice that the ultrasonication's water
temperature must be above 40°C to avoid the solidification of 1-tretradecanol. Once the
nanoparticles were re-dispersed, the beaker was placed in a sand-bath (previously
heated to 100°C) for 8 hrs under mild stirring.

After the cargo loading, the sample was transferred to a previously heated (90°C)
Eppendorf tube containing distilled water. It is important to have a higher temperature
than 40°C to maintain the cargo in the liquid phase and to avoid solidification during the
handling. Here, there will be a formation of two different phases due to the alcohol and
water's polarity. Due to their densities' differences, the alcohol phase will be in the upper

part, and the aqueous phase will be at the bottom of the tube.

Then, the tube was centrifuged at 4600 g for 5 min. During this process, the nanoparticles
from the upper phase (1-tetradecanol) were transferred into the aqueous phase by
centrifugal forces. This process was repeated until the majority of the 1-tetradecanol was
removed. It is important to notice that 1-tetradecanol may solidify during the centrifugation
process. To minimize this problem, water from the tube must be close to the boiling point,
and centrifugation time could be decreased to make a faster separation. After the

centrifugation, nanoparticles were dispersed in 1 mL of distilled water and stored at 4°C.

3.6 In-situ cargo delivery of hollow-MNPs

Once the hollow-MNPs were loaded with the cargo, they were placed onto a TEM grid.
The nanoparticles' solution was diluted 1:1 with distilled water, then 20 uL of this solution
was placed in a copper grid with silicon monoxide as a substrate with 15-30 nm of

thickness. The solution was left to evaporate at room temperature.

Bright-field images of samples were collected with a TEM JEOL 2100Plus at 200 keV.
The cargo release from the hollow-MNPs started immediately right after the contact with
the e-beam. The release was captured in a frame every ~2.3 sec (from now on named
stack) for 30 min using a slit of 20 eV for the GIF camera. The slit aids in increasing the

contrast in the bright field image between the substrate and the cargo released.
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The hollow-MNPs for small and large (modified) templates were categorized depending
on their number of open corners. The analysis for every category was repeated from 4 to
8 times with different hollow-MNP to obtain statistical information. All the stacks were
processed using a MATLAB software code, detailed described in 3.8 Data analysis of
bright-field TEM images.

3.6.1 Substrate comparison for the cargo delivery

The large hollow-MNPs with three open corners were used to compare the effect of two
substrates on the cargo release. These substrates were silicon monoxide (15-30 nm
thick) and a single graphene layer. The particles were analyzed using bright-field imaging
for 30 min and processed with the MATLAB code.

3.7 Ex-situ cargo delivery of hollow-MNPs

An experiment ex-situ was performed to observe if there was cargo inside the particles
that did not show any release. The hollow-MNPs analyzed were the large ones with the
half void, full void, and full void with pores. In a closed Eppendorf tube, 1 mL of every
nanoparticles’ solution was heated for 4 h at 80°C. Then, 20 uL of this solution was diluted
with 20 uL of distilled water. A drop from this solution was placed in a TEM grid with silicon
monoxide substrate and dried at room temperature. The nanoparticles were
characterized via bright-field imaging following the same conditions as in-situ

experiments, as shown in chapter 3.6 In-situ cargo delivery of hollow-MNPs.

3.8 Data analysis of bright-field TEM images

Imaging analysis was performed for every image in the stack. Every sub-particle
morphology categorization (small and large with 1, 3, and 4 open corners) was analyzed
using Matlab's code. Every stack of images was transformed into a black and white image
with a specific threshold; this aids in selecting the darker areas from the images. The
darker areas correspond to the organic material (cargo) and the hollow-MNP. Each stack
is composed of ~800 images, which were analyzed individually. The areas were plotted

depending on their sub-particle feature (open corners) from the initial release until 30 min.
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3.8.1 Electron dose calculations

To obtain a value as a reference to reproduce the information with similar conditions, |
calculated the electron dose (e-dose) from our Matlab code. In this calculation, we
considered a small area of 200 nm? where electrons are not interacting with the particle
or the cargo released, and typically the considered area is close to the corners of each

analysis.

e—counts (per Ames)

Equation 6 e — dose =

Ames
Where e-counts represent the electron counts per considered area and Ames is the area
under consideration. The e-dose was calculated for every image in the stack and each
image have 1 sec of acquisition time, and it is shown as the average for 30 min of analysis.
It is important to note that this value approximates the real e-dose value due that |
neglected the substrate's contribution. The substrate in these experiments covers all the
areas where the cargo release is shown, and real values must be calculated in areas

where there is no interaction e-beam with the specimen (areas in vacuum).

3.9 Surface detection of PVP on hollow-MNPs

Through STEM analysis, hollow-MNPs were analyzed to detect the presence of PVP.
Specifically, the nanoparticles were imaged and analyzed using the HAADF detector and
EELS using the core-loss energy range with 10 s of time collection. The EELS data
collection was performed in a line scan, and the analysis was performed differently,
depending on the hollow-MNPs. For small hollow-MNPs, the line scan was taken from
one corner, considering the face, open corner, wall, and substrate. The large hollow-
MNPs (non-modified) were analyzed considering the face and the pores on the structure.
Large hollow-MNPs (modified) were analyzed from side to side, including the substrate

(both sides), the face, and the pinholes on the structure.

The data processing for STEM-EELS characterization was performed with an automated
code in Matlab using background subtraction with the power-law fitting model. The results
were plotted according to their distance position from the line scan (y-axis) versus the

energy signal (x-axis).
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4 RESULTS AND DISCUSSION

4.1 Structural characterization

AgNCs have different structure changes during the galvanic replacement reaction to
demonstrate the effects of structural changes on full nanocubes; the hollow-MNPs were
first analyzed by SEM.

Figure 4.1 shows a low-magnification SEM image of the small (47 nm) AgNCs template
and their respective transformation to hollow-MNPs. Since the secondary electrons were
used to form the figure's images, the parts with high-mass thickness appear bright, which
allows us to identify the full nanocubes and hollow-MNPs. Complete information on the
SEM characterization and the HAADF-STEM characterization for every sample's

representative nanoparticle is shown in Appendix I.

The measurement of the total sizes of the AgNCs and hollow-MNPs and the wall
thickness of the hollow-MNPs were automated through a custom segmentation code
(results in Appendix Il and Il). This code can analyze each particle separately: create

intensity profiles along the two principal axes of the particles (

Figure 4.1c) and fit these intensity profiles with square functions convolved with the

microscope's point spread function (Figure 4.1d).

In this fashion, | obtained accurate structural measurements for hundreds of particles at
once for further statistical analysis. For each batch | synthesized (12 in total: 6 different
HAuCls concentrations for each small and large template), the histograms of wall

thickness and total particle sizes are presented in Appendix .



e 2 =
o
=
a
=

=
=
.
P

el

3
i lo
A e b
P SR e, 0. 2P Total size (L}

b
T ] Hm T

Normalized intensity
g“ -
(=

o
o

e

—
10 20 3D_ 40 50 B0 10 0 30 40 50 &0
Pixels Pixels

Figure 4.1 Structural characteristics of (a) AgNCs template and (b) its corresponding
hollow-MNPs, visualized via SEM imaging. c) Analyses of a single hollow nanocube. d)
Intensity profiles that correspond to the regions shown in c). The scale bar in a) is 500 nm,

and in c) is 50 nm. The dotted red square in b) denotes the particle in c).

The statistics of the structural behavior of the small and large hollow-MNPs are compared
in Figure 4.2. The evolution of their total size and wall thicknesses as a function of HAuCl4
concentration is different for the two templates. For the small template, the total size of
the hollow cubes increases by ~7 nm, on average, from the total size of the AgNCs
template, and it stays constant with increasing concentration of HAuCls. On the other
hand, the large hollow cubes (Figure 4.2b) show a different pattern. The size increment
of the hollow cubes, from the large template's size, is negligible for the lowest
concentration of HAuCls. However, as the synthesis is performed with more HAuCl4, the
hollow cubes' total size increases linearly. For the highest concentration of HAuCl4, the
hollow cubes are ~8 nm larger on average than their template. The hollow cubes' total

wall thickness is the same for each template (~10 nm) and remains constant with HAuCla.
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To further quantify this behavior and to set up reference regions for the physical
discussion that will follow, here | introduce two geometrical quantities: "inner" and "outer"
walls, such that their sum is equal to the total wall thickness of the hollow cubes. The
reference boundary that defines these two regions is the full Ag nanocubes' outer surface,

i.e., the template.

Therefore, the expression for these quantities can be written as:

. L —L
Equatlon 7 Wouter — hollowMNF; template’

Equaﬁon 8 Winner = Wiotar — Wouters

Where W represents the wall thickness and L the size of the particle for each system,
from a geometrical point of view, the outer wall corresponds to material that aggregates
over the Ag template's surface. In contrast, the inner wall corresponds to the wall's
component within the original template's surface, these representations are shown in the
diagrams in Figure 4.2a, b. For instance, for the small template (47 nm) and lowest
HAuCls concentration (Figure 4.2a), the hollow cubes' total measured size is 54 nm, with
a total wall thickness of 9 nm. It follows that the thickness of the outer wall for this
synthesis condition is 3.5 nm, while the inner wall is 5.5 nm. This observation implies two
things: 1) that some quantity of Au®* ions have accrued over the surface of the Ag
template, as the outer wall thickness is greater than zero; and 2) that some Au atoms
have diffused into the outer layers of the Ag template, as the void stopped its development
before reaching an inner wall thickness of zero.

For both templates, during the galvanic replacement process, Ag atoms are oxidized to
reduce the Au®* ions (presented in AuCls’), depositing Au atoms on the surface of the
nanoparticle. With more Au atoms deposited, the outer wall increases its thickness while
the void inside the particle simultaneously grows by the oxidation of Ag from the core.[49],
[177] Additionally, inner wall thickness gets reduced by the spontaneous process of inter-
diffusion, which occurs between the interfaces of Au (outer wall) and Ag (inner wall), as
observed in Figure 4.2b, as well as the continuous oxidation of Ag under the galvanic
replacement reaction. This process sets the geometrical limit to the expansion of the

tetragonal void inside the nanoparticle.
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Importantly, after the void is fully developed, morphologies on the nanoparticles' surfaces

take distinct routes, depending on the template's size.

Small template Large template

0035 0040 0.045 0050 0.055 0.060 0065 0035 0040 0.045 0050 0055 0060 0065 0.070
[HAuCl,] {(mM) [HAuCI,] (mM)

B TotalSize @ Total Wall Thickness A Inner Wall Thickness ¥ Outer Wall Thickness = AgNCs Template Size

Figure 4.2 Evolution of total particle sizes and wall thicknesses of hollow-MNPs as a
function of HAuUCI, concentration for small and large AgNC templates. a) Total particle size
and wall thickness remain the same with HAuCls. Inner and outer walls also remain the
same. b) Total particle size increases linearly with HAuCls concentration, but the total wall

thickness remains the same.

Sub-particle features can be observed in Figure 4.3, which reveals surprising structural
differences between the small and large templates. For the small template (Figure 4.3,
top), increasing the concentration of HAuCls beyond the point of the full void development
produces pinholes on the face of the cube. The pinhole grows in diameter as the HAuCl4
concentration increases, and the corners of the cube become truncated, adding additional
holes to the structure. On the other hand, the large template (Figure 4.3, bottom) shows
a different pattern after the inner void's full development. In this case, small pinholes
appear upon increasing the concentration of HAuCls, and instead of growing in size, they

grow in number.
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Large template | Small template

Figure 4.3 Structural evolution of the sub-particle features, voids, and pinholes, with
increasing HAuUCIl; concentration (increases from left to the right) for the small (top) and

larger templates (bottom).

This data demonstrates different surface features for the small and large template, which
implies different chemical mechanisms involved in their formation. This difference can be
explained in terms of the metallic species' net diffusion dynamics composing the alloyed
nanoparticles. On the other hand, this diffusion dynamics is governed by the Kirkendall
effect, a general phenomenon describing the net diffusion of two species with different
diffusion times through vacancy exchange [178] and different surface tensions
experienced by nanoparticles at different sizes.

For the large template, the dominant phenomenon driving the morphology evolution is
based on the Kirkendall effect.[158, 159] The diffusion rate of Ag is higher than that of
Au. Thus, Ag and Au's effective interface moves towards the outer surface as a larger
number of Ag atoms migrate to the outer wall of the void nanoparticle, forming an alloy.
In doing so, these Ag atoms close to the particle's outer surface can act as small
nucleation sites. Once the GRR oxidizes the elemental Ag from the core, the Ag atoms
diffused to the outer wall will get oxidized. This preference correlates with the species'
stability, where elemental Ag is less stable than alloyed Ag. After the oxidation of these
Ag-alloyed atoms, there will be small surface openings that | refer to as pores.
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The hollow-MNP for the small template experiences larger surface tension, caused by its
higher surface-to-volume ratio, to alter the alloy's net diffusion dynamics. As the studies
of Murch et al. have shown it.,[63] small particles of metallic alloys will show defects such
as partial Shockley dislocations, which can play an essential role in reconstructing the
particle. [181] Importantly, the density of such defects on the outer wall increases with
reduced nanoparticle size. It was shown that a Shockley partial dislocation could transport
material from the outside to the inside for small nanoshells.[63] As the dislocation creates
a channel for atoms to diffuse, atoms at the outer surface will preferentially diffuse to the
inner surface due to the system's tendency to suppress the void formation.[63, 161]
Contrary to what occurred with the larger particles, the occurrence of crystalline defects
is sensitive to the nanoparticle's geometrical structure. They will appear preferentially at
certain sites of the hollow cube instead of being distributed across its surface. Thus, a
smaller number of nucleation sites for the pinholes appear in the small nanoparticles,

growing in diameter as the galvanic replacement progresses.

| have captured bright field high-resolution transmission electron microscopy images of
representative samples, which were synthesized by employing different reaction
conditions depending on the use of small or large templates and depending on the
concentration of HAuCls. Those images are presented in Figure 4.4. Images of hollow-
MNPs demonstrate the effect of galvanic replacement processes, including small and
large templates, on their structure. In these images, the voids and pinholes' evolution is

evident as it was observed already in SEM images presented before.
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Figure 4.4 High resolution-TEM (HR-TEM) images for the representative hollow-MNPs for
the small (a, b, c) and large (d, f, g) templates depending on the HAuCl4 concentration
increase from left to right.

Figure 4.5a shows a bright field HR-TEM of a hollow-MNP, which corresponds to the
small template having the highest concentration of HAuCls. With holes at the corners and
the face, this representative image matches the corresponding SEM image, which | used
for the statistical analyses. This agreement between SEM and the HR-TEM images. The
lattice spacing value obtained from Figure 4.5b is 0.2 nm, which corresponds to the {200}
planes of Au or Ag face-centered cubic (FCC) structures.[162—164]
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Figure 4.5 a) Representative high-resolution TEM image of a hollow-MNP synthesized
using the small template and 0.062 mM of HAuCl.. b) Particle's Fourier transform in (a)
showing a lattice measured at 5 nm™ from the center. c) Zoomed-in image of the region
shown in (a). d) Line profile across the atomic columns reveals an interplanar spacing of
0.2 nm.

4.2 Optical characterization

Sub-particle morphologies observed above alter the optical properties of these
nanoparticle systems. UV-Vis-NIR analyses were performed to connect optical properties
to the concentration of HAuCls and, hence, to different structural morphologies of the
particles. Also, electrodynamic simulations were performed to support and understand
experimental observations.

Figure 4.6 shows the UV-vis-NIR analysis for small and large hollow-MNPS as well as
the AgNCs templates for each size. The spectra for AQNCs show the characteristic
plasmonic absorptions for these nanoparticles, which is similar to the results reported by
Hung et al. [186]. For small hollow-MNPs (Figure 4.6a), there is a red shifting of the main
LSPR peak by increasing the concentration of HAuCls. Similarly, large hollow-MNPs also

show a red LSPR peak shifting by increasing the chloroauric solution's concentration.
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Figure 4.6 Absorbance spectra of AgNCs (black) and hollow-MNPs for the a) small and b)
large templates at different concentrations of HAuCl:,. The main LSPR peak has a red

shifting in both templates by increasing the concentration of HAuCl; during the GRR.

4.2.1 Structural and alloy effect on the optical properties of hollow-MNPs

In section 4.1, Structural characterization, we observed that the structural information
such as the total size and wall thicknesses lead to different diffusion mechanisms on the
hollow particles, small templates have a diffusion of Au into the inner wall (rich in Ag
atoms), and large templates have a diffusion of Ag into the outer wall (rich in Au atoms).
These mechanisms explain the behavior of hollow-MNPs during the GRR. With this
information and observing the sub-particle morphologies for both templates through
electron microscopy, | decided to compare the red LSPR shifting of the experimental
analysis with electrodynamics simulations of models of hollow-MNPS for both templates.
These models include the information of the structural dimensions of the particles (e.g.,
size and wall thickness) and the variation of different alloy gradients for small (variation
in the inner wall) and large (variation in the outer wall).

Figure 4.7 reveals a linear relationship between HAuCls concentration and the main
peak's central wavelength of experimental analysis. The redshift is also observed in the
electrodynamic simulations that follow the models shown at the top of the figure. Initially,
it begins with the development of the void, and the redshift trend continues after the void
is fully developed due to the additional morphological features appearing on the surfaces

of the hollow-MNPs. Pinholes open up in the particle's walls, further shifting the plasmonic

61



resonances towards higher wavelengths. The underlying physics behind this behavior is
like the particle-cavity mode hybridization. However, the interaction occurs between the
resonances extending across the particle's total size and those localized around the
surfaces' hollow features. The explanation about the plasmonic modes' hybridization with
the sub-particle features will be discussed in section 4.2.2.

The LSPR location of the simulations inside the FWHM of the experimental LSPR peak
of the nanoparticles’ ensemble explains the broadening of the peak in experimental

results caused by the variation of distinct sub-particle morphologies during the GRR.

Moreover, the alloying gradient is shown in Figure 4.7 using the dielectric functions for
several Au/Ag alloys and the dielectric functions of pure Au and Ag in two distinct wall
regions. In this alloy variation, we can observe that when the pure elements are selected
(for each size's respective wall thickness), the redshift is large compared to the LSPR
position when the alloy gradients are used. This behavior is due to the large difference in
Au and Ag's dielectric function that causes the large redshift compared to the short shift
when alloys are used. Changes in the alloy composition do not affect the position of the
plasmonic resonances significantly. The dominant contribution to the LSPR is from the
geometrical features, voids, and pinholes. Due to the no major contribution from the alloys
gradient in the hollow nanoparticles' walls, | decided to perform from now on alloy
gradients closer to the experimental expectation. The gradients that will be used for our
electrodynamics  simulation will be for small hollow-MNPs on the
inner(Au10Ag90)/outer(Au) walls and for large hollow-MNPs an
inner(Ag)/outer(Au90Ag10) walls thicknesses.

Finally, | also simulated the experimentally observed structures with a wall thickness
corresponding to 50% of the measured average wall thickness. The redshift increment is
higher if we compare the LSPR peak position for the experimentally calculated wall
thickness and its half. This comparison shows that the variation of the wall thickness we
have in our synthesis may also affect the FWHM of the plasmonic modes due to the

presence of different thicknesses.

62



1050 Ll T T L] T Ll L] L] L] L] L] L] L)
a ; ;
=4 @ 98 D' 4@ @
950 [ pum ¥ - 1 4 o -
B E EHE E®
(= 900 | e Total void size ! - -1 20n a
~ o Total void size 0OX0 N
S 850} o ox0 - o
= oxo0 o ogo ogo E
[72] 800 o o 4 d C
8 o o .1 e
o st E «s* -
> oX00 oL A 1 e A
= 750 a o e 3 a1 e o AXAA
) °g° ...... AXA a 4 e = A 4
& 7o 0 g s I e
Y R ARA . ] 8 L. o AXAA -
o 650F  ofoo ..-* ARAA - g A
- N | S rfan
600 = i ggg AﬁA .
550 | - 4 .
500 L L L L L L 1 L L 1 L L L
0.035 0040 0045 0050 0055 0.060 0035 0.040 0045 0050 0055 0060 0.065 0.070
[HAuUCI,] mM [HAUCI,] mM
Experimental: [J Theoretical (small/large): % Total wall thickness (3.75/5nm)©@ © © ©
FWHM : Total wall thickness (7.5/10nm) A A A A

Figure 4.7 LSPR peak wavelength from the experimental absorbance spectra as a function
of HAuCl,. Theoretical results for various structures shown at the top, which corresponds
to experimental structures, with a total wall thickness of 7.5 nm (blue) and 3.75 nm (red)

for the small template in a); 10 nm (blue) and 5 nm (red) for the large template in b).

The hybridization model for a nanoshell can explain these redshifts caused by the thinner
wall thicknesses. The model is schematically shown in Figure 4.8. The energy-level
diagram describes the excitation mechanism of the hybridized plasmon resonances in
metal nanoshells by the interaction between the sphere surface (wsp) and inner cavity
(wc) surface plasmons. In this mechanism, two dipolar modes are created due to the
interaction of a void/shell system created due to the hybridization of a metallic sphere's
dipolar modes and a dielectric void in a metallic substrate. The hybridization is enhanced
if the thickness of the shell decreases, as shown in Figure 4.8b,c; and this process causes
a shifting of the plasmon resonances. This redshift means that an anti-symmetrically
coupled anti-bonding mode (w+) and symmetrically coupled bonding mode (w-) are

generated in the metallic shell.
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Figure 4.8 Schematic representation of a plasmon hybridization mechanism (a)
with thick (b) and thin (c) shells. The general explanation is describing the
plasmons that a metal nanoshells shows, due to the coupling between the anti-
symmetrically mode (w:) and symmetrically mode (w.). The hybridization is
enhanced when if a thick metallic shell (b) gets thinner (c). Adapted from “Playing
with Plasmons: Tuning the Optical Resonant Properties of Metallic Nanoshells”.
Halas N. Cambridge University Press. 2011. [187]

The wall thickness effect can be also observed during the formation of the void of hollow-
MNPs. Figure 4.9a shows the absorbance spectra for the AgNCs templates and the
corresponding hollow-MNPs. In the figure, a redshift in the main resonance peak with an
increasing concentration of HAuCl4 is evident. Furthermore, the optical response of these
partially hollowed nanocubes (due to low concentrations of HAuCls) shows a clear change
in the spectral shape of the main absorption peak, with a shoulder's appearance on the
high-energy side of the main resonance. This shoulder is particularly clear in the data for
the large template. The development of the void in the nanocube's body plays a critical

role in this shoulder resonance's appearance and strength, as shown in Figure 4.9b.

As the internal void grows within the MNP, its fundamental dipolar mode becomes more
complex due to the individual modes' coupling on the outer and inner surfaces.[166, 167]
Here, the outer surface is associated with the nanocube, and the inner surface with the
void, illustrated in the inset of Figure 4.9b. This figure also compares one experimental
spectrum with three theoretical spectra. Synthesis-wise, the experimental spectrum
corresponds to a concentration of 0.038 mM of HAuCl4, and its representative SEM image
can be seen in the leftmost bottom panel of Figure 4.3. Importantly, the void does not

develop from the center but from one side of the MNP, as seen in the figure, thus breaking
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the cube's symmetry. This phenomenon induces an off-center cavity mode that interacts
strongly with the charge distribution on the outer surface of the MNP, hybridizing the outer

and inner-surface modes and, hence, shifting their energies.

In Figure 4.9b, three theoretical spectra highlight the critical role of this coupling in optical
absorption. The first spectrum (blue) shows the extinction cross-section, averaged over
light's incidence direction, of a nanoparticle with a void and a wall thickness of 10 nm.
The theoretical plasmon peak agrees well with the colloidal nanoparticles’ main
absorbance peak, but it lacks the high-energy shoulder present in the experimental data.
In the second and third spectra, | included the coupling and tuned its strength by changing
the model structure's wall thickness. Thus, when | scale the wall thickness down by 25%,

| observe a new plasmonic mode arising in the theoretical extinction profile.
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Figure 4.9 a) Optical response of nanocube ensembles: absorbance spectra of AgNCs
templates and hollow-MNPs. b) Optical spectra comparison between experimental and
theoretical results. The theoretical simulation was performed for a particle with a total size
of 75 nm and an inner/outer wall composition of Ag (pure)/ AugsAg1o with a void along the

z-direction.

By further increasing the coupling strength, corresponding to a wall thickness of 50% of
the original value, we find that a more complex optical response arises from the
hybridization of the plasmonic modes. In Figure 4.9b, a good agreement between the

experimental data and the theoretical results is evident, with hybridization explaining
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certain parts (the shoulder) better than without hybridization. Overall, this comparison
highlights the strong impact the internal geometry of the MNPs has on the optical
absorption of these nanoparticles.

Furthermore, as the concentration of HAuCls increases, the shoulder peak decreases in
intensity, as seen in Figure 4.9a, a strong experimental indication that a void inside the
nanocube causes the shoulder. In parallel, as the void increases in size, the interaction
between the particle and void-plasmonic modes couple stronger, which further

contributes to the redshift of the main LSPR resonance.

4.2.2 Effect of structural properties of hollow-MNPS on the hybridization of the

plasmonic modes

In the previous section, we observed how the redshift of the small and large hollow-MNPs
is explained by the structural modification (e.g., size and wall thicknesses) and sub-
particle morphologies formation coupling of the plasmonic modes associated with the
inner and outer surfaces in the MNPs. However, in this section, | will explain the
hybridization of the plasmonic modes for our hollow-MNPs and the effect of a thinner wall

thickness on the redshift of the plasmonic peak.

Figure 4.10 and Figure 4.11 show detailed data for the three irreducible light polarizations
for the MNPs with a void height of 20 nm (panel a) compared to the equivalent geometry
with a fully developed void (panel b). Together, panels (a) and (b) illustrate the impact of

the geometrical asymmetry over the optical spectra.

The difference between Figure 4.10 and Figure 4.11 is the degree of coupling between
particle and cavity plasmonic modes, modeled through the wall thickness. Figure 4.10
shows results obtained from the geometry with wall thickness equal to the mean
experimental value (See Table 2 and Table 3), while Figure 4.11 uses half of these values.

For Figure 4.10 and Figure 4.11, panels a, complement the discussion around Figure
4.9b in the main text. Here we see the spectra of each independent light polarization, and
we can better identify the interaction between specific modes and how do they relate to
the broken cube symmetry of the model's geometry. Particularly, we see the clear
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difference between the spectra under light polarized along the y and z directions in Figure
4.10a.

The equivalent difference is not as appreciable in the weak coupling regime, i.e., Figure
4.10a, which is partly why this geometry did not produce the shoulder in the average data
depicted in Figure 4.9b in the main text. The other factor is that for the thicker wall data

(Figure 4.10), the coupling is not strong enough to hybridize the outer and inner modes.

The high-energy cavity modes in Figure 4.10 can be seen in the absorption cross-sections
(or through monitoring the quadrupole component of the multipolar expansion of the
charge distribution), but this is not enough to appreciably change the global extinction
spectrum. This changes when the coupling becomes strengthened (Figure 4.11a), and
the hybridization of the modes separates them in energy and changes their spatial
symmetry, converting both high- and low-energy resonances in bright modes noticeably

contribute to the global extinction cross-section of the MNP.

Comparing panels (b) from Figure 4.10 and Figure 4.11 straightforwardly evidences the
effect of the increased coupling. The main plasmonic peak becomes strongly redshifted
upon reducing the wall thickness (increasing coupling strength), and so does the

secondary peak as additional higher-order modes appear at higher frequencies.
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Figure 4.10 Weak coupling. Optical cross sections (o) and dominant dipolar ( p)

and quadripolar ( Q) moments of the charge distribution in the particle with a

55x55x20 nm void (panel a) and a 55x55x55 nm void (panel b).
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Lastly, Figure 4.12 illustrates a similar phenomenon, occurring in the MNPs with open
features at their surfaces, which explains the continuing redshift when increasing Au
concentration after reaching the point of full void development. In this case, it is the
additional high-frequency hole plasmonic modes that interact with the main full-particle

excitation and thus drive the redshift in the last sets of datapoint in Figure 4.7 in 4.2

400 500

800 a00 1000

5.0x10°%

p (C nm)

Q (C nm?)

Loo

r4.0x102%

69




Optical characterization. Interestingly, we can see that these high-frequency modes are

dark modes, and their scattering cross section is negligible.
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Figure 4.12 Strong coupling. Interaction cross-sections o and surface charges for
MNPs with wall thickness equal to one half the values presented in Table 1 and
Table 2, showing the strong-coupling regime between the charges at the outer and
inner MNPs’ surfaces. We showcase results for specific light incidences,
illustrating the spatial symmetry of the main plasmonic modes. The data has been
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chosen from representative geometries with fully developed voids and hollow
surface features. a) Small template, single pinhole. b) Small template, single

pinhole, eight truncated holes. c¢) Large template, three pinholes per face.

4.3 Cargo release of hollow-MNPs

In the previous chapter, we observed the changes in the optical properties by modifying
the structure of the hollow-MNPs. The LSPR, which is a structure-dependent property, is
also directly correlated to the thermal property of hollow-MNPs. When an external energy
source interacts with a plasmonic particle, strong surface fields are induced due to the
electrons' coherent excitation (LSPR). The rapid relaxation of these excited electrons
produces strong localized heat. In our work, | will use the interaction of an e-beam with

hollow-MNPs, increasing the local heat of the hollow particle, triggering a cargo release.

Specifically, cargo-loaded hollow-MNPs will be exposed to an e-beam at 200 kV, which
is also used for imaging characterization. Figure 4.13 summarizes the physical steps

involved in our experiment.

N v N

hollow-\INP
a4 h 4
a) Substrate b) C)

Figure 4.13 Schematic representation of the e-beam induced cargo release process from
a hollow-MNP. First, the hollow-MNP filled with cargo is placed into a TEM grid (a). The
particle is irradiated under the e-beam (b), increasing the local temperature, causing cargo

melt (c).

| performed a collection of bright-field TEM images of hollow-MNP that vary in sizes and

sub-particle features such as open corners, pores, pinholes and compared their effect on
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the cargo release rate. All the experiments were done under the same conditions on the

same substrate for the TEM grid with similar e-dose for every experiment.

The analysis of the cargo release was performed using Matlab software with a custom
image processing algorithm. The images were analyzed by applying a threshold to select
the darker areas for both the hollow-MNP and the cargo released. Then a mask was
applied to the specimen's area, and then the calculation of area was automatically taken
from the dimension value in nanometers. It is important to mention that each image from
the same stack was analyzed automatically. Each stack of bright-field TEM images
contains approximately 800 images. Each image is taken at a specific time from the initial

release until 30 min. Figure 4.14 shows the image processing performed in Matlab.

Figure 4.14 Imaging processing through Matlab software. Bright-field images for a small
hollow-MNP at initial (a) and 30 min (b) after release. The images are treated with a
threshold that will select darker areas that will be masked (right images). The area is

calculated through the conversion of pixels to nanometers. The scale bar is 50 nm.

The original image is transformed into a black and white image, differentiating the cargo
and the nanoparticle from the rest of the image, which corresponds to the substrate. The

process begins with the first image of the stack, which is considered the first area value.
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The first image contains an "extra" area from the cargo due to the immediate release.
Equation 9 represents the value obtained by comparing the areas from the initial image
to the consequent ones. The value obtained is the ARR, where Ai and Arrepresent the

initial and final areas, respectively.

Equation 9 ARR = %

| will discuss the differences in cargo loading and release on small and large nanoparticles
in the following paragraphs. The ARR calculation will be plotted and compared for each
category of the number of open corners for different sizes. These categories are four,
three, and one open corner, represented from now on as 4-OpCo, 3-OpCo, and 1-OpCo,

respectively.

4.3.1 Structural characterization of hollow-MNPs by bright-field TEM imaging

In these experiments, the e-beam from the TEM microscope will interact with the hollow-
MNPs increasing their local temperature. The heat produced by this interaction will be
transferred to the cargo and the substrate. The cargo, composed mainly of 1-
tetradecanol, possesses a melting point of around ~40°C. The increase of temperature
overpasses the cargo's melting point, causing its release and expansion from the hollow-
MNPs and the substrate.

Figure 4.15 shows the small hollow-MNPs with different sub-particle features after the
process of cargo loading. The nanoparticles were exposed to the e-beam, and bright-field
images were taken from the initial release until 30 min after exposure. In Figure 4.15a,
the hollow-MNP with half void does not release any cargo, compared to the particles with
three and four open corners, as seen in Figure 4.15b and c. Because all the experiment
was done under the same conditions, it suggests that either the cargo was not loaded
initially, or its release was prohibited. One explanation for this behavior is that the pore

or pinhole size will affect how the hollow-MNPs will load or release the cargo.
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Model Initial 15 min 30 min

a) Half void

e-dose: 3.1x103 e'/nm?

b)

_J e-dose: 4.3x10% e /nm?

e-dose: 3.8x10° e  /nm? —

Figure 4.15 Bright-field images for different sub-particles morphologies for small hollow-
MNPs after the cargo loading process. The comparison is made for the observable sub-
particle morphologies in the structure, for (a) half void, (b) three open corners (3-OpCo),
and (c) four open corners (4-OpCo). Models shown on the left represent the sub-particle

morphology for the corresponding analyzed category. The scale bar is 50 nm.

To understand the behavior of hollow-MNPs before and after the cargo loading process,
| decided to irradiate un-loaded, hollow nanoparticles with the e-beam. Figure 4.15 shows
hollow-MNPs exposed to the e-beam for 30 min with the same sub-particle morphology
as the particles with a cargo loading process. Here, we could observe that for all the
morphology categories, the nanoparticles do not show any modification during the
irradiation with the e-beam. This analysis also helps to explain the surrounding gray area

presented in the initial image of Figure 4.15c. This grey area is not shown in any hollow-
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MNPs that did not undergo a cargo loading process. It means that the grey area presented

in Figure 4.15c is due to the instant cargo release, while not due to PVP presence.

Model Initial 15 min 30 min

a) Half void

e-dose; 2.6x10% e" /nm?

e-dose: 2.4x10% e /nm?2

Figure 4.16 Bright-field images for different sub-particles morphologies for small hollow-
MNPs without a cargo loading process. The comparison is made for the observable sub-
particle morphologies in the structure, for (a) half void, (b) three open corners (3-OpCo),
and (c) four open corners (4-OpCo). Models shown on the left represent the sub-particle

morphology for the corresponding analyzed category. The scale bar is 50 nm.

In another experiment, large hollow-MNPs with sub-particle morphologies of half void, full
void, and pores underwent a cargo loading process. Figure 4.17 shows the bright-field
images of large hollow-MNPs with different sub-particle morphologies during the process
of cargo release. In Figure 4.17a, b and c, it is observable that none of these particles

release cargo as it was seen in the small hollow-MNP during the TEM imaging process.
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Here, | still doubt if the cargo was not loaded initially or if the release was prohibited, like

in small hollow-MNPs with a half void.

Model Initial 15 min 30 min
ﬁ e-dose: 4.5x10% e /nm?

b) Full void

Half void

e-dose: 2.6x103 e /nm?

e-dose: 3.1x10% e- /nm? —

Figure 4.17 Bright-field images for different sub-particles morphologies for large hollow-
MNPs after the cargo loading process. The comparison is made for the observable sub-
particle morphologies in the structure for (a) half void, (b) full void, and (c) pores. The scale

bar is 50 nm.

As was observed by Skrabalak et al. [49], there is a formation of a small pore at the
beginning of the galvanic replacement reaction. Half void hollow-MNPs (for small and
large templates) are the initial structure obtained during the GRR. Also, they are the ones
that possess the small pore in which the ionized Ag ions can be taken out from the inside
of the structure that creates the void. The tiny pore with a size smaller than 3 nm formed
here is not large enough to allow 1-tetradecanol to be loaded or released from the

structures. The same hypotheses can be used to explain the absence of cargo release
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for the large hollow-MNPs. Large hollow-MNPs with the full void and those with both full
void and small pores on their surface do not release for the same reason as half void
particles. As seen in chapter 4.1-Structural characterization, with increasing
concentration of HAuCls, pores' development on the cube faces is evident, and they
become larger as the reaction continues. However, the pore’s diameter is 5 nm, smaller
than the open corners (~ 10 nm in diameter) presented in small hollow-MNPs. This
dimension difference of these sub-particle features could explain the absence of cargo in
large hollow-MNPs. In the following title of this chapter, | will explain the importance of

the size of the sub-particle morphology and the PVP presence with the release of cargo.

Figure 4.18 shows the hollow-MNPs that were not exposed to the cargo loading process.
These particles do not show any change or modification on the structure or the
surrounding area, as shown by the large particles exposed to the cargo. These
observations suggest that the cargo was not loaded or released in the particles at any

sub-particle morphology shown in Figure 4.17.
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Model Initial 15 min 30 min

Half void

e-dose: 3.1x10% e /nm?

Full void _

e-dose: 2.8x10° e /nm?

e-dose: 3.8x10% e /nm?

Figure 4.18 Bright-field images for different sub-particles morphologies for large hollow-
MNPs without the cargo loading process. The comparison is made for the observable sub-
particle morphologies in the structure for (a) half void, (b) full void, and (c) pores. The scale

bar is 50 nm.

4.3.2 Cargo detection on small and large hollow-MNPs

In another experiment, | observed in detail the releasing process from a small hollow-
MNP with 1-OpCo. Figure 4.19 shows that the release starts from the open corner
covering the surrounding nanoparticle before expanding. These observations allow us to
infer that open corners are important to load the cargo and release the cargo through the

matrix, which, in our case, is the substrate.
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Initial b) 1 min

c) 3 min d) 6 min

Figure 4.19 Bright-field images for a small hollow-MNP with 1-OpCo. The hollow
nanoparticle is exposed to the e-beam (a), the temperature increases, and the cargo is then
released through the open corner at 1 min (b). The cargo covers the particle at 3 min (c) to
expand at 6 min (d). The inserts show a contrast-colored image that differentiates the cargo

release (red color) from the hollow-MNP (blue color).

There is no difference between an open corner and a pore formed in a hollow particle in
physical terms. Both should be able to allow the entrance of small molecules such as 1-
tetradecanol. However, chemically they have differences. During the synthesis and
formation of AQNCs and hollow-MNPs, the PVP plays an important role. PVP binds
preferentially to the facets (100) of both particles rather than the corners (111) of these
nanostructures. | hypothesize that with the presence of PVP in the facets of the hollow-
MNPs, this molecule could block a load of cargo, as shown in large hollow-MNPs. To test
this hypothesis, | performed a STEM-EELS analysis to monitor the presence of carbon
from the PVP in the hollow-MNPs.
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Figure 4.20 HAADF images and STEM-EELS analysis for small (a) and large (b) hollow-
MNPs. The red arrow indicates the order of the line scan of the analysis. The histograms
(middle) and contour maps (right images) are represented by the initial and final distances
analyzed in the line scan. The contour maps exhibit the characteristic energy loss values
for carbon. The yellow dotted-circles indicate the sub-particle morphology analyzed during

the data acquisition.

Figure 4.20 shows the STEM and EELS analysis of the sub-particle morphologies for
small and large hollow-MNPs. The open corner for the small particle (Figure 4.20a) is
analyzed by performing the line scan across it for the STEM-EELS analysis. The
histogram shows the carbon distribution at different positions along the arrow marked in
this nanoparticle: the face, an open corner with ~9.5 nm in diameter, a wall with ~6 nm
thickness, and the substrate. The carbon signals correspond to the higher energy
molecular orbital for antibonding molecular orbital for the carbon hybridizations sp3 and
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sp2, both presented in the PVP molecule. The signal’s intensities are particularly strong
along the face, wall, and substrate compared to the open corner. In the open corner, the
carbon signal is in the borders of the face and wall of the hollow-MNP. The size of this

sub-particle morphology is larger enough to avoid the full coverage of PVP.

For smaller sub-particle morphologies such as the pores, the PVP covers the feature
totally, as is shown in Figure 4.20b. The STEM-EELS analysis was performed only in the
particle's face to have a better resolution of the sub-particle morphologies presented in
this type of hollow-MNPs. The pore diameter in this nanoparticle is around ~5 nm, and
the carbon signal is present completely in all the pore's diameter and on the particle’s
face. This information provides new insight into how the PVP locates in this sub-particle
feature and the effect on the cargo’s releasing observed in the bright-field images.
However, the cargo’s loading process occurs in the liquid phase, and PVP is expanded
through the whole particle. The effect of PVP during cargo release is different from the
cargo loading process because both processes occur in different phases. In the solid
phase, the cargo release occurs, while in the liquid phase, the loading process is

performed.

To understand and prove the hypothesis made through the observations of the PVP
presence on hollow-MNPs, | decided to perform an ex-situ experiment for the
nanoparticles that did not have any cargo release. In this case, the solution of hollow-
MNPs was heated at 80°C for 4 h. With these conditions, | could induce the cargo release
in the liquid phase as shown in Figure 4.21. This experiment will compare the role of PVP

in cargo release for both the liquid and solid phases.

Figure 4.21 shows the bright-field images of the three different large hollow-MNPs that
did not have any release in the previous experiments. The sub-particle morphologies
analyzed were half void, a full void, and a full void with pores. The solution containing
these hollow-MNPs was heated, and then part of this solution was placed into the TEM

grid. Here, we can observe how all of the three hollow particles released cargo.

This experiment shows that the non-cargo release observed during the in-situ
experiments was due to PVP's blockage to the small sub-particle morphologies that these

particles present.

81



Model Initial 30 min-MAG

a) g Halfvoid‘

Full void

C) /’. Pores

Initial-MAG

.

b)

ARR=1.12

L]

ARR=1.07]

Figure 4.21 Bright-field images for different sub-particles morphologies for cargo release
of large hollow-MNPs in an ex-situ experiment for the initial release after 4 h of heating and
30 min after the contact with the e-beam. The right images represent the magnification of
the corresponding bright-field images. The comparison is made for the observable sub-
particle morphologies in the structure for (a) half void, (b) full void, and (c) pores. The scale

bar is 50 nm.

Also, | irradiated the particles for 30 min to compare the behavior of the cargo. We can
observe that there is no visible change in the cargo release after 30 min. To increase the
level of detection, | analyzed the bright-field images with the Matlab code to obtain the
ARR value at the beginning and after 30 min of e-beam irradiation. The ARR values do
not show any important variation, indicating that it was the maximum cargo that large

hollow-MNPs could release in the ex-situ experiment.

During the cargo’s loading process, 1-tetradecanol (cargo) acts as the matrix in which
hollow-MNPs are embedded. In this process, the hollow-MNPs and the cargo are heated
at 80°C. It has been found that PVP in alcohol/water mixtures possess a structure of “ideal
chain” when it is heated at 40°C. [190] This chain-structural behavior of PVP may allow

the transfer of the alcoholic matrix (1-tetradecanol) to the inside of the hollow
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nanoparticles. Then, when the nanoparticles are isolated and cooled, the cargo inside of
these nanoparticles remains. PVP's different structures in water/alcohol solvents such as

coil, globule, and chain overpass the 45 nm. [191]

However, in the solid phase, when the nanoparticles are deposited and analyzed in the
TEM microscope, the PVP collapses due to the system's high pressure. This behavior
was previously observed in Figure 4.20, where the PVP blocks the small sub-particle
features such as pores. This is the reason that | could not observe a cargo release in
large hollow-MNPs. As PVP is conformed in a different structure (chain) in the liquid
phase, it makes the pores open, allowing the release of the cargo. Figure 4.22 shows a
schematic representation of the cargo release for small and large hollow-MNPs in the

solid and liquid phases.

SOLID PHASE LIQUID PHASE
a) SMALL Hollow-MNP b) LARGE Hollow-MNP c) LARGE Hollow-MNP
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Figure 4.22 Schematic representation of the cargo release process for small (a) and large
(b) hollow-MNPs in the solid phase and large (c) hollow-MNPs in the liquid phase. For small
hollow-MNP, the PVP does not cover the open corners allowing the cargo loading and
release in both phases. Large hollow-MNP have a blockage of pores caused by the collapse
of PVP, and it cannot release any cargo. When large hollow-MNPs are in a hot liquid phase,
the PVP does not cover the pores and allows the cargo release. The cargo loading process
is presented in all the structures because it takes place in the liquid phase, where PVP is

not blocking any sub-particle morphology.
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4.3.3 Structural characterization of large hollow-MNPs (modified particle)

To compare small and large sizes on the cargo’s release, | synthesized a modified large
template with similar sub-particle morphologies in small hollow-MNPs. With the
knowledge obtained with large and small particles' observations, | decided to synthesize

large hollow-MNPs with open corners, avoiding half-void structures.

Figure 4.23 shows the bright-field TEM images of the modified version of large hollow-
MNPs after their contact with the cargo. For the 1-OpCo (Figure 4.23a), it is possible to
observe that the cargo release is constant for 15 min and 30 min. The release increases
by increasing the number of open corners. This behavior can be seen in 3-OpCo and 4-
OpCo that release a much larger cargo quantity than 1-OpCo. This observation agrees
with the one made for small hollow-MNPs for 3-OpCo and 4-OpCo (Figure 4.15).
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Model Initial 15 min 30 min
W
a) L 1-0pCo

e-dose: 3.5x163 e"/nmz-

b)
__‘ e-dose: 3.8x10% e /nm?

c)
- e-dose: 3.7x10% e /nm?

Figure 4.23 Bright-field images for different sub-particles morphologies for modified large
hollow-MNPs with a cargo loading process. The comparison is made for the observable
sub-particle morphologies in the structure for (a) 1-OpCo, (b) 3-OpCo, (c), and 4-OpCo. The

scale bar is 50 nm.

The comparison with the particles that were not exposed to the cargo loading process is
shown in Figure 4.24. This figure shows that the large hollow-MNPs did not have any
modification during the e-beam irradiation for 30 min. As shown in small hollow-MNPs,
large hollow-MNPs for 1-OpCo and 4-OpCo (Figure 4.23a and c) initial release a bit of
cargo when they are exposed to the e-beam. It is possible to confirm that this observation
is related to the cargo release because the particles that were not exposed to the loading

process do not show this behavior.
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Model Initial 15 min 30 min

\J
1-OpCo

e-dose: 2.8x10% e /nm?

e-dose; 3.5x10% & /nm?

Figure 4.24 Bright-field images for different sub-particles morphologies for the modified
large hollow-MNPs without a cargo loading process. The comparison is made for the
observable sub-particle morphologies in the structure for (a) 1-OpCo, (b) 3-OpCo, (c), and
4-OpCo. The scale bar is 50 nm.

4.4 Cargo delivery quantification for small and large hollow-MNPs

4.4.1 Small hollow-MNPs cargo delivery

To quantify the cargo release from hollow-MNPs, | analyzed the bright-field images
through a custom algorithm that quantifies the pixels that cover the particles plus the
cargo. Technically, the algorithm quantifies the "darker" pixels based on a threshold that
was selected for each stack of images, and the threshold was constant for every stack.
Figure 4.25 shows the cargo release from small hollow-MNPs with different sub-particle

features at different times. It is shown that the increment of open corners increases the
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area covered by the released cargo. The particle with four open corners shows a larger

release at 30 min than the other sub-particle morphologies.

Initial 15 min

e-dose:3.5x10° e" /nm?

é-dos'e&§:s§1u! e /nm?

Figure 4.25 Bright-field images for characteristic small hollow-MNPs analyzed based on
their number of open corners. The yellow circles identify the open corners for every

category. The scale bar is 50 nm.

The quantification of the cargo release is shown in Figure 4.26. The statistical analyses
made for each stack of bright-field images prove that the increment of open corners

increases the area covered by the cargo release.

The sub-particle morphology with four open corners also delivers more cargo release
compared to the others. The 4-OpCo hollow-MNP has a mean ARR=1.6. This value
means that the cargo release has an area of 0.6 compared to 1.0, representing the
nanoparticle's area. ARR values decrease by decreasing the number of open corners.
The 3-OpCo possesses an ARR of 1.2, having a cargo release three times smaller than
4-OpCo. The hollow-MNP with the less open corners (1-OpCo) has a mean ARR value
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of 1.03, which is relatively smaller than the rest. These experiments show how the sub-

particle features are affecting the release profiles of the nanoparticles.

The difference in the ARR values could be explained by the loading process observed in
section 4.3.1. The open corners aid in the increment of the cargo that is loaded into the

hollow nanoparticle. The much is loaded, the higher is the release.
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Figure 4.26 Area release ratio (ARR) analyses for the three different categories of small
hollow-MNPs. The statistical values were obtained from four to eight analyzed particles
per category. The circles represent the data obtained from the code, and the dash lines
correspond to the fitting through exponential decay for every category. The standard
deviation is represented as a shaded area in black for 4-OpCo, blue for 3-OpCo, and red
for 1-OpCo.
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| hypothesize that the open corers are the sub-particle morphology that dominates the
mechanism of loading and releasing the cargo for small hollow-MNPs. As open corners
are not directly affected by PVP, open corners influence the releasing mechanism. If the

number of open corners increases, the ARR will be increased.

However, in every category of open corners, there are variations in the ARR values. The
upper and lower values for the tendency lines in Figure 4.26 are the standard deviation
of the ARRs values found in the multiple particle analyses. At the beginning of the release,
the difference is smaller than the release time of 30 min. This difference could be

attributed to another sub-particle morphology, the pinholes.

In contrast to open corners, pinholes could appear during the GRR in different sizes and
numbers in the hollow cube's facets. Different pinholes appear in the different OpCo
categories. The PVP presence on these pinholes will affect the release depending on

their sizes. This cargo release variation can be observed in Figure 4.27.

Figure 4.27 shows the bright-field images of small hollow-MNPs with 4-OpCo that have
variations on their pinholes. For Figure 4.27a, we can observe different types of pinholes
on the facet of the cubes. The one with a higher number of pinholes has a slightly higher
ARR value than the nanoparticle with a big-defined pinhole, as shown in Figure 4.27b.
Besides, the pinholes shown in Figure 4.27a are larger than 5 nm. With the information
obtained before regarding the size of sub-particle morphologies (e.g., pores), the PVP will
not cover those pinholes (Section 4.3-Cargo release of hollow-MNPs, translating in larger

cargo storage with a larger release than the one with a defined pinhole.
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Figure 4.27 Bright-field images for small hollow-MNPs with 4-OpCo with multiple small
pinholes (a) and large well-defined (c) pinhole on their structure. After 30 min, the particle
with multiple pinholes (b) released more cargo than its counterpart (d). The yellow circles

identify the pinholes for every particle. Scale bar in (c) is 50 nm.

4.4.2 Large hollow-MNPs cargo delivery (modified particle)

Large hollow-MNPs exhibit similar behavior to small hollow-MNPs for every category.
Figure 4.28 shows the bright-field images of large hollow-MNPs with similar sub-particle
features to smaller particles. For all the morphologies, it is shown that the cargo release
is enhanced by increasing e-beam exposure time. However, as observed for small hollow-
MNPs, the four open corners feature a higher amount of cargo release than the other

sub-particle features.
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Figure 4.28 Bright-field images for a representative large (modified) hollow-MNPs analyzed
based on their number of open corners. The yellow circles identify the open corners for

every category. The scale bar is 50 nm.

Figure 4.29 shows the ARR's values plotted as a function of time for different open
corners in single particles. The large particle with the highest number of open corners has
a mean ARR of 2.0, indicating that the total area (hollow-MNPs+Cargo) becomes twice
the initial area (hollow-MNP). The ARR's values drop drastically with a decreasing number
of open corners. The release behavior for the four open corners is also different from the
rest. The release is much faster in the first 5 min. Then between 5 and 15 min, the release
is slower to then stabilize after this time. Figure 4.30 shows the bright-field images of the
cargo release for a large hollow-MNPs with 4-OpCo.
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Figure 4.29 Area release ratio (ARR) analyses for the three different categories of large
hollow-MNPs. The statistical values were obtained from five to ten analyzed particles per
category. The circles represent the data obtained from the code, and the dash lines
correspond to the fitting through exponential decay for every category. The standard
deviation is represented as a shaded area in black for 4-OpCo, blue for 3-OpCo, and red
for 1-OpCo.

The 3-OpCo category has an ARR=1.43 at 30 min, about half of the release shown for 4-
OpCo. The 1-OpCo reaches an ARR of 1.15, being much smaller than the rest. The
saturation starts at the beginning of the release for 1-OpCo. For 3-OpCo and 4-OpCo,

reaching saturation takes a longer time than 1-OpCo.
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Figure 4.30 Bright-field images for the cargo release from a large hollow-MNP with 4-OpCo.
The particle releases the cargo immediately (a). The release increases at 1 min (b) and 5
min (c). The area covered by the cargo release stabilizes at 15 min (d), similar to the release
at 30 min (e).

Nevertheless, 4-OpCo exhibits a large standard deviation of cargo release. Figure 4.31
shows the difference in cargo release of large hollow-MNPs with 4-OpCo but different
pinholes. In the image, we can observe the difference in the size of pinholes in both
nanostructures. For the particle with the larger pinhole (Figure 4.31a, b), the ARR is 2.3
and for its counterpart, which has a smaller pinhole, the ARR is 1.95. In this case, the

size of the pinhole is affecting the cargo release mechanism.
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Figure 4.31 Bright-field images for large hollow-MNPs with 4-OpCo with a large (a) and
small (c) pinhole on their structure. After 30 min, the large pinhole (b) released more cargo

than its counterpart (d). Scale bar in (c) is 50 nm.

The observation of how the rest of the sub-particle morphologies (pinholes) affects the
cargo release, apart from open corners, agrees with the hypothesis made in the small
hollow-MNPs discussion where different sub-particle morphologies large enough (such
as open corners) may influence the cargo delivery as well. Figure 4.32 shows the STEM-
EELS characterization for large hollow-MNPS and their corresponding sub-particle

morphologies.

94



Normalized e counts
% Substrate 3.220E-04
sp e e
2.680E-04
45 -------------------
40 L 2 140E-04
E 3 | 1.600E04
Y0 Large Pinhole
c - 1.060E-04
_*E 25
O 50 b I 5.200E-05
LS -SRI - - -2.000E-08
10
-------------------- -5.600E-05
5
Substrate
0 L L 1 ! | ’ -1.100E-04
00 02 04 06 08 1.0 285 300 315 330 345 360 375
Normalized Pixel Intensity Electron Energy Loss (eV)
o* Normalized e counts
p—-
70 T T T T r T T 5.000E-04
85 Substrate l
B e e
A2 e o
s | I 3.500E-04
E 45 | | 2.750E-04
BT O T B
e 35 1 |- 2.000E-04
5 i '
g% 1l
25 - 1.250E-04
20 | - 5.000E-05
15 qraacssssssessibopiasisnsass - ’. 1
10 -2.500E-05
Y TTTTTTITTo L
0 ISubsltrateI I | -1.000E-04
00 02 04 06 08 10 300 315 330 345 360 378
Normalized counts Electron energy loss (eV)

Figure 4.32 HAADF images and STEM-EELS analysis for large (a) and small (b) pinhole for
the large hollow-MNPs. The red arrow indicates the order of the line scan of the analysis.
The histograms and contour maps (right images) are represented by the initial and final
distances analyzed in the line scan. The contour maps exhibit the characteristic energy
loss values for carbon. The yellow dotted circles indicate the sub-particle morphology

analyzed during the data acquisition.

Figure 4.32 compares the presence of PVP in pinholes with different diameters. For the
larger pinhole, with 15 nm of diameter (Figure 4.32a), we can observe that the carbon
signal is stronger in the sub-particle morphology edges, as shown in open corners for
small hollow-MNPs. The signal decreases to nearly zero in the center of the pinhole; this
means that the PVP presence in this part of the sub-particle morphology is considerably
lower than the edges. As in open corners, this absence of PVP could make that pinhole

serves as another way of loading and releasing cargo. However, PVP was found present
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on smaller pinholes. This phenomenon is presented in Figure 4.32b, where the pinhole’s
diameter is smaller than the one in Figure 4.32a. These pinholes are identified in the
yellow-dotted circles. However, the carbon signal's presence is much higher, and it is
almost distributed in all the pinhole area, with stronger intensities at the borders of the

sub-particle morphology.

The pinhole's diameter and distribution on the hollow-MNPs will affect the loading and
releasing of the cargo. If the pinholes are small, PVP will allow less cargo loading; thus,
the open corners will govern the loading and releasing mechanism. However, if the
pinholes are large, PVP's effect will be minimized. The loading mechanism will be
enhanced, releasing more cargo faster because of the combination of open corners and
pinholes. The small pores presented in the non-modified large hollow-MNPs support this

hypothesis.

In the HAADF images, shown in Figure 4.32, it is possible to observe the variation in the
pinhole’s diameter and number in two different hollow-MNPs. Control over the pinhole’s
diameter and size is more difficult than other sub-particle morphologies while developing
the larger particles' in the GRR. This lack of control means that the particles with the 4-
OpCo will present larger variations of pinholes. These findings explain the observations
made in Figure 4.29 and Figure 4.31. Figure 4.33 summarizes the findings and

observations made for large hollow-MNPs.
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Figure 4.33 Schematic representation of the cargo release and loading mechanisms in
large (modified) hollow-MNP. Small pinholes will have a higher effect of PVP on the
mechanisms due to hydrogen bonds and steric hindrance. This phenomenon is minimized
in larger pinholes causing a major effect on cargo loading and releasing, such as the open

corners.

4.4.3 The area release rate for hollow-MNPs

Section 4.3 discussed the different delivery profiles (represented by ARR values) for
different categories of hollow-MNPs. The ARR values visualize the cargo release profiles
by considering the final area concerning the initial area. Herein, | further perform a
derivative of those values and compare the behavior of different sub-particle
morphologies of hollow-MNPs prepared from small and large templates. Figure 4.34
compares the normalized area release rates at different times for small and large hollow-
MNPs. This figure shows that for the 1-OpCo and 3-OpCo, the small and larger particles
have a similar tendency in cargo release. In contrast, for 4-OpCo, the larger particles have

significantly faster cargo release at the beginning.

Besides, large hollow-MNPs with 4-OpCo finish the cargo release at 25 min, indicating

no more cargo to release. In contrast, the rest of the particles, including smaller ones,
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continue to release cargo at 30 min. As discussed in section 4.4.2, the cargo release of
large hollow-MNPs with 4-OpCo is also affected by the pinholes on their structure. The
combination of these sub-particle features with the open corners enhances the cargo

release at a faster rate.
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Figure 4.34 Comparison of the normalized area release rates for small (line) and large
(dotted line) hollow-MNPs for 30 min.

Since | provide new insights and observations on the cargo release of different types of
hollow nanoparticles, these findings can help researchers engineer different types of
particles depending on their use, combining their sub-particle features by releasing more

or less cargo in a faster or slower way.

4.4.4 Effect of substrate on cargo release

In TEM experiments, not only is the specimen irradiated with the e-beam, but the
substrate is also interacting with the beam and could affect the thermal properties of the

sample. To observe the substrate's effect on the cargo release, | compared two different
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materials, an insulator, represented by SiO, and a good thermal conductor, the graphene
(Gf).

In our experiments, the substrate plays an important role in the cargo release
mechanisms. Its function is to increase the system's local temperature (hollow-
MNP+cargo). Figure 4.35 shows the comparison of ARR values of a large hollow-MNP
(3-OpCo) on different substrates. The cargo release is three times higher on the SiO

substrate compared to graphene material at 30 min.
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Figure 4.35 Area release ratio comparison for 3-OpCo using SiO (red) and graphene
(black).

Once the particle is irradiated with the e-beam, the interaction with the e-beam will cause
a rise in the local temperature of the system. [174, 175] The cargo is then melted in this
fashion; it can flow through the substrate due to its higher temperature (above 40 °C).
However, if the substrate is a good thermal conductor, such as graphene, the heat will be
dissipated faster. The local temperature will then be confined in a much smaller area,

preventing the cargo from flowing through the substrate.
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Figure 4.36 Bright-field images of the cargo release for a 3-OpCo hollow-MNPs on SiO (a)
and graphene (c) at 30 min; the right images are the contrast-colored bright-field images
for SiO (b) and graphene (d). Scale bar in (c) is 50 nm. Notice that the graphene substrate
can be folded due to its thickness, and hollow-MNP will be tilted. The sub-particle features

will not appear as flat substrates.

As seen in section 1.4.2-Thermodynamics of heating through electron-matter interaction
using a TEM and Figure 1.10, a thermionic source (LaBs) like in the substrate comparison

experiments increases the AT in the experiments with low thermal conductivity.

The AT estimation from Figure 1.10 provides a better insight into how these materials
behave under e-beam irradiation. Materials with high thermal conductivity (Au and

graphene) do not contribute to local temperature increment as materials with lower

100



thermal conductivity (SiO and tetradecanol). With this information, | can infer that the
interaction of tetradecanol with the e-beam will increase this material's temperature above
its melting point. In graphene experiments, as graphene does not contribute to the AT,
the substrate dissipates heat having a cold surface where the tetradecanol cannot flow.
In SiO experiments, the substrate could be above the melting point of tetradecanol,

allowing this material to flow over the surface.

From a different perspective, these results can be applied as a physical way of mapping
the temperatures caused by the external energy sources' interaction (such as e-beam
and lasers) with the specimens depending on the substrate. Using different PCM
materials with higher melting points could detect temperature with higher precision
(between the meting points range). These experiments will also provide information on
the range in which the temperature will be increased by the electron-matter interaction

and the optimal substrate to avoid or increase the local temperature.
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5 CONCLUSIONS

5.1 Structural analysis of hollow-MNPs

This thesis has addressed the structural studies of hollow-MNPs and the effects of sub-
particle features on the optical properties and cargo release studies. Through
experimental studies, | characterized the galvanic replacement reaction's intermediate
steps that transform AgNCs into hollow-MNPs. | observed that hollow-MNPs follow
different morphological development during the GRR, determined by the initial template's

size.

Smaller AgNCs templates begin with a half-void development. As the GRR continues,
other sub-particle morphology development appears, such as the full development of the
void in all the structure and then the pinhole's appearance, and then the corners'
modification and aperture. Similarly, larger AQNCs showed void-like structures, but the
last sub-particle morphologies in the GRRs created small pores on hollow cubes' facets.
| attribute these structural differences to changes in the dominant diffusion mechanism

for nanoparticles with different surface-to-volume ratios.

The sub-particle morphologies formed for the different templates had a major effect on
the plasmonic resonances and, hence, on the nanoparticles' optical absorption. Through
optical characterization, | could observe that every structure has an absorption in a
specific wavelength. These absorptions are the LSPR, which are characteristic for every
particle depending on the sub-particle morphology. However, void-like structures shown
different modes. Through computational analysis, | could explain that the phenomena
presented in void-like structures are due to the hybridization of the plasmonic modes and

their interaction with the outer surfaces of the hollow-MNPs.

Also, computational analysis shows that the characteristic LSPR absorptions from optical
analysis agree with those obtained by electromagnetic simulations. However, the
difference is attributed to different sub-particle morphologies in the hollow-MNPs, causing
a broadened LSPR peak. The values obtained are in the range of the FWHM width of the

experimental analysis.



5.2 Cargo delivery of hollow-MNPs

The hollow-MNPs obtained through the GRR were used for cargo delivery studies. |
observed that the different sub-particle morphologies presented in the hollow-MNPs

directly affect the cargo's loading and release.

Smaller hollow-MNPs showed that a higher number of open corners increases the cargo
release of the structures. Large hollow-MNPs do not release in any structure, including
the one with pores in the facet. The absence of cargo release was due to the presence
of PVP on sub-particle morphologies. | observed that in the solid phase (TEM
experiments), PVP accumulates on the borders of the sub-particle features causing the
structure's block and impeding the cargo release. However, via ex-situ experiments, |
observed that when the particles are heated in the liquid phase, they have cargo release.
This information confirms that tiny sub-particle features such as small pores can load and
release cargo but in the liquid phase, where the morphology of PVP molecules appears
differently from that in the solid phase. Larger hollow-MNPs with open corners also have

the same tendency of cargo release as small hollow-MNPs.

The quantification of the release via automatized code demonstrated that by increasing
the number of open corners on the hollow structures, the cargo release increases.
However, in all these cases, there were certain variations on the release. Specifically, 4-
OpCo in large hollow-MNPs showed a large standard deviation compared to the rest of
the particles, including small hollow-MNPs. This phenomenon is explained by the
presence of pinholes on hollow-MNPs. For small hollow-MNPs, the variation is due to the
number of pinholes shown on their structure. Large particles evidenced that the variation
is larger if the pinhole diameter increases, and this is due to the interaction of PVP with
the rest of the sub-particle morphologies. If the pinhole is large, the effect of PVP will be
less strong, contributing to an increase in the cargo loading and, by consequence, an

increase in the release.

The e-beam interaction with the hollow-MNPs and their use as nanocarriers evidenced
the importance of electron-matter studies to evaluate different mechanisms. Specifically,
in our methodology, | could elucidate that the temperature rises above 40 °C because

this is the melting point of our PCM material (cargo).
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Besides, | evaluated the effect on the cargo release of hollow-MNPs by comparing two
different substrates. The insulator substrate, represented by SiO, shows a larger cargo
release than the one with a higher thermal conductivity, graphene. This cargo release
difference suggests that insulator substrates will significantly affect local temperature
increment than conductive substrates. However, our findings address the importance of
the different studies that can be made in electron microscopy. The interaction of the e-
beam with the specimen will cause an increment in the temperature of the system. Thus,
the observation of the different mechanisms by this characterization technique needs to

consider this factor.

5.3 Perspectives

In this thesis, | observed the steps involved in the formation of hollow-MNPs during the
GRR. These findings are of greater importance because they allow a new path to study
the sub-particle morphologies and their effect on different properties. Besides, these
studies can be generalized to different systems that have varying sub-particle
morphologies. The advantage of our work is providing studies at the single nanoparticle
level. Specifically, areas such as catalysis, sensing, and optics could use our technique

to address different challenges on their applications in the plasmonic field.

5.3.1 Structural studies of hollow-MNPs

| synthesized different hollow-MNPs for small and larger templates, and | analyzed their
structures ex-situ via electron microscopy. A new approach, such as in-situ analysis,
could provide more information about the intermediate structures developed during the
GRR for single nanoparticles. Liquid-cell studies in TEM are a technique capable of
analyzing chemical reactions and acquiring images simultaneously. The examples of the

new information that could be obtained are:

e Sub-particle morphology evolution with time in single nanoparticles.
e Initial conversion and the subsequent corners' modification during GRR.
e Pinhole formation and modification and comparison with other sub-particle

morphologies.
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e In-situ atomic diffusion observation via elemental mapping.

5.3.2 Dynamics studies of single hollow-MNPs

The use of UEM as a characterization and measure technique can provide new insights
into the dynamics of these nanoparticles. Specifically, the studies of thermal properties
could complement our findings. The absorption and dissipation of heat are of great
importance and could explain the initial states in how the nanoparticles could behave
when they are irradiated with an external source. However, these studies must be done
with sources (e.g., lasers) apart from the e-beam. In UEM, the e-beam is necessary to
observe the processes that occur in nanoparticles. Even though photons are used to
irradiate hollow-MNPs, observing the dynamics of the heat processes' mechanisms via
UEM could help understand these nanoparticles' behavior during the temperature

changes.
These studies could be divided into two sections:

e Ultrafast studies of hollow-MNPs with femto/pico lasers via UEM.
o This study will help in the comprehension of the absorption mechanism
involved in the metallic nanoparticles.
o The dissipation mechanisms could be addressed here by studying the
interaction between the hollow-MNP and the substrate or matrix.
Both studies can be correlated and complemented to the cargo delivery

application.

5.3.3 Cryo-TEM studies of single hollow-MNPs

In theory, using a cryo technique could make the nanoparticle in a basal state, where the
interaction of the temperature with the e-beam will be minimized. Thus, external sources
such as lasers to irradiate the nanoparticles can be studied as the only energy interaction

source with the specimen.
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5.3.4 Nanothermometer development

Hollow-MNPs serve as a host in which different materials can be stored inside of their
structure. In this thesis, | used a PCM material that has a melting point of 40°C. New
synthesis methods for loading different cargos (PCM materials) inside hollow-MNPs with
different melting points could help study the mechanisms driven by varying temperature

ranges when the nanoparticles are exposed to an e-beam in TEM.

The different melting points of the PCM materials could provide a range in which the
temperature is located. For instance, hollow-MNPs are synthesized with two different
PCM as cargos, which have melting points of 40°C and 100°C, respectively. When the
hollow-MNPs are exposed to the e-beam, if only one PCM (with a 40°C melting point) is
released, it means that the system's local temperature will be higher than 40°C but less
than 100°C. Then, loading another PCM material with a melting point less than 100°C

and repeating the same experiment will reduce the range of the temperature to be found.

5.3.5 Cargo delivery studies

Similar to structural studies, using a liquid-cell holder in TEM could open many
possibilities to study the mechanisms that | observed but in the liquid phase. This
approach will help to correlate our findings with those obtained in the liquid phase. The

studies that this approach could address are :

e Studies of the presence of PVP in the sub-particle morphologies in hollow-MNPs
o The structure of PVP is different in liquid than in the solid phase. Thus,
studies in the liquid phase could provide the formation of this material's
interaction to explain cargo delivery and the cargo loading mechanisms.
e In-situ studies in liquid-cell holder for the cargo loading mechanisms in hollow-
MNPs
e Cargo delivery applications
o In this study, the parameters and environment in which nanocarriers are
exposed to biological media for delivery applications could be simulated in

liquid-phase TEM studies. For instance, it is possible to prepare a serum
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that simulates many species in blood, to observe the behavior of hollow-
MNPs in these conditions.

Also, the correlation of studies between liquid and solid phases could be
made, and it could be of great importance for scientists involved in these
applications. Liquid-cell TEM holders are expensive. Understanding both
phases and their correlation is crucial to help scientists choose which

approach is better to understand the different mechanisms.
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7 APPENDIX

7.1 Appendix I

| performed extensive SEM and HAADF-STEM characterization for all the 12 samples |
synthesized. Figure A-l and Figure A-ll show the SEM and ADF-STEM images of hollow-
MNPs for every step of the galvanic replacement process. In these images, the evolution
of the voids and pinholes is evident.
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Figure A-l SEM images of hollow-MNPs for the small template. HAuCls concentration increases from A to F.
The inset shows the ADF-STEM image for a single nanoparticle showing the characteristic structural features
of the ensemble.
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Figure A-ll SEM images of hollow-MNPs for the small template. HAuCls concentration increases from A to F.
The inset shows the ADF-STEM image for a single nanoparticle showing the characteristic structural features
of the ensemble.
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7.2 Appendix Il

The statistical analysis of hollow-MNPs was performed with an automated code that can
effectively measure all the particles' wall thicknesses and total sizes in an SEM image.
Figure A-lll shows the histograms of wall thickness and total sizes of hollow-MNPs. This
information was used to get the internal and outer wall thicknesses. The histograms

represent the analysis of 100 nanoparticles for each sample.
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Figure A-lll Statistical dimensionality analysis for the small and large hollow-MNP.
The total size distributions of the hollow-MNPs (red) and distributions of their wall

thicknesses (green) are shown.
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