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Cette thèse a pour objectif de réaliser la formulation de nano-émulsions injectables contenant des 

agents iodés destinés à l’imagerie biomédicale pour la recherche préclinique. Les nano-émulsions 

sont préparées par un processus spontané d'émulsification de basse énergie et les agents iodés 

utilisés contiennent des atomes d'iode directement fixés sur des cycles benzéniques eux-mêmes 

greffés à des composés lipophiles. Ces composés sont préparés en utilisant des réactions 

chimiques simples. Ces composés iodés peuvent être incorporés ou peuvent constituer la partie 

centrale des nano-émulsions huile/eau. Cette dissertation doctorale comprend l’étude de plusieurs 

facteurs qui affectent la biodistribution et la pharmacocinétique des nano-émulsions ainsi que les 

profils de toxicité de ces nano-émulsions. Pour réaliser des nano-émulsions efficaces, les 

paramètres physico-chimiques telles que la taille, la charge en surface, la morphologie, la 

fonctionnalisation en surface etc. de ligands ont dû être optimisés. Ces particules (phase interne 

des nano-émulsions L/H) doivent montrer une accumulation sélective afin de réaliser une 

vectorisation active et/ou passive visant des mécanismes spécifiques afin de maximiser 

l'efficacité pour la représentation ou le traitement tout en réduisant au minimum les effets 

secondaires et indésirables. Des sondes fluorescentes lipophiles aussi bien que des agents 

thérapeutiques anticancéreux peuvent être incorporés dans la phase interne lipophile des nano-

émulsions pour produire des objets nanométriques multifonctionnels. 

 

Au cours des dernières décennies, il a été recommandé de recourir à l'imagerie médicale pour 

visualiser l'intérieur d'un organisme vivant de manière non invasive. Les récentes techniques 

découvertes permettent non seulement un meilleur diagnostic mais offrent également de 

nouveaux espoirs pour le traitement de beaucoup de maladies telles que le cancer, les 

dysfonctionnements cardiaques, les désordres cérébraux, etc. En effet, l'imagerie médicale peut 

actuellement être considérée comme une véritable porte ouverte pour détecter et identifier des 

tumeurs et des lésions avec précision et pour faciliter ainsi des opérations chirurgicales. 

D'ailleurs, ces outils permettent une meilleure compréhension de la fonction et du mécanisme de 

fonctionnement des organes (en grande partie encore inconnus pour certains d’entre eux) 

fortement complexes et encore mystérieux comme le cerveau. 

 

Plusieurs techniques de représentations ont été mises en application comme la tomodensitométrie 

(rayon X micro-CT), l’imagerie par résonance magnétique (IRM), l’imagerie optique, la 

médecine nucléaire et l’imagerie par ultrasons. L'utilisation de ces techniques d’imagerie permet 

indirectement de visualiser la physiologie ou le métabolisme du corps humain ou des animaux. 

L'image obtenue permet par exemple de montrer l'évolution ou les mouvements d'une substance 

dans le tissu vivant au cours du temps afin d’assurer une « surveillance en ligne », pour donner 

une reconstitution tridimensionnelle d'un organe ou d'un tissu. Les images quantitatives 

représentent également les valeurs mesurées de certains paramètres biologiques en volume donné. 

 

Afin d'augmenter la qualité de l'image, il est habituel d’ajouter dans les formulations administrées 

des agents radio-opaques de contraste au patient, selon la technique utilisée et la voie de 
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l'administration envisagée. Par exemple, il est bien documenté que l'utilisation de la suspension 

orale de sulfate de baryum (pour obtenir des images du tube digestif), la molécule iodée ou l'or lié 

à la technique utilisant des rayons X, les traces d'oxyde de fer ou le gadolinium iodées soient 

combinées avec la technique d’IRM, de sondes fluorescentes ou l’utilisation de quantum dots 

nécessaires pour une imagerie par fluorescence. 

Dans cette thèse, nous nous sommes focalisés sur la technique d’imagerie à rayons X ainsi que 

sur ses agents de contraste qui sont constitués de nano-émulsions contenant des huiles iodées. 

Actuellement, la technique d’imagerie à rayons X est la meilleure technique d’imagerie et ce, due 

à la puissance liée à sa technique, sa rapidité d’obtention d’images et son coût peu onéreux, sa 

capacité d’obtenir rapidement des images reconstituées en 2D et en 3D, présentant une haute 

résolution spatiale non invasive permettant une meilleure détection d’éléments de tailles allant de 

1 à 100 µm, et par conséquent permet de révéler des informations structurelles et fonctionnelles 

de lésions, permettant également la détection d’une tumeur aussi petite que 300 µm. La technique 

d’imagerie optique est prometteuse due à son faible coût comparée aux autres techniques 

d’imagerie. Cependant, cette technique donne un faible signal de pénétration dans le corps de 

l’animal. En ce qui concerne l’imagerie nucléaire, les problèmes principaux sont liés au stockage 

et à l’approvisionnement en matériaux radioactifs. En plus des problèmes liés à l’exposition des 

irradiations, elle cause des effets secondaires importants chez le patient. 

 

Les agents iodés de contraste sont les composés les plus généralement utilisés dans la technique 

de µ-CT aux rayons X. La plupart des agents iodés de contraste contiennent un cycle benzénique 

tri-iodé en positions 2,3,5 ou un cycle benzénique tri-iodé en positions 2,4,6. Ces dérivés tri-iodés 

ont été développés au cours des 50 dernières années et leurs applications en imagerie médicale a 

fait suite à la découverte des rayons X. Ces composés ont été utilisés pour leurs propriétés d’auto-

assemblage permettant de la sorte de limiter leur excrétion rénale et de là pour leurs propriétés de 

rémanence vasculaire. 

 

Le développement de nouveaux agents à base d’iode est principalement liée à la nécessité de 

surmonter les limitations des produits commerciaux actuels. Par exemple, malgré les propriétés 

contrastantes élevées résultantes de la forte concentration en iode dans le Xenetix® (iobitridol), 

soit 300 mg/ml, ce produit commercial donne aisément après injection par voie intraveineuse une 

imagerie du torrent sanguin mais est rapidement éliminée de l’organisme du fait de sa petite taille 

moléculaire. 

 

Un autre exemple est le Fenestra® VC qui a une rémanence de plus de 2 heures dans le torrent 

sanguin après administration par voie parentérale. Par conséquent ce produit ne possède pas les 

propriétés permettant une visualisation du torrent sanguin et une propriété contrastante spécifique 

au niveau du foie. De plus, l’osmolalité des émulsions contenant des dérivés iodés est plus 

importante que celle observée physiologiquement. Le procédé de préparation de ces émulsions 

contenant de l’iode est relativement compliqué et onéreux. On peut également citer la complexité 
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liée à la formulation qui pose des problèmes d’extrapolation d’échelles en vue d’une 

commercialisation. 

 

Afin d'éviter les problèmes mentionnés ci-dessus, deux solutions existent pour améliorer 

l’imagerie médicale, la première concerne les modalités d’imagerie en mettant en place des 

techniques d’imagerie bi- ou multi-modale afin de rassembler tous les avantages de cette 

technique dans un seul appareillage (solution physique), c’est la raison pour laquelle 43% des 

imageries sont multimodales. La seconde solution consiste à améliorer la qualité des agents de 

contraste (solution chimique). 

Dans le cadre de notre travail de recherches nous nous sommes focalisés sur la chimie de l'agent 

de contraste ainsi que sur la manière de générer d’excellentes sondes d’imagerie afin de 

surmonter les écueils rencontrés lors de leurs utilisations en clinique. 

 

Tous les aspects des nouveaux agents de contraste développés utilisés à des fins biomédicales 

doivent être optimisés en comprenant la chimie des agents de contraste (synthèse et 

fonctionnalisation de surface), la physique du mécanisme générant le signal ainsi que les profils 

de  pharmacocinétique et de toxicité et finalement leur application sur les animaux et les êtres 

humains. Ces conditions peuvent être résumées dans les points suivants : 

i) La taille des agents de contraste ne devrait pas être trop petite pour éviter une filtration rénale 

rapide et néanmoins être inférieure à 200 nanomètres pour permettre le mécanisme d’optimisation 

passive qui dépend de la perméation augmentée et de l'effet de rétention (EPR).  Ce processus est 

lié à la taille des pores des vaisseaux sanguins lorsque les nanoparticules ont une taille comprise 

entre 20 et 200 nm leur permettant de diffuser en dehors des vaisseaux sanguins et de 

s’accumuler spécifiquement dans certains tissus/organes. A l’inverse, des nanoparticules trop 

grosses ont tendance à être maintenues dans la circulation sanguine 

ii) la stabilité des agents de contraste formulés avec une composition et un protocole de 

formulation donnés sous forme de nano-émulsions iodées constituées de gouttelettes de phase 

huileuse dispersée et recouvertes en surface par des chaines de polyéthylène-glycol de manière à 

présenter une stabilité acceptable allant de quelques mois à un an. 

iii) des systèmes nanoparticulaires biocompatibles, biodégradables et qui puissent être 

biodistribués, c'est la raison pour laquelle les formulations doivent être constituées de matériaux 

approuvés par la FDA et montrer une toxicité négligeable. Afin d’atteindre ces objectifs, le 

recouvrement de polyéthylène-glycol doit être ancré en surface afin d’éviter une reconnaissance 

trop rapide par le système réticulo-endothélial et par conséquent d’augmenter leur temps de 

circulation dans le torrent sanguin. Cette stratégie doit pouvoir donner l’opportunité aux sondes 

nanométriques d’imagerie de s’accumuler dans des organes déterminés. 

iv) efficacité des agents de contraste : dans nos études nous avons augmenté la capacité de charge 

utile des molécules contrastantes en greffant de manière covalente des molécules iodées aux 

huiles constituant le cœur huileux des nano-émulsions prévenant de la sorte leur libération 

prématurée. Idéalement de faibles quantités injectées doivent pouvoir donner un contraste 
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suffisant dans l’organe ou le tissu qu’il est souhaitable de visu des nanoparticules. Un mécanisme 

de vectorisation active peut également être envisagé par la bioconjugaison avec des ligands 

spécifiques évitant de la sorte une localisation non souhaitée. 

v) le produit final doit être abordable pour le patient sachant que le prix dépend largement des 

étapes de synthèse et de préparation. Les molécules iodées étudiées dans le cadre de cette thèse 

sont réalisées par une simple réaction d’estérification suivie par une technique d’émulsification 

spontanée de faible énergie. 

Dans la première étude (chapitre 1.2), nous avons étudié le rôle de la nature chimique du noyau 

de la gouttelette huileuse des nano-émulsions utilisées en tant qu'agents de contraste pour 

l’imagerie aux rayons-X sur leurs pharmacocinétiques et leurs biodistribution. Pour ce faire, nous 

avons formulé des nano-émulsions PEGylées avec deux huiles iodées (e.g. monoglycéride hexa-

iodé et de l’huile de ricin hexa-iodée) et comparé à une nano-émulsion à base de vitamine E 

iodée. Toutes les formulations sont réalisées par émulsification spontanée et stabilisées par un 

surfactant non ionique PEGylé. Grace à l’utilisation de la diffusion dynamique de la lumière et de 

la microscopie électronique à transmission, nous avons pu mettre en évidence que les trois nano-

émulsions iodées sont caractérisées par des morphologies, des tailles ainsi qu’une composition de 

surface comparables. En outre, elles ont présenté une concentration très élevée en iode, ce qui a 

conduit à des propriétés plus fortes d'atténuation aux rayons X comparé à la nano-émulsion iodée 

commerciale Fenestra®VC. Les trois nano-émulsions étaient administrées par voie intra-veineuse 

chez les souris et suivies par la tomographie (micro-CT). Elles ont montré un pouvoir contrastant 

important dans le sang avec une demi-vie semblable, soit environ 6 heures mais accumulées dans 

sur des sites différents comme indiqué sur le schéma 1 par les images 3D pour le deux émulsions. 

 

 

Figure 1: volume rendu 3D par micro-CT, (a) 5 minutes après injection des monoglycérides iodés et (b) 24 h après 

injection d'huile de ricin iodée. Annotations : (Aar) voûte aortique, (rv) ventricule droit, (vg) ventricule gauche, (Li) 

emplacement du foie, (vc) veine cave, (hpv) veine porte hépatique, (at) aorte thoracique. 
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Alors que les monoglycérides iodés montraient une faible accumulation dans le foie et dans la 

rate, une accumulation élevée a été observée dans la rate pour l'huile de ricin iodée et dans le foie 

pour la vitamine E. Ces données ont clairement mis en évidence le rôle important de la 

composition de l'huile constituant le cœur des gouttes de la nano-émulsion pour obtenir un 

contraste important aux rayons X pour des cibles spécifiques telles que le foie, la rate, ou 

seulement le sang. Ces différences de biodistribution ont été en partie attribuées aux différences 

de capture des gouttelettes huileuses nanométriques par les macrophages in vitro, comme le met 

très bien en évidence la figure 2 par leur pénétration dans les cellules. 

 

 

Figure 2: Suivi de la prise des nano-émulsions iodées chargées de NR668 par les macrophages murins (cellules 

RAW264.7). Des noyaux ont été marqués avec une cyanine provenant de chez Hoechst et les cellules avec de la 

calcéine AM (vert). Le NR668 (Nile Red modifié liphophile) chargé dans le noyau huileux des gouttelettes des nano-

émulsions permet de suivre la localisation des gouttelettes une fois internalisées par les cellules. Les monoglycérides 

iodés, l'huile de ricin iodée, et la vitamine E iodée ont été formulés sous forme de nano-émulsions et incubés pendant 

différentes périodes : 30 minutes, 2 h, et 24 h. En haut à gauche les photographies montrent la cellule et les noyaux. 

En bas à gauche les photographies montrent le signal du NR668 et plus grande photographie montre chacun des deux 

fusionnés. 

 

Une autre particularité de ces nano-émulsions est leur long temps de demi-vie dans le foie ou la 

rate (plusieurs semaines, en fonction des cibles et de la nature chimique de l’huile), qui permet 

une rétention suffisante pour faire de l’imagerie par micro-CT. Ce travail a par conséquent permis 

de considérer ces agents de contraste nanoparticulaire pour la représentation par rayons X 
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d’organes sélectionnés. Leur utilisation potentielle pour l’imagerie clinique a pu également être 

envisagée. 

 

Le but de la deuxième étude (chapitre 1.3) consistait en l’étude de l'impact du facteur de la taille 

de l'agent iodé de contraste aux rayons X dans les nano-émulsions, sur leur toxicité et leur 

devenir in vivo. Pour réaliser cela, un nouveau composé, le cholécalciférol (vitamine D3) de 

triiodobenzoate, a été synthétisé, formulé sous forme de nano-émulsions, et suivi après 

administration intraveineuse (i.v.) chez les souris par imagerie aux rayons X. La caractérisation 

physico-chimique et l'optimisation du processus ont permis d’identifier un bon compromis entre 

les propriétés contrastantes aux rayons X, la monodispersité et la stabilité. Ceci a également 

permis de sélectionner deux formulations avec différentes tailles, des diamètres hydrodynamiques 

de 55 et de 100 nanomètres, ayant néanmoins des compositions identiques. Des expériences in 

vitro ont été réalisées sur deux variétés de cellules, à savoir des hépatocytes (BNL-CL2) et des 

macrophages (RAW264.7). Les études de viabilité cellulaires, la quantification de 

l’internalisation a été déterminée par fluorimétrie comme indiquée à la figure 3. L’internalisation 

cellulaire a été observée par microscopie confocale. Cette technique a révélé des différences 

claires entre le deux formulations, ainsi qu'entre les deux types de variétés de cellules. 

 

 

Figure 3: Viabilité (gauche) des macrophages RAW264.7 murins (courbes bleues) et des hépatocytes BNL-CL2 

(courbes rouges) après 24h00 d’incubation avec les nano-émulsions iodées. Les concentrations de nano-émulsions 

ont été exprimées en concentrations en iode par mL. Les symboles remplis et les symboles ouverts correspondent aux 

nano-émulsions iodées NE1 et NE2, respectivement. Quantification d’internalisation des nano-émulsions par des 

hépatocytes et des macrophages en fonction du temps d’incubation et de la taille des gouttelettes (droite). Après 

l'incubation avec les nano-émulsions chargées avec NR668, les hépatocytes ou les macrophages ont été lavés, lysés 
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avec du DMSO et étudié par la fluorimétrie. L’internalisation a été exprimée en pourcentage de la fluorescence lié 

aux cellules comparé à la fluorescence de la solution du milieu de culture. 

 

Après injection par voie intraveineuse (i.v.) des deux nano-émulsions iodées chez les souris, elles 

ont montré une amélioration du contraste comme mentionné à la figure 4. 

 

 
 

Figure 4: représentation in vivo par micro-CT (intensité maximum de projection) des nano-émulsions iodées de 

cholécalciférol de deux tailles différentes (55 et 100 nanomètres) ayant exactement la même composition, avant et 

après 24 h suite à l’injection. Les photos montrent les sections sagittales et coronales des souris, aussi bien que les 

tranches transversales par le cœur, le poumon, et les tranches de vertèbre et transversales pour le foie et la rate. Le 

cœur est indiqué par des flèches rouges, le foie par les flèches jaunes, et la rate par les flèches bleues. 

 

Les balayages par CT ont fourni les paramètres de pharmacocinétique et les biodistributions. 

Nous avons finalement mis en évidence que la taille dans les nano-émulsions n'a pas un impact 

réel sur la pharmacocinétique et les biodistributions. En revanche, on observe une influence forte 

sur leur toxicité. En effet, les nano-émulsions de 100 nanomètres se sont avérées être plus 

toxiques que celles de 55 nanomètres quelle que soit la variété des cellules (hépatocytes ou 

macrophages). Cette observation réalisée par microscopie confocale est vraisemblablement 

attribuable à une prise plus élevée par les cellules et confirmée par la quantification 

fluorimétrique, corroborant les résultats observés in vitro. Cette différence majeure a pu être 

attribuée à la différence de toxicité et d’internalisation cellulaire liée à la taille des gouttelettes. 
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Au regard de l’imagerie in vivo, l’ensemble des courbes de pharmacocinétique et de 

biodistribution dans le sang, le foie, la rate et le rein étaient tout à fait semblables. Ces résultats 

indiquent que la taille des nano-émulsions n'a aucune réelle influence sur le devenir in vivo 

jusqu'à 48h après injection. Après ce temps, la nano-émulsion NE2 induisait la mort chez la 

souris, alors que l’imagerie suite à l’injection de la nano-émulsion NE1 peut être poursuivie 50 

jours sans aucune difficulté comme démontré à la figure 5. 

 

 

Figure 5: Mesures quantitatives de l'atténuation de rayons X du cœur, du foie, de la rate et du rein après 

administration intraveineuse de nano-émulsions iodées de cholécalciférol. NE1 et NE2 se rapportent à des nano-

émulsions de composition semblable mais ayant différentes tailles, à savoir 55 et 100 nanomètres, respectivement ; 

n=6 pour chaque nano-émulsion. La limite entre la partie blanche et grise indique le temps à partir duquel les souris 

qui avaient reçues les NE2 mouraient, alors que celles ayant reçues les NE1 survivaient. 

 

Au chapitre 2.2, nous avons étudié la décoration de la surface des nano-émulsions avec des 

groupes carboxyliques. Puisque les interfaces des systèmes émulsionnés sont dynamiques, la 

modification chimique d'un tel système est par définition un défi, sachant que les espèces 

fonctionnelles adsorbées ou les ligands peuvent potentiellement être désorbés, selon les équilibres 
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d'adsorption/désorption. Ce phénomène limite réellement la concentration et la stabilité des 

entités potentiellement greffées. Le deuxième but de cette étude est d'étudier l'effet potentiel de la 

charge extérieure des nano-émulsions sur leurs pharmacocinétiques et leurs biodistributions in 

vivo. Cette étude a été réalisée grâce à une méthode fiable et innovatrice pour fonctionnaliser des 

gouttelettes de lipides, basée sur un polymère lipophile (PMAO), le poly (anhydride-alt-1-

octadécène maléique), solubilisé dans le noyau des gouttelettes et qui peut être hydrolysé à 

l'interface huile/eau. L'hydrolyse du PMAO à l'interface huile/eau a été étudiée et validée par des 

méthodes physico-chimiques, la tension superficielle et des mesures du potentiel ζ ainsi que par 

des mesures basées sur des méthodes colorimétriques qui sont à l'origine adaptées aux systèmes 

nanoparticulaires. La figure 6 schématise une nano-goutte huileuse fonctionnalisée en surface 

avec des groupes carboxyliques. 

 

 

Figure 6: Illustration schématique de l'étude : le PMAO, soluble dans le noyau huileux des gouttelettes d’une nano-

émulsion s’hydrolyse à l'interface en créant des carboxylates fortement ancrés et disponibles à la surface des 

gouttelettes. 

 

Trois nano-émulsions différentes ont été préparées et variaient seulement dans la charge 

extérieure (une neutre, une négative dû à la présence du polymère de PMAO et des nano-

émulsions chargées positivement provenant de la couche de chitosan déposée à la surface des 

gouttelettes et discuté dans la partie supplémentaire de cette étude). Les charges positives ne 

donnaient pas lieu à une interaction in vitro avec les cellules Hela, c'est la raison pour laquelle 

nous avons réalisé des comparaisons seulement entre les particules neutres et négatives pour des 

expériences in vivo. Dans les études in vitro, la présence des carboxylates à l'interface donne lieu 

à des interactions avec des cellules. L’internalisation des gouttelettes chargées négativement est 

beaucoup plus importante que celle observée avec les particules neutres. Cette différence a été 
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confirmée avec des études longitudinales réalisées in vivo avec des souris après administration 

i.v., suivie par une imagerie aux rayons X, la modification extérieure a comme conséquence une 

différence significative dans la pharmacocinétique et la biodistribution, avec une capture plus 

importante pour la rate et le foie. Cette différence est représentée à la figure 7. 

 

 

Figure 7: Imagerie in vivo par micro-CT, études longitudinales de biodistribution des nano-émulsions d'O-TIB après 

administration i.v. chez des souris. Des Nano-émulsions sans PMAO (TIPhO NE) et avec PMAO à 1,5 % en poids 

d’huile (TIPhO-PMAO NE) ont été comparées ; n = 3 pour chaque type de nano-émulsion. A gauche : l'analyse 

quantitative des valeurs d'atténuations aux rayons X, les régions d’intérêt (ROIs, regions of interest) ont été placées 

dans le cœur, le foie, la rate et les reins. A droite : projection maximum d'intensité aux heures représentatives : 

sections coronales de souris post-injection et après 6 heures suite à l’injection (montrant le cœur et le foie), et 

sections transversales 6 heures après injection (montrant la rate). Les flèches sur les graphiques indiquent les 

correspondances pendant 6 heures. 

 

Dans cette étude nous avons établi la preuve de concept d’une nouvelle méthode de 

fonctionnalisation de gouttelettes lipidiques et avons démontré que la modification de surface 

peut avoir un impact significatif sur leur interaction avec les cellules, leurs pharmacocinétiques et 

leurs biodistribution in vivo. 

 

Le but de la quatrième étude (chapitre 2.3) est de poursuivre la fonctionnalisation des gouttelettes 

d'émulsion à leur interface huile/eau. Comme nous l’avons mentionné ci-dessus la surface des 

nano-gouttelettes d'huile est une interface dynamique huile/eau stabilisée par des agents tensio-

actifs, et sa modification chimique avec des ligands greffés est un véritable défi. Dans cette étude, 

nous avons développé un nouveau protocole également pour assurer la modification de surface 

des nano-gouttelettes grâce à une coque de silice terminée par des fonctions amines. Le 
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précurseur lipophile de silice est un aminopropyltriéthoxysilane (APTES) qui a été ajouté à l'huile 

avant la formulation, et transformé en coquille de silice après la fabrication de nano-gouttelettes 

par sono-chimie qui évite l'addition du catalyseur dans le mélange. Le processus complet est 

décrit à la figure 8. 

 

 
 

Figure 8: Schéma général décrivant la formulation des gouttelettes fonctionnalisées par des fonctions amines de 

nano-émulsions. 

 

En comparaison des méthodes existantes pour fonctionnaliser des nano-gouttelettes comme la 

post-insertion de lipides fonctionnalisés, cette procédure nouvelle apporte de réels avantages : 

greffage covalent des groupements fonctionnels sur la surface de nano-gouttelettes c’est à dire 

fortement ancrées sur les nanocapsules de silice avec également un grand nombre de sites réactifs 

par capsule (jusqu'à 9x10
4
, ~2 groupements aminés par nm

2
). La fabrication d’une coquille de 

silice est simple, rapide, et n’affecte ni le processus de formulation ni la taille des gouttelettes. La 

quantification du nombre de groupements aminés a permis de comprendre l'impact des 

paramètres de formulation, comme la taille des gouttelettes ou la concentration en APTES, le 

nombre de groupements NH2 réactifs décorant les nanocapsules. La surface des nanocapsules ont 

été fonctionnalisées (41%) par un ligand fluorescent modèle (bleu de coumarine) soutenant la 

fonction carboxylique sur les fonctions amines disponibles à la surface de nanocapsules. Les 

preuves de la réussite d’un greffage ont été obtenues par transfert d'énergie de 

spectrofluorométrie, de résonance de Forster (FRET), par microscopie atomique de force (AFM) 

couplée avec la représentation de fluorescence et de spectroscopie de corrélation de fluorescence 

(FCS) comme mentionné à la figure 9. Ce protocole simple pour réaliser la fonctionnalisation à 

l'interface liquide/liquide des gouttelettes de lipide peut constituer une réelle avance pour les 

applications potentielles de gouttelettes pour lesquelles une décoration en surface est souhaitable 

pour le greffage de ligands. 

 

 

 



Résumé de thésis 

 

	 	

 

 

xx 

 

 

 

 

 

 
 

Figure 9: Gauche : Spectres d'émission pour des expériences et des contrôles de FRET. Les systèmes étudiés sont 

des nanocapsules décorées avec du bleu de coumarine (CM seule), ou des nanocapsules seulement chargées avec du 

Nile Rouge (seul NR), ou finalement des nanocapsules décorées avec de la coumarine bleue et chargées avec le Nil 

Rouge (CM + NR) ; [APTES]huile = 0,5 M. Photographies de droite : Microscopie combinée d'AFM et de 

fluorescence des nanocapsules décorées avec de la coumarine bleue (huile [APTES]huile = 0,5 M). Gauche : 

photographie AFM avec une représentation 3D des nanocapsules. Droite : acquisition correspondante de 

fluorescence montrant la correspondance entre l'AFM et la fluorescence. 

 

 

La dernière étude (chapitre 3.2) concerne une nouvelle synthèse en seule étape de nanocapsules 

hybrides multifonctionnelles d’oxyde de fer / polypyrrole encapsulant un principe actif 

hydrophobe et décorées avec du polyéthylène glycol. Le processus global est basé sur la 

polymérisation oxydante chimique in situ du pyrrole avec la réduction du chlorure ferrique 

(FeCl3) en présence de kétoprofène en tant que principe actif modèle et agents tensio-actifs 

PEGylés (Solutol HS15). Le produit final est un nanocomposite constitué du polypyrrole et un 

mélange de FeO/Fe2O3 .Différentes concentrations de kétoprofène ont été encapsulées dans le 

nanocomposite et ont été caractérisées par spectroscopie infrarouge à transformée de Fourier 

(FTIR) et l'analyse enthalpique différentielle (DSC). La figure 10 décrit le processus de 

formulation. 

 

 

 



Résumé de thésis 

 

	 	

 

 

xxi 

 

 

 

 

 

 

 

 
 

 

 

Figure 10: Représentation schématique du procédé de fabrication et des structures des nanocomposites de 

polypyrrole avec et sans surfactant non ionique comme agent stabilisateur. La photographie du bas montre l’aspect 

macroscopique des suspensions ainsi que le comportement général suite à un contact avec un aimant. 
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Figure 11: Gauche : Efficacités d'encapsulation du principe actif présent dans les particules composites. Trois 

concentrations de kétoprofène chargées à 0 % en poids de solutol (NCs non-PEGylées) (dessus). Différentes 

concentrations de Solutol HS15® (agent tensio-actif de PEGylé) à un rapport contant de 23% en poids de principe 

actif/ pyrrole (en bas) (n = 3). Droite : Profils de libération in vitro de trois formulations différentes nanocomposites 

non pégylées chargées à 5 %, 10 % et 20 % de kétoprofène (dessus). Formulations avec 0%, 5% et 10% en 

kétoprofène PEGylées (en bas). Les mesures ont été réalisées trois fois. 

 

Le polypyrrole (PPy), polymère qui est très utilisé pour des applications d'ingénierie tissulaire, 

offre également un certain nombre de fonctionnalités supplémentaires, par exemple sa structure 

hydrophobe avec des électrons délocalisés permet des liaisons avec des molécules de principes 

actifs aromatiques tel que le kétoprofène (interaction ionique) et permettant d’augmenter la 

capacité de charge du principe actif. Ce processus ouvre de nouvelles possibilités pour la 

modification extérieure des nanocomposites de polypyrrole par des molécules PEGylées 
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terminées avec des groupements actifs fonctionnels qui peuvent moduler la charge extérieure ou 

promouvoir le bioconjugation. 

Pour conclure, dans le cadre de cette dissertation doctorale, nous avons réussi à synthétiser de 

nouveaux agents de contraste destinés à l’imagerie CT aux rayons X qui peuvent être vectorisés, 

qui ne présentent pas de toxicité, qui peuvent contraster le torrent sanguin : monoglycéride 

hexaiodé, huile de ricin hexa-iodée, cholécalciférol triiodé, oléate triiodé. Les agents de contraste 

qui en résultent possèdent des concentrations élevées en iode ont montré une augmentation du 

contraste à la fois in vitro et in vivo. Nous avons étudié le mécanisme de vectorisation active par 

l’intermédiaire de la fonctionnalisation de l’interface huile/eau de gouttelettes de phase interne 

d’émulsions nanométriques, tout d’abord en greffant des groupements aminés par l’intermédiaire 

d’enrobage de silice terminée par des fonctions aminées et en second lieu par le greffage de 

groupements carboxyliques sur des nanogouttelettes grâce à du PMAO qui est un polymère 

comportant des fonctions carboxyliques latérales et introduit dans la phase huileuse. Les 

différents groupements ont été quantifiés par différentes méthodes, l’une mettant en œuvre des 

techniques spectroscopiques (méthode colorimétrique basée sur l’utilisation de fluorescamine) et 

par d’autres méthodes colorimétriques (méthode au colorant bleu coumarine). Nous avons 

également étudié l'influence des paramètres physico-chimiques tels que la taille, la composition 

chimique et la composition ou la charge en surface et de leurs influences sur leur 

pharmacocinétique, la biodistribution et la toxicité. 
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Nanomedicine is an emerged field springing up after the fusion between nanotechnology and 

medicine, and had been widely spreaded in biomedical applications. Nanotechnology is an 

interdisciplinary scientific field focusing on methods, materials, and tools on the nanometer scale. 

This combination seeks to benefit patients by providing prevention, early diagnosis, and effective 

treatment for prevalent, for disabling, and for currently incurable medical conditions. 

Diagnostic nanomedicine is an early discovering disease, and it is essential step necessary for 

ideal treatment. Notably, it can be served for better understanding the basis of disease by 

detection of unhealthy cells and distinguishing them from the normal ones, to analyze the 

complex biological systems and processes, used for cellular and molecular imaging and nuclear 

trafficking and to precisely determine for example the location and the size of solid tumors or 

metastasis. In addition to monitoring therapy response, guiding drug discovery/development and 

for image-guided surgery. 

Due to the key features of the nanomertic size that matches mostly with biological compartments 

since the cells and the nucleus are of the nanosize range, several nanocarriers have been 

developed for delivering therapeutics/contrast agents to the active site either for diagnosis or 

treatment.  These nanoparticles are mainly composed of organic molecules (polymeric NPs, 

liposomes, nano-emulsions, micelles and dendrimers), inorganic materials or hybrid 

nanoparticles. Taking the benefit of their safety, biocompitability, and suitability to biological 

environment into consideration.  

As well as different NPs are designed especially in biomedical imaging to serve different 

purposes such as They can improve visualization through increasing signals intensity, the 

cabability to be selectively uptaked by microphages, or to enhance the sensitivity. 

 

To date, the five major imaging modalities used are computed tomography imaging (X-ray 

micro-CT), magnetic resonance imaging (MRI), optical imaging, nuclear medicine (PET, 

SPECT) and ultrasound imaging. X-ray emerged imaging modality is the best amongst all other 

imagers because it is high powerful technique, fast and cost-effective, enables rapid two-

dimension 2D and three-dimention 3D reconstructed images, presenting noninvasive high spatial 

resolution allowing better detection from 1-100µm, and therefore can reveal structural and 

functional information on lesions allowing the detection of a tumor as small as 300 µm. The 

optical imaging technique is promising due to the low cost compared to other imagers, however it 
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reveals low signal penetration in the animal body. For the nuclear imaging, they have problems in 

storage and supply of their radioactive materials. In addition to the radiation exposure to the 

patient causes severe side effects.  

 

The same principle applied in all trechniques, this schematic representation describes the X-ray 

preclinical imaging process. Briefly, The mouse is intravenously injected by contrast agent and 

exposed to X-rays (electron beams) emitted from X-ray scanner and then immidiately interact 

with contrast materials. The revealed signals are received by detector providing finally 2D and 

3D images containing detailed informatives about blood vasculatures, such lesions and tumors. 

 

 

Figure 1: Schematic description about the principle of preclinical X-ray micro-computed tomography. 

 

In spite of the superior characteristics of the computed tomographgy over other modalities, but 

the drawbacks limit their use in the preclinical research or in the clinics lie in the contrast agents 

that have either poor contrast efficiency or toxicity profiles or even the high cost of some imaging 

agents.  

To our mind the two solutions presented to improve the imaging process, the first linked to the 

imaging modality, by engineering bi- or multi- modal imaging techniques in order to gather the 

advantages of all techniques in one apparatus (physical solution), this is why 43% of the images 

3



Introduction to thesis 

 

	 	

 

are multimodal. The second solution is designing superior imaging agents associated with the 

imaging tools (chemical solution). 

In our research work we will focuse on the chemistry of contrast agent, and how to generate 

excellent imaging probes to overcome the defects faced by the clinically used CAs.   

 

The all aspects of the novel developed contrast agents used in biomedical imaging must be 

optimized, including the chemistry of the CAs (synthesis preparations and surface 

functionalization), the physics of the signal-generating mechanism and up to the pharmacokinetic 

and toxicity profiles and finally their application on animals and humans. These requirements can 

be summarized in few items :  

i) The size of the contrast agents should not to be extremly small to avoid the rapid renal filtration 

and not bigger than 200 nm to follow passive targeting mechanism that depends on enhanced 

permeation and retention effect (EPR). This process linked to the pores size of the blood vessels, 

when NPs are in the range of 20-200 nm allowing them to extravasate from the blood vessels and 

accumulate to specific organs/tissues. In contrast, the too big NPs tend to be entraped and 

circulated in the blood stream.  

ii) Stability of the CAs which results from the composition and the protocol of formulation i.e. 

iodinated nano-emulsions consist of oily core and PEGylated coating exhibit huge stability 

reaches from few months up to one year.  

iii) Biocompatibility, biodegradability and biodistribution nanoparticulate systems, this is why the 

formulations should be constituted of FDA approved materials and showing negligible toxicity. 

To that goal, PEGylated shell should be anchored in the nanoparticulate surface to inhibit their 

fast recignition by RES system and thus incresae their circulation time in the blood stream. This 

helps finally to give opportunity to the nano imaging probes to passively accumulated to difinit 

organs.    

iv) Efficacy of the CAs, in our studies we increased the payload capacity of the contrast material 

via grafting iodinated molecules by covalent bond to the oily core of the nano-emulsions, 

preventing them from leaking out after formulation. At delivering high amounts of contrast 

medium, small ingected doses are sufficient to improve the contrast enhancement.  The efficiency 

also depends on their targeting to desired cells/tissues of interest, this can be achieved by passive 

targeting mechanism that has significant correlation with the physicochemical properties of the 
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nanoparticles. As well as active targeting mechanism in order to bioconjugate them with specific 

bindings and avoiding the undesired locations. 

v) The end product should be affordable to the patient, so that the price depends largely on few 

preparation steps combined with environmently friendly synthesis. To this end we proceeded very 

simple esterfication reaction followed by low energy spontaneous emulsification technique. 

 

This PhD thesis encompasses several integrated points allowing deeply investigate the basic 

requirements needed for the nanoparticulate systems as described above to enhance their efficacy, 

biocompitability, how to increase their blood circulation times, and so on. Tailoring the 

nanoparticles is crucial parameter since it potentially affects the in vivo biodistribution and 

pharmacokinetics. Therefore the size, the shape, the surface chemistry the surface charge, etc. 

must be conditioned and studied to deliver the nanoparticles bearing active pharmaceutical 

ingrediant API to the target site.  

These following studies have mainly been applied on iodine-containing nano-emulsions as 

efficient contrast agents for X-ray CT imaging and to investigate the in vivo pathway of such 

NPs, their half life times, active and/or passive accumulated sites and elimination pathway 

mechanism. In addition, to evaluate their efficacy and cytotoxicity in both in vitro and in vivo. 

 

In the first study (chapter 1.2), we will present new developed contrast agents (efficient, nontoxic 

and blood pool CAs) and study the relationship between the chemical structure of the constituted 

nano-emulsions in function of their biodistribution and phamacokinetics. We will select two oils 

(monoglyceride (Capmul
®

 MCM C8) and tiglyceride (castor oil)) and will modify them by 

triiodobenzoic acid thanks to the free hydroxyl groups of the oils forming iodinated oils. Next, 

the formulation of both iodinated momecules by spontaneouls emulsification technique in 

presence of cremophore elp as surfactant, keeping in mind the surfactant/oil ratio (SOR%) 

controls the size of the final nano-emulsion. This is why, two formulations will be optimized to 

produce good monodispersed particles, 131 nm of iodinated monoglyceride nano-emulsion and 

200 nm of iodinated castor oil. They will be characterized by DLS and TEM and in vitro X-ray 

attenuation (HU) values of iodinated NEs will be evaluated by preclinical X-ray µ-CT 

demonstrating high iodine concentration loaded as high as 96 mgI/ml and 76 mgI/ml for both 

monoglyceride and triglyceride respectively. MTT cytotoxicity experiments and cellular uptake 
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studies will be performed on three different cell lines, namely HeLa cells, hepatocytes (BNL-

CL2) and murine macrophages (RAW264.7). The results show negligible toxicity for both 

emulsions and monoglycerid NE tends to penetrate the hepatocytes more than spleenocytes, 

unlike the castor oil NE that is remarkably uptaked only by murine macrophage cells. The 

following, they will be intravenously administrated to mice showing high contrasting in the heart 

after administration immediately and will circulated in the blood stream up to 9 hours (t1/2), then 

will be eliminated from the blood and accumulate into liver and spleen organs. The coherrent 

results of the in vitro and in vivo data ensure that the biodistribution and the pharmacokinetics of 

the nano-emulsions are influenced by the chemical nature of their oily cores. 

 

The second study will outline how the size of the nano-emulsions affect in vitro (interaction with 

cells) and in vivo biodistribution and/or the toxicity by using X-ray micro-computed tomography. 

Iodiated vitamin D3 (cholecalciferol) will be the contrast agent used to achieve this goal. Two 

different sizes, 55 nm and 100 nm of iodinated vitamin D3 nano-emulsions will be prepared based 

on the different weight ratios between iodinated vitamin D3 and labrafac oil which introduced to 

improve the homogenity between the oil phase and the cremophore elp before adding phosphate 

buffer saline (aqueous phase). The resulted nanodroplet nano-emulsion characterizes by DLS to 

measure the size the droplet. Cell viability and cellular uptake studies will be performed on two 

cell lines hepatocytes and macrophages as mentioned above. Next, the iodinated nano-emulsions 

will be i.v. administrated to the mice revealing interesting results by using X-ray scanner 

coherrently suited with the in vitro observations. We will show finally that the size of the nano-

emulsion has negligible impact on the pharmacokinetics and biodistributions, but has real affect 

on toxicity. 

 

The aim of the following proposed work is to investigate to what extent the surface charge likely 

to modulate the in vivo pathway and/or the toxicity of the nanoparticles. This work will be 

conducted in in vitro (HeLa cells) and in vivo (mice) models. To this end, We will formulate 

different kinds of nano-emulsions i.e. neutral, positive and negative charge nano-emulsions based 

on iodinated oleate nano-emulsions. The lipophilic polymer poly(maleic anhydride-alt-1-

octadecene) (PMAO) will be solubilized in the droplet core, and able to hydrolyze at the 

oil / water interface. physico-chemical methods, surface tension and zeta potential measurements, 
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size and morphology will be adapted by DLS and Cryo-TEM. Beside the quantification of the 

carboxylic groups by using (methylene blue dye method) will be performed. In vitro studies 

reveal that the presence of carboxylates at interface has a heavy impact on the interactions with 

cells, as the internalization of negatively charged droplets is much higher than neutral ones. This 

difference is confirmed with longitudinal studies performed in vivo in mice after i.v. 

administration, followed by X-ray imaging, the surface modification resulted in a significant 

difference in pharmacokinetics and biodistributions, with enhanced spleen and liver uptake. In 

this work we establish the proof of concept of a new method for functionalizing lipid droplets, 

and demonstrate that surface modification can have a significant impact on their interaction with 

cells, pharmacokinetics and biodistribution in vivo. We will compare these results with the 

positively charge nano-emulsion, in the presence of chitosan layer deposited on the nanodroplets 

surfaces. In the suplementary part below, we will show that no interaction (no cell penetration) at 

all in case of the positively charged nano-emulsions. 

 

The fourth study aiming to functionalize the nanodroplet nano-emulsion  with amino groups 

presented in the oil/water interface of the nanocapsules. Very simple and novel method applied 

thanks to aminopropyletrirthoxysilane (APTES) as a precursor to cover the droplet by silica shell 

ended by active functions (NH2) The idea here is to achieve active targeting technology by 

crosslinking the amino droplets with carboxylate ligands to target specific receptors. The 

generated nanocapsules will be characterized by DLS and TEM baside other microscopic and 

spectroscopic techniques. Thereafter, the amino groups on the droplets surfaces will be quantified 

precisely by fluorescamine dye method. The following step will be the conjugation of amino 

capsules with coumarine blue (carboxylic dye ligand model). The formation of the peptide bonds 

will be confirmed by fluorescence correlation spectroscopy (FCS) and free resonance energy 

transefer analysis (FRET). 

 

In the last section, we will design a multifunction polymeric nanoparticles in one step synthesis 

by in situ chemical oxidative polymerization to pyrrole monomer. The base of this study is to 

encapsulate ketoprofen with high concentrations as hydrophobic drug model into polypyrrole 

nanocomposites, containing magnetic particles which came from the precursor ferric chloride 

FeCl3.6H2O to add magnetism properties to the nanoparticles. Meanwhile they will be externally 
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coated by polyethylene glycole shell to increase the hydrophilicity and the biocompitability. The 

generated NCs, then will be characterized by TEM, SEM, DSC and FTIR instrumentations. The 

encapsulation efficiency and the drug release studies will be undertaken as well as the 

relaxometry will be assessed. 
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Chapter 1.1: Nano-emulsions for drug delivery and biomedical 

imaging 
 

 

In this review we will discuss in details the preparation methods used for the nano-emulsion 

formulations. We will focus on the fundamental advantages of the nano-emulsions that 

making them potential candidate in the biomedical applications. The tunable size, the 

nontoxicity, the biodistribution and the high payload capacity of lipophilic molecules in their 

cores, all these characteristics made them to be among the nanocarriers that have successful 

clinical advances. This review aims to present a general overview about the all aspects of the 

nano-emulsion starting from their different formulations followed by biomedical applications, 

including clinical applications. Nano-emulsions serve as efficient contrast agents by 

encapsulating radiopaque molecules for X-ray CT imaging, or containing lipophilic 

fluorescent dyes in their cores. Their diagnostic applications extended to magnetic resonance 

imaging (MRI) when they incorporate iron oxides or Gd
3+

 chelates. Moreover, nano-

emulsion offer real potential as theragnostics. Due to the vast number of applications, they 

considered as a promising nanoprobes in nanomedicines. 
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Abstract 

 

Over the last decade, nano-emulsion has gained a considerable interest in biomedical 

applications. The reason is simple, and lies in the combination of several advantages of this 

nano-carrier. Nano-emulsion consists of a dispersion of oil nano-droplets in a water phase, 

sizing from 20 to 200 nm. First advantage of nano-emulsions is their huge stability; Second is 

their very simple formulation; Third is their non-toxicity; And fourth is their very important 

loading capability of lipophilic or oil-soluble molecules in the oily core of the nano-droplets. 

On the other hand, if the formulation is easy, tailoring the nano-emulsions for a given 

application, optimizing the processes, functionalizing the droplets surface, and targeting 

organs or cancerous tumors remains a challenge. This chapter aims to draw an overview of 

the different aspects of nano-emulsions formulations and applications. A first part regards the 

different fabrication processes, followed by biomedical applications of nano-emulsions, in 

vivo fate, biodistribution, pharmacokinetics, targeting, applications as nanomedicines and 

drug delivery systems. Clinical applications of nano-emulsions are also discussed, as well as 

their applications as contrast agent for the main different imaging modalities, X-ray imaging, 

fluorescence imaging and magnetic resonance imaging. 
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Nano-emulsion; Formulation; High-energy method; Low-energy method; Nanomedicines; 

Targeting; Surface functionalization; Biomedical imaging. 
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1. Introduction 

 

Conventional emulsions, also called macro-emulsions, are typically sizing around the 

micrometer or larger. This is advantageous as regards the formulation process since they can 

be simply generated with conventional mechanical methods, like rotor-stator devices, but 

disadvantageous as regards their stability. Size range of macro-emulsions originates many 

physical destabilization processes, mainly gravitational-based phenomena that favor droplet 

flocculation and ultimately coalescence. On the other hand, the term “nano-emulsions” refers 

also to emulsions with the same structure than macro-emulsions but with drastic differences 

in both their stability properties and formulation processes. First, nano-emulsions (also 

known as miniemulsions, fine-dispersed emulsions, submicron emulsions and so forth) can 

be formulated from 10-20 nm up to 200-300 nm. In general, emulsions are 

thermodynamically unstable systems because the free energy ∆Gf is greater than zero. The 

physical destabilization of emulsions is related to the spontaneous trend to reduce interfacial 

area between the two immiscible phases. The minimization of interfacial area is attained by 

two mechanisms: (i) flocculation generally followed by coalescence, and (ii) Ostwald 

ripening. The global expression ∆Gf = γ∆A – T∆Sf (with γ the water-oil interfacial tension, ∆A 

the water-oil interfacial area gained with emulsification, T∆Sf the entropy of droplet 

formation), means that the emulsion instability only comes from ∆A. 

 

In the case of nano-emulsions, the stability comes from two phenomena; their nano-scale size 

range inhibits the effect of gravitation to the benefit of Brownian motion, and induces the 

predominance of the steric stabilization between droplets. As a consequence, Ostwald 

ripening is the only process that destabilizes the droplet giving a typical stability over several 

months. Actually, this kinetic stability is the main typical characteristic of nano-emulsions, 

making them prime candidate for numerous applications from nanomedicine, pharmaceutics, 

to agro-food industries. In nano-emulsion systems, the very small size of droplets will 

prevent the droplets undergoing reversible processes like flocculation and creaming (or 

sedimentation), and thus preventing the coalescence. However, the stability of nano-

emulsions actually appears as a paradox since ∆A of nano-emulsions is definitively higher 

than the one of macro-emulsions, thus resulting in higher ∆Gf. On the other hand, the 

inhibition of the destabilization processes predominates, resulting in very stable nano-

emulsions. Stability of nano-emulsions is an experimental fact, and very easily obtained with 

simple formulation procedures. 

 

As we saw above the main property of nano-emulsions is their stability, but another 

interesting point due to the Brownian properties of the droplets is their ability to diffuse in all 

the available volume to give a very homogeneous dispersion of droplets. Therefore after 

encapsulating a given active principle (e.g. drugs, contrast agents) in oil nano-droplets, these 

hydrophobic or lipophilic molecules are homogeneously dispersed in the aqueous phase. The 

nano-scale of nano-emulsions droplets is also an advantage for biological and medical 

applications since they have privileged interactions with living cells, tissues, organs of 

pathologies, and they are as well compatible with the parenteral administration. In that way 
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nano-emulsions naturally found many applications in various fields and notably in 

nanomedicines as lipid nano-carriers.  

 

 

2. Formulation processes 

 

2.1. Generalities 

 

Emulsification consists of dispersing one fluid into another non-miscible one, creating 

interface through the increasing of ∆A. The properties of the generated emulsion, i.e. size 

distribution and stability, are closely linked not only to the composition, chemical nature of 

the phases and stabilizing agents, ratio of viscosities of the dispersed and bulk phases, but 

also on the formulation protocol, temperature and time of processing, shear rate, cooling 

time, and type of emulsification apparatus. In addition, besides these criteria, the emulsion 

stability is strongly related to the size distribution of the dispersion after formulation. In the 

case of nano-emulsion, monodispersity will have a direct impact on the inhibition of Ostwald 

ripening, since the difference of the pressure between the bigger and smaller droplets will be 

reduced. The formulation of emulsions is conditioned by the energy supplied by the 

formulation device. Actually, most of apparatuses currently used for the fabrication of macro-

emulsions do not allow decreasing the droplet size below 1 mm because of low 

emulsification yields due to the dissipation of the mechanical energy in heat. It is for example 

the case of rotor / stator apparatus like UltraTurrax
®

 and colloidal mills. Only some methods 

allow the fabrication of nano-emulsions. Table 1 gathers the main methods for the 

formulation of emulsions along with the range of the generated droplet sizes (with limiting 

fv
d
 < 30 % to avoid droplet recombination during processing). 

 

Table 1: Summary of the accessible sizes in function of the emulsification apparatuses (* the ones generally 

compatible with the formulation of nano-emulsions). 

 

Emulsification method Typical size 

Mechanical stirring 1 µm – 15 µm 

Colloidal Mills 10 µm – 50 µm 

* High-pressure homogenization 50 nm – 5 µm 

Membrane 0.2 µm – 100 µm 

* Microfluidizer
®

 10 nm – 1 µm 

* Ultrasonication 20 nm – 1µm 

* Low-energy methods 10 nm – 200 nm 

 

 

It follows that the three main possibilities for the formulation of nano-emulsions are: (i) high-

pressure homogenization, (ii) ultrasound based methods (using sonotrode), and (iii) low-

energy emulsification. In the following sections, these processes will be presented and the 

conditions to reach nanometric-sized droplets will be discussed. It is to be noted that in the 

case of high-energy methods (high pressure or sonication), the formulation of nano-emulsions 

obligatory follows a preliminary step of pre-emulsification. The initial phase containing all 

components like emulsifiers, additives, and maintained at controlled temperature, undergoes 
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a stage of dispersion that consist in creating a strong shearing that favors the breaking-up of 

the drops. Apparatuses indicated for this step are generally turbines type (e.g. Rushton type), 

that provide a high shearing along with an efficient recirculation of the liquid, giving rise to a 

premix emulsion between 10 and 100 mm. Then, the second step, homogenization step, will 

decrease the droplet size below 500 nm, narrow the size distribution, eventually improving 

the stability. 

 

2.2. High-pressure methods 

 

High-pressure homogenization is a very common industrial process, notably in the 

formulation of agri-food liquid or semi-liquid products. The premix emulsion is projected 

under high pressure from 30 to 1'000 bar through a homogenization head of particular 

geometry (see Fig. 1), and undergoes a combination of elongation and shear flows, impacts, 

and cavitations. The resulting size distributions are reproducible with a mean size ranging 

from 50 nm to 5 µm. 

 

 
 

Figure 1: Conceptual representation of high-pressure homogenizer chamber. 

 

 

High-pressure emulsification arises from the competition between the droplets break-up die 

to deformation enhanced by the high-speed flow, and their recombination due to coalescence 

enhanced by collisions. The main parameters influencing the size and dispersity of the nano-

emulsions are (i) the number of passages in the homogenizer, (ii) the value of the volume 

fraction of dispersed phase φv
d
, (iii) the value of the pressure applied, and (iv) the 

concentration C of stabilizing agent like surfactants, proteins, polymers. We can note that the 

stabilizing agent concentration C is a critical parameter, since, if C is lower than cmc / 10 

(cmc is the critical micelle concentration), the droplet size does not decrease lower than 

300 nm. This is due to the predominance of the coalescence against the stabilization of the 

fragmented droplets. On the other hand, when C is typically higher than cmc × 10, the 

surfactants molecules are efficient to stabilize the droplets formed after fragmentation, 

allowing to decrease the size up to 50 nm. Of course, a further increase of C can reach the 

interface saturation that cannot allow a further decrease of the size. In addition, as easily 

understandable, this is only in this regime of surfactant concentration that the effect of the 

applied pressure is effective, actually the size follow a power law [1]. 
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2.3. Ultrasounds-based methods 

 

This formulation method consists in applying a strong ultrasonic energy in a small volume 

sample under circulation. This is performed with a specific sonotrode that concentrate the 

energy in a surrounding volume (see Fig. 2). Ultrasonic emulsification is thus only efficient 

in this small volume around the sonotrode, and thus the fluid circulation in the sample is still 

necessary for optimizing the process, and as well involves a minimum time before 

stabilization of the droplet sizes. The frequencies of ultrasound are from 16 kHz to 1 MHz, 

and generated by a plane surface vibrating on a sinusoidal way with amplitude between 1 and 

200 mm. Cavitation bubble alternatively undergo contraction and dilatations, and the 

micrometric globules of the premix emulsions are broken-up by the successive implosions of 

the cavitation bubble. The droplet fragmentation of the droplets gradual decreases their 

average diameter. This is illustrated in Fig. 2 (middle) that shows the nano-emulsion mean 

size describes an exponential decay up to stabilization, for a simple system composed of 

medium chain triglycerides (oily core), nonionic surfactant (stabilizing agent) and water as 

continuous phase [2]. The figure shows the follow-up of the mean size and polydispersity 

indexes (PDI). PDI reflects the quality and monodispersity of the dispersion, such that a 

suspension is considered of good monodispersity (good quality) if the value of PDI is below 

0.2-0.15, and of very good monodispersity (very good quality) if the PDI is below 0.1. The 

exponential profiles reported, for a similar system can be “stretched” if the energy supplied is 

decreased, as illustrated in Fig. 2 (bottom). This result is actually important for understanding 

the process, as well as its design and optimization. If ultrasound-based technologies are 

compared with high-pressure homogenizers, the properties of the resulting emulsions are 

generally similar. However, high-pressure homogenizers are widely used in industrial 

processes, whereas ultrasonifiers are more adapted for the laboratory scale, research and 

development stages. 
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Figure 2: (Reprinted adapted with permission from Ref. [2]). Schematic of a sonication-based nano-

emulsification process. Top: evolution of droplet size distribution along the sonication process: particle mean 

diameter (black disks), and polydispersity index (open triangles). Bottom: evolution of droplet size distribution 

along the sonication process in function of the power of the sonicator. 

 

 

2.4. Low-energy methods 

 

Low-energy methods allow the formulation of nano-emulsions similar to those described 

above (with high pressure and sonication methods), but without mechanical energy. In this 

case, the increase of ∆A is obtained by taking benefit of the intrinsic physicochemical 

properties of the phases and stabilizing agents. 

Low-energy methods are simple, cost-effective formulation processes and are very attractive. 

However, the low-energy methods are very studied but almost only on the fundamental point 

of view, and much less used in industrial processes than high-energy ones. This is likely due 

to several points, like the fact 1) that these methods only allow nano-emulsification and not 
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homogenization of premix (e.g. not suitable for homogenizing milk), or 2) that the 

physicochemical properties of the dispersion cannot always be finely controlled, or finally 3) 

that they involve a non-negligible amount of surfactants that is not always compatible with all 

the specifications (impact on the taste in agrifood industries, or induce a toxicity, etc.). 

 

Low-energy methods in general are based on spontaneous emulsification, or self-

emulsification. It is to be noted that other low-emulsifications methods are reported, like 

phase inversion temperature methods of solvent diffusion, but it has recently been shown that 

their principle is based on the spontaneous emulsification described below. Spontaneous 

emulsification occurs when two immiscible fluids are brought in contact and gently 

homogenized. In a few seconds a kinetically stable nano-emulsion is formed. In contrast with 

high-energy methods, spontaneous emulsification allows a similar gain in ∆A without energy 

input. Spontaneous emulsification takes benefit of the physicochemical properties of the 

water, oil, and surfactant for generating the nano-droplets through a spinodal decomposition-

like process. 

 

Numerous explanations aimed understanding of this phenomenon, however, it is only 

recently than a universal and simple mechanism was proposed [3], thus including all the 

spontaneous emulsification processes. Illustrated in Fig. 3, the spontaneous emulsification 

was attributed to the penetration of the water phase in the oily one, resulting in breaking-up 

the oil phase at the nanometric scale. 

 

 
 

Figure 3: (adapted from Ref. [3]) Schematic representation of the mechanism driving the spontaneous 

emulsification. 

 

Let us consider the oil phase homogeneously mixed with surfactant molecules in specific 

conditions (e.g. temperature) that make them lipophilic (Fig. 3A). Then, once this 

surfactant / oil phase is in contact with water (Fig. 3B), aqueous phase penetrates the oil one 

solubilizing the surfactant molecules (Fig. 3C). Surfactants stabilize the newly-formed oil 

nano-droplets generating the nano-emulsions (Fig. 3D), generally sizing from 20 nm to 200-

300 nm. In addition, spontaneous nano-emulsions give suspension with a very good 
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monodispersity excepted when we reach the limit of the feasibility region, e.g. at low 

surfactant concentrations, where the polydispersity indexes suspensions can increase higher 

than 0.2-0.3. It follows that spontaneous emulsification is driven by the physicochemical 

properties of the surfactant and its solubility towards the oily and aqueous phases. On the 

other hand, when a spontaneous emulsification process is efficient to give nano-emulsions, its 

own size can be finely controlled by the surfactant concentration, namely the higher is the 

surfactant concentration, the lower is the average nano-emulsion size [3]. It is noteworthy 

that not all the surfactant / oil couples are compatible with the spontaneous nano-

emulsification, and this is one of the main reasons why sometimes it is necessary to shift to 

high-energy methods. However, we can define some necessary conditions for the 

spontaneous emulsification, like the complete solubility of the surfactant to the oily phase. 

This affinity can be relative and be artificially improved with temperature, for example with 

nonionic surfactants that become lipophilic at high temperature (above their cloud point in 

general). Then with a sudden mixing with the aqueous phase at room temperature (i.e. colder 

water) the surfactant affinity for oil is suddenly decrease beneficially to the one of water, 

enhancing the water penetration. Another important factor that impact on the process is 

simply the chemical nature of each compound, not only the properties of nonionic surfactant 

but also the nature of oil, the nature of surfactant, and the additives in the aqueous phase. 

 

 

3. Applications of nano-emulsions for drug delivery and biomedical 

imaging 

 

3.1. Nano-emulsions as nanomedicines 

 

The drugs used for Humans present a main pharmacological activity, but also adverse effects. 

Thus improving the efficiency of a drug by inhibiting its adverse effects results in increasing 

its benefit-to-risk ratio. Nanotechnologies, in general, and nano-emulsions being a realistic 

solution, allow increasing its benefit-to-risk ratio in modifying the becoming of the drug in 

the organism. This aspect is particularly crucial in antitumor treatments, aiming a very 

specific targeting on tumor cell without affecting healthy cells. The main strategy consists in 

associating the drug with a nano-carrier, which will influence the drug biodistribution and 

elimination. In this case, the drug may follow the in vivo fate of the nanocarrier, closely 

related to its physicochemical properties like size, electrostatic charge, chemical composition, 

functionalization. Optimizing this operation results in increasing the targeting of the drug 

towards the tissues in which we want this last one has to be active, increasing the time in 

contact, while limiting its diffusion to those it could be toxic. This targeting ideally improves 

the drug efficiency. Actually, the design, the development and the optimization of an efficient 

vector are not only related to the understanding and expertise in the formulation process of 

the nanocarriers, sometimes delicate at the nanometric scale, but also on the knowledge of the 

different physiological, histological, biological and biochemical aspects of the tissues in 

living organisms. Actually, the biodistribution of the drug will be driven by the interactions 

and in vivo behavior of the nanocarrier in the body. In addition, in function of the 
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administration route, the nano-carrier will be in contact with different tissues and its pathway 

can be different. 

As regards lipid nano-emulsions as drug delivery systems, and considering that the potential 

drugs are solubilized in oil cores without premature leakage, their targeting properties will be 

defined by the interactions of the lipid droplets in function of the administration route. Let us 

now focus on the different administration ways, and evaluate the different potentialities for 

targeting lipid nano-droplets. 

 

Intravenous administration constitutes the main administration route adopted for research 

investigations or preclinical studies since blood is the ultimate location desired for a drug 

before targeting. However, beside physiological compatibilities like sterility, osmolarity and 

pH, the size of the nanocarrier is a main issue in their design. Once in the bloodstream, the 

nano-droplets will circulate in the blood pool, migrate to the heart by the vena cava, then in 

the lung to be back in heart by the pulmonary vena, and in the arterial circulation by the aorta. 

In this context, the risk of pulmonary emboli that arises above 5 mm is prevented by the size 

of nano-emulsions below 200-300 nm. Then, their elimination is performed by the 

macrophages of the reticuloendothelial system (RES) and particularly in liver and spleen. 

Küpfer cells in liver are particular macrophages very efficient for nanoparticles uptake; they 

are located in the border of hepatic sinuses, and constitute 25% of the liver cells and 90% of 

the macrophages in the body. Spleen is well an efficient trap for nanoparticles. Then, their 

elimination is performed through the bile by transcytosis within the gall bladder. On the other 

hand, when the particles are smaller than 5-10 nm they are filtrated by kidneys, and this 

happens in some applications with, e.g. micelles or small hydrophilic contrast agents. 

It appears that the therapeutic efficiency of drugs can be improved by their potential targeting 

through nano-carriers, and thus depend on their time of circulation in the blood stream. The 

longer is this circulation time, the longer will be the contact with the target tissues. It follows 

that increasing the circulation time of the nano-carriers in bloodstream (i.e. making them 

stealth towards RES) is a key factor for improving the drug efficiency. Actually, before the 

macrophage uptake by phagocytosis as discussed above, the nanoparticles are recognized 

through opsonization, by fixation onto their surface of blood proteins called opsonin. Two 

parameters are known to inhibit this phenomenon, the size of the particles and the chemical 

nature of the surface. Indeed, the limit of 100 nm is generally considered as an efficient 

limitation of the RES recognition, as well as the decoration of the surface with neutral 

hydrophilic polymers like polyethylene glycol (PEG). 

 

In the case of nano-emulsions, we have seen that the different formulation processes give rise 

to oil nano-droplet suspensions of similar physicochemical properties. Therefore the size and 

surface composition should be mainly related to the choice of stabilizing agent. Precisely, a 

large class of stabilizing agents, i.e. nonionic surfactants, fulfills such specifications and 

allows the simple formulation of small PEGylated nano-droplets. Nonionic surfactants are 

generally composed of a PEG chain as hydrophilic part connected to a more or less simple 

aliphatic chain. Owing to their high surfactant properties (HLB > 15-16) they allow to reach 

very small size below 200 or even 100 nm, and owing to the PEG part of the surfactant the 

resulting droplets are naturally protected from opsonization. Spontaneous emulsification has 
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emerged as a very efficient method to produce stealth nano-emulsion droplets. Some 

examples are reported in Fig. 4, for different kinds of nanoparticles comparing nano-

emulsions, polymeric nanocapsules and inorganic nanoparticles. Their morphologies are 

illustrated in TEM micrographs and the longitudinal quantification of their concentration in 

blood are reported for all nanoparticles. 

 

 
 

Figure 4: (adapted from Ref. [4-6]) Comparison of the residence time in bloodstream for different kinds of 

nanoparticles: (a) nano-emulsions, (b) polymeric nano-capsules, and (c) inorganic nanoparticle. The figure 

presents a schematic illustration of the nanoparticle structure (left), transmission electron micrograph (middle), 

and X-ray attenuation (proportional to the blood concentration of nanoparticles) in function of time post-

intravenous administration in mice. 

 

In fact, these nanoparticles differ in their mean sizes, with nano-emulsions around 80 nm, 

and, inorganic nanoparticles or polymeric capsules around 200 nm. However we have to 

consider that the size distributions of these kinds of suspensions largely overlap, and thus the 

average size should not be considered as main factors influencing the blood clearance. 

Another basic factor that impacts on the blood pharmacokinetics, beyond the surface 
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functionalization, is the nature of the particle core itself. In Fig. 4 (a), blood concentration of 

nano-droplets (i.e. proportional to X-ray contrast) are compared for droplets of similar size 

and made with the same surfactant (PEG-35 ricinoleate) but with different iodinated oils 

constituting their core. One can see a slight difference in the curve profiles, resulting in half-

lives varying from 6 h to 9 h. However, when the surface is drastically modified with a 

polymeric capsule (Fig. 4 (b)), the clearance is much more decreased up to 2.5 h, and finally 

reaches 1 h with inorganic (tungsten oxide crystals) (Fig. 4 (c)). Obviously the nature of the 

nanoparticles influence the opsonization process due to the surface charge, electronic density 

or protein attractions by other low-energy forces [7], but we can note as well that in the case 

of nano-emulsions the PEG coverage is actually optimal since any other material enters in the 

surface composition. 

 

 

 
 

Figure 5: (adapted from Ref. [4]) Quantification of the droplet concentration in liver, spleen and kidneys 

(through X-ray attenuation, DHU) after i.v. administration of iodinated nano-emulsions with similar size and 

physicochemical properties, but different oil cores made with iodinated vitamin E, iodinated castor oil, and 

iodinated monoglyceride. To illustrate the differences in contrast at 24 h post-injection, transverse slices through 

the liver and spleen are presented. Liver is indicated by orange arrows and spleen by blue arrows (n = 3 

mice/group). 

 

Besides the considerations on blood circulation time, the drug targeting process is associated 

to the nano-carriers accumulation into the aimed tissues during this blood circulation phase. 
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This means that it is related to accumulation phenomena, specific to the nature of the nano-

carrier and/or surface functionalization. This accumulation can be the direct consequence of 

the size, chemical nature or charge of the nano-carriers (so-called passive targeting), but can 

also be induced by the decoration of the surface by ligands specific to the receptors 

overexpressed in the target tissues (so-called active targeting). Sometimes the natural 

elimination pathways of the vectors towards the liver or spleen are used for the specific drug 

delivery in these organs, and can be also called passive targeting (of liver or spleen). In this 

case, we have disclosed the passive accumulation in these organs thanks to X-ray imaging 

that allows the longitudinal non-invasive in vivo quantification of the biodistribution. 

Figure 5 illustrates the biodistribution in liver, spleen and kidney of nano-emulsions with 

similar size and physicochemical properties, but different oil cores made with iodinated 

vitamin E, iodinated castor oil, and iodinated monoglyceride (as in Fig. 4 (a) above). The 

quantification of their biodistribution with time emphasize drastic differences between the 

different organs, iodinated vitamin E is more accumulated in liver while iodinated castor oil 

prefers spleen, and on the contrary iodinated monoglyceride does not show an organ 

specificity and is simply more rapidly eliminated from the organism. It follows that the 

passive accumulation of nano-droplets through elimination pathway is a powerful tool for 

imaging pathologies actually located in these organs as described in [8-11] in liver and 

spleen. 

 

On the other hand, passive targeting includes the passive accumulation in tumors, for instance 

implanted subcutaneously, and considered to be undergone through the enhanced permeation 

and retention effect (EPR effect), targeting. EPR effect results from the passive accumulation 

of drug or nanocarriers due to their extravasation through leaky vasculature. It is well 

established that for certain pathologies like tumors, infarctus, inflammation areas, and under 

certain circumstances, the endothelial lining of the blood vessel wall becomes more 

permeable than in the normal state [12, 13]. Thus, large molecules and nanoparticles ranging 

from 10 to 500 nm can leak from the vessel and accumulate in interstitial space, i.e. co-

localize with the pathology. Actually, the efficiency of the passive EPR tumor accumulation 

is basically related to the time of the agent in bloodstream: the higher is the exposure, the 

higher is the accumulation. Thus, a prolonged time in blood is obtained with non-renal 

clearable entities (size > 5 nm) [14] decorated with well solvated and flexible polymer chain 

(PEG) was shown to slow down their opsonization and clearance by the RES [15, 16]. The 

major examples reported in literature refer to liposomal formulations that accumulate in 

subcutaneous xenografted tumors [17-19]. The direct visualization of this accumulation 

phenomenon is provided by X-ray imaging techniques, and reveals the gradual enhancement 

of the contrast over time in the tumor surrounding regions. Some examples of EPR targeting 

with nano-emulsions were reported and have proved the compatibility of lipid droplets with 

EPR effect in general. For instance, in Ref. [20], the authors report the formulation of nano-

emulsions made with PEGylated surfactants (PEG 660-hydroxystearate) stabilizing medium 

chain triglyceride core. These lipid nano-droplets encapsulated anticancer molecule, 

docetaxel (DTX), at a concentration of 3wt.% of the nano-droplet. The passive EPR 

accumulation the model tumor occurred thanks to the nano-carriers, studied and compared to 

a commercial control formulation (i.e. solubilized in micelles) of DTX (Taxotere
®

, TXT). 
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C26 colon adenocarcinoma cells in growth medium were injected subcutaneously in three 

different locations on the back of each mouse, which produced three separate tumors. The 

formulations were administered when each tumor grew to a volume of about 20 mm
3
, 

approximately 10 days after cell inoculation. These results are reported in Fig. 6, where the 

two above-described formulations were injected at similar doses of 15 mg/kg, comparing the 

pharmacokinetics and biodistributions of DTX in tumor. The results disclose a clear-cut and 

significant accumulation in tumor of the DTX encapsulated in nano-emulsions compared to 

the control roughly constant, while in liver, spleen and kidney the two curve profiles are 

similar. This clearly evidences the EPR effect induced by the lipid nano-carrier. 

 

 
 

Figure 6: (adapted from Ref. [20]) Illustration of the passive targeting of nano-emulsions to xenografed 

subcutaneous tumor in mice after i.v. administration of nano-emulsions encapsulating DTX (closed circles) and 

of control injection of TXT (open circles). The drug dose level of 15 mg/kg and the concentration in the 

nanocarrier is 3wt.% (n = 4 mice/group). 

 

Actually in literature, EPR accumulation is generally illustrated with liposomes, for example 

in biomedical imaging [17-19, 21]. Herein for nano-emulsions, a similar size range and lipid 

nature gives rise to the similar efficiency in the passive accumulation of lipid nano-emulsion 

droplets in tumors, that can allow to draw a realistic parallel with the liposomes EPR 

accumulation. As a last remark, the passive targeting of nano-emulsions, performed with 

post-insertion in nano-emulsion droplets of function lipids, remains anecdotal and not very 

efficient [22], likely due to the difficulty to increase the ligand concentration decorating the 

particle surface. 

 

3.2. Clinical applications of nano-emulsions 

 

Some nano-emulsions have already clinical applications and are authorized in different 

countries. We will present you in this part, different applications of such commercialized 
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emulsions. Then, a description of current clinical assays on nano-emulsions will be 

performed. Mainly, nano-emulsions in commercialized formulations are used to improve 

drug solubility in water and therefore drug bioavailability. To illustrate these facts one can 

mention two examples. The first is Neoral
®

 (Novartis Pharma, Rueil-Malmaison, France), an 

oral cyclosporine emulsion for transplantation [23]. The second is Propofol Lipuro
®

 (B Braun 

AG, Melsungen, Germany), an emulsion of propofol in soy oil for intravenous administration 

[24]. This last is used for anesthesia in intensive care units. Another advantages of nano-

emulsions are the possibility to inject oil intravenously and to improve emulsion stability. 

This is for example the case for Medialipide
®

 (B Braun Medical, Boulogne, France), a 

commercialized oil-in-water emulsified lipid utilized for parenteral nutrition [25]. To be 

administrated, strictly speaking oil droplets size should be less than 5 microns but in practice 

the characterizing size is the average size of the lognormal distribution meaning that the 

population contains droplets much bigger than the average size. It follows that nano-

emulsions to be compatible with parenteral administration have a size range below the 

micrometer. 

 

We identified the current clinical assays on nano-emulsions using the Cochrane library. It is 

noteworthy that in this part, we will not present the assays using nano-emulsions as model for 

the evaluation of different treatments or drugs on hyperlipidemia. Experiments based on ex 

vivo model like explanted human tooth are likewise not considered. 

 

Actually, these clinical assays could be classified in 3 applications: anesthesiology, 

dermatology and vaccines. One publication concerned a comparative study of emulsified 

propofol with Solutol
®

 HS15 (BASF) in nanometric size and propofol in soybean oil 

emulsion for anesthesia during endoscopy. This phase II assay was performed on 150 patients 

(being 33 to 54 years old) [26]. The authors observed equivalence between emulsified 

propofol and propofol in nanometric emulsion form concerning its efficacy, safety and the 

side effects. However, it is worth to note that it was a lower incidence of pain during injection 

with propofol in nanometric emulsion form: 53.3 % of patients instead of 82.7 % with 

propofol in soybean oil emulsions. In additions, the incidence of nausea and vomiting was 

reduced with nano-emulsified propofol from 10.7 % to 2.7 % of the patients. A lack of this 

work is the absence of comparative study with Propofol Lipuro
®

, propofol emulsion 

containing medium-chain triglycerides [27]. Indeed, this last formulation induced less 

injection pain than non-lipid forms of propofol. A hypothesis was a reduction or an absence 

of free propofol with Propofol Lipuro
®

. With a comparative study between Propofol Lipuro
®

 

and nano-emulsified propofol with Solutol
®

 HS15 could be a good approach to verify this 

hypothesis. 

 

Concerning dermatological applications, different applications of nanometric emulsion based 

drugs are clinically tested. A first clinical assay was conducted on 482 subjects for the 

development of drug against cold sores [28]. The developed active substance (NB-001) was 

formulated at different dosages (0.1, 0.3 or 0.5 wt.%) in nanometric emulsions. At the first 

signs or symptoms of a cold sore episode, this medicine was applied 5 times per day, 

approximately 3 to 4 hours apart, for 4 days. Emulsions at a drug concentration of 0.3 wt.% 
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showed the best efficiency by a 1.3 days improvement in the mean time to healing compared 

to placebo (p = 0.006). This could be explained by a better skin penetration of the active 

substance at this concentration. Concerning drug safety, no serious side effects or dermal 

irritation at any concentration were observed. In additions, no active substance was detected 

in subject bloods. Compared to other medicine for cold sores, the observed efficacy was 

similar to oral nucleoside analogues and greater than topical formulations which present a 

reduction of healing time by only one half day. The originality of this new formulation is the 

lack of drug distribution in blood preventing most of side effects for an efficacy comparable 

to oral formulations. 

 

The two next studies focused on drug evaluation for the treatment of distal subungual 

onychomycosis [29, 30]. The formulation consisted of emulsions with a mean droplet size of 

180 nm containing a new active substance (NB-002). The first study corresponds to a phase II 

assay on 432 subjects having mild to moderate subungual onychomycosis of the toenails [30]. 

The treatment was applied to all toenails and on 5 mm of adjacent skin for 42 weeks. The 

droplet size and emulsion composition allow selective uptake into the skin without irritation 

via hair follicles and skin pores. In additions, the droplet size of the formulation destabilized 

fungal hyphae and spores leading to a formulation efficiency of 84% compared to 13% with 

blank emulsion. No serious side effect was observed during this assay. Nevertheless, the most 

observed side effect was nail discoloration and concerned globally 10 subjects on 432. The 

second assay is a post-hoc analysis of the first study on 227 subject to assess the post-

treatment mycologic cure and effective treatment rates of a 42-week treatment regimen of 

NB-002 compared to vehicle [29]. At 4 and 8 weeks post-treatment, an evaluation of the 

treatment efficiency. At all emulsion concentration of NB-002, the mycologic cure rates 8 

weeks post treatment was ranged from 4.2 to 16.9 % versus 5.3 % in blank emulsion. These 

assays showed clear antifungal activity with clinically significant nail clearing of NB-002. 

For more, the emulsion form had also an activity on treatment efficacy. 

 

Several phase III assays concerned the use of nano-emulsions of BF200 5-aminolaevulinic 

acid (BF200 ALA) for actinic keratosis (AK) photo-treatment compared to a registered 5-

aminolaevulinic acid cream (MAL) or placebo [31] [31-34]. BF-200 ALA (Biofrontera 

Bioscience GmbH) is a gel formulation of 5-aminolaevulinic acid (ALA) with nano-

emulsion. This formulation was designed to prevent ALA instability and improve skin 

penetration [31, 32]. For the illumination, different devices were used three hours after drug 

administration: narrow emission spectrum LED (590 to 670 nm; Aktilite CL128
®

) or broad 

emission spectrum LED (580 to 1400 nm; PhotoDyn 750
®

). These assays were performed on 

13 to 663 patients presenting a light to mild AK on face and/or bald scalp. The protocol 

included one drug application followed by a LED luminescence. In cases of residual AK 

lesions corresponding mostly to grade II and III AK, a second treatment was performed 12 

weeks after the first [33, 34]. Then, patients where followed during 3 to 12 months to 

determine influence of different treatment protocols on AK recurrence [31, 33, 34]. 

Concerning the results, since 2010 and confirmed by all other works, the authors concluded 

that treatment efficacy depends on both drug design and luminescence technique. Narrow 

spectrum light sources presented the best results. For example, on 600 patients with MAL or 
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BF200 ALA, this technique had a healing rate compared to broad spectrum lamps of 71.5 % 

versus 61.3 % and 84.8 % versus 65.7 % respectively [33]. It was to note that only with 

placebo broad spectrum lamps had better results 21.6 % versus 12.8 % with narrow spectrum 

light sources. In point of view of used drug formulations, BF200 ALA presented the best 

efficacy compared to MAL and placebo in all assays. The healing rates on 600 patients for 

BF200 ALA compared to MAL were 78.2 % versus 64.2 % (p = 0.05) with a remission rate 

at three months for BF200 ALA of 90.4 % [33]. This difference could be explained by the 

observation on 13 patients of better histological clearance at three month with BF200 ALA 

compared to MAL: 61.5 % compared to 38.5 % (p = 0.375) [34]. At 12 months after last 

treatment, BF200 ALA showed the best remission rates at 47 % versus 36 % for MAL [33]. 

Concerning the safety of BF200 ALA, the observed side effects were similar with MAL [33, 

34]. All these results demonstrated that BF-200 ALA is a very effective and superior to a 

registered MAL. In additions efficacies and adverse events are also depended to the different 

light sources used. 

 

Two publications report vaccines against influenza [35, 36]. In both assays, emulsions had 

the role of adjuvant. In the first work, the authors used a glucopyranosyl lipid A, an emulsion 

designed to be an intramuscular vaccine [35]. They performed a phase I/II assay on 392 

patients (being 18 to 49 years old) receiving two administrations at D1 and D21. 42 days after 

the first vaccine administration, up to 82% of the tested patients presented seropositivity to 

the different influenza stems. Concerning vaccine security, this study revealed that the half of 

patients presented light to mild side effects. In some cases, the authors determined serious 

side effects requiring the use of antihypertensive drugs. In the second work, the author used a 

new adjuvant W805EC corresponding to nano-emulsion. Indeed, nasal mucosa is the main 

entry for influenza virus [36]. The authors performed a phase I assay on 199 patients 

receiving a single intra-nasal administration of vaccine for 3 different influenza strains. The 

innovation was to design a vaccine for an intra-nasal administration in order to induce both 

systemic and mucosal immunity. Despite immunization process with a single administration 

through an original administration route, more than 70 % of the volunteers were sero-

protected for the 3 influenza strains through systemic and mucosal immunity. W805EC as 

adjuvant presented a good tolerance during this clinical assays: absence of serious side effects 

and observation of side effects similar with intra-nasal administration of PBS (Phosphate 

buffer saline). 

 

3.3. Nano-emulsions in biomedical imaging 

 

Another fundamental application of nano-emulsions concerns their use as contrast agents for 

biomedical imaging. The formulations strategies can be actually close to the formulations of 

medicines, with on the whole different purposes. Imaging is an important preliminary aspect 

of some treatments like cancer treatment, providing real-time monitoring with minimal 

invasiveness and tissue destruction. Biomedical imaging is often used for prediction, 

screening, staging, prognosis, biopsy guidance, therapy planning, and guidance. Computed 

X-ray tomography, magnetic resonance imaging, fluorescence and ultrasound have been 

traditional techniques of anatomical imaging. Ultrasound is commonly used as an external 
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stimulus due to its accessibility, cost-effectiveness, and ability to be used in conjunction with 

multimodal systems. Besides, optical imaging tools, PET, SPECT, and photoacoustic 

imaging techniques, nano-emulsions have been widespread used in biomedical fields, daily 

consuming, particularly in cosmetics and even food industry owing to the huge stability, the 

encapsulation efficiency, and the high safety of these nano-emulsions. 

 

As mentioned above, the key to their success hinges on their oily cores which act as reservoir 

allowing solublization and nano-encapsulation of hydrophobic molecules like drugs, contrast 

agents, organic fluorophores, and/or inorganic NPs at very high concentrations. Other 

fundamental point for their applications in vivo is the non-toxicity since there are lonely 

fabricated with parenteral-compatible materials. Herein we will shed more light on specific 

examples to show the importance of the excellent behaviors of nano-emulsions as contrast 

agent for imaging. And this could be categorized into integrated classes: 

 

3.3.1. Nano-emulsions in X-ray imaging 

 

One of the earliest developed contrast agents-based nano-emulsions for micro-computed 

tomography (CT) are Fenestra VC
® and Fenestra LC

®
 in order to overcome the 

incompatibility of clinic products like small hydrophilic iodinated molecules. These latter 

undergo a rapid elimination from the kidneys causing renal failure and do not allow 

performing scans in preclinical studies. 

Introducing the nanotechnology into the medicine made significant progress in micro-CT 

imaging. Over the last few years, our group has developed several efficient formulations of 

nano-emulsion-based contrast agents for preclinical X-ray imaging. The ideal solution to 

ensure a high encapsulation and prevent any release is the synthesis of oily molecules grafted 

with X-ray contrasting atoms like iodine, and then formulated as nano-emulsions. These 

droplets are coated with hydrophilic polymer (PEG) to reduce their opsonization that 

prolongs their residence time in the blood stream. For these applications, as discussed above, 

the size in the range is 50-250 nm, avoiding a fast clearance by the reticulo-endothelial 

system [37], but as well large enough to prevent a rapid elimination by kidneys [38]. From 

these considerations, some examples of iodinated nano-emulsions were proposed as contrast 

agents for X-ray micro CT such as iodinated α-tocopherol nano-emulsions [39], iodinated 

monoglyceride nano-emulsions (glyceryl monocaprylate), iodinated triglyceride nano-

emulsions (castor oil) [40], and iodinated cholecalciferol nano-emulsions [41] and studied in 

vivo. The preclinical investigations, briefly discussed in the previous sections, concerned the 

pharmacokinetics, biodistributions, toxicity and contrasting efficiencies of nano-emulsions, 

eventually disclosing their outstanding efficacy for X-ray biomedical imaging. 

 

3.3.2. Nano-emulsions in magnetic resonance imaging (MRI) 

 

It is approved that some moieties like IONPs, Gd
3+

 chelates, and/or perfluorocarbons PFCs in 

combination with MRI modality are able to enhance the imaging performance. We will 

restrain here on the nano-emulsion formulations loading those contrast agents, and it is as 
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well to note that many other examples reports association of MRI contrast agent combined 

with imaging agents for other modalities. 

Recently, a multifunctional and biodegradable nanocarrier system based on oil-in-water 

nano-emulsions with three different mean diameters (30, 60, and 95 nm) were developed, and 

used as tumor targeting agent through EPR effect [42]. The formulation is performed with 

iron oxide nanoparticles having a hydrophobic coating, dispersed in the soybean oil, 

solubilizing simultaneously a near infrared fluorophore. These nano-emulsions are injected in 

nude mice and their accumulation in subcutaneous tumors followed. The optimized quantity 

of iron oxide nanocrystals induces a remarkably high transverse relaxivity (R2), which is 

desirable for T2-weighted MRI imaging. The multimodal in vivo MRI and fluorescence 

imaging is shown in Figure 7. 

 

 
Figure 7: (adapted from Ref. [42]) MRI images of nude mice bearing subcutaneous EW7 tumors, injected with 

the three different nano-emulsions of 30 nm, 60 nm and 90 nm. (A) T2-weighted MRI images of the pre-scans, , 

after 24 h after intravenous injection, and 3D images that show the proton density MR image (grey), the whole 

tumor in 3D (transparent green) and the areas of iron oxide deposition in red. (B) In vivo NIR fluorescence 

imaging series showing the accumulation of the 30 nm nano-emulsion. 

 

Another example of MRI imaging with nano-emulsions concerns the use of perfluorocarbons 

(PFCs) as oily phase. PFCs are synthetic organic compounds in which all or most of the 

hydrogen atoms have been replaced with fluorine atoms. The 
19

F isotope of PFC’s is 

biologically and chemically inert and thus provides excellent sensitivity in vivo. PFCs nano-
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emulsions have been used for 
19

F MRI cell tracking [43-46]
 
as an alternative to SPIO agents, 

thanks to the high NMR sensitivity of the 
19

F atom. As well, they have been shown to label in 

vivo the monocytes and macrophages, and give positive signals at sites of inflammation [46, 

47].  

 

3.3.3. NEs as fluorescent probes in Fluorescent imaging 

 

Fluorescence is one of the most powerful and commonly used tools in biophysical studies of 

biomembrane structure and dynamics that can be applied on different levels, from lipid 

monolayers and bilayers to living cells, tissues, and whole animals. Nano-emulsions are also 

very suited for encapsulating fluorescent probes at high concentrations either organic dyes or 

inorganic quantum-dots (QDs), thus enabling a multimodal imaging as shown previously in 

Fig. 7. We have shown that the slight modification of classical dyes enable the increase of 

their concentration in oil without an excessive loss of quantum yield, resulting in ultrabright 

nano-droplets with no dye leakage [48]. This can be performed using classical dyes 

derivatives, like Nile Red. Actually, we disclosed that in living animal model (zebrafish), 

classical Nile Red dye encapsulated in nano-emulsions shows a strong release towards the 

surrounding tissues, whereas modified lipophilic Nile Red does not leak and allows accurate 

imaging of the blood. In 2010, Goutayer et al. [49] were able to formulate a new lipid 

nanoparticles (LNP) loading lipophilic fluorescent dye (DiD), then functionalized with the 

cRGD peptide binding to αvß3 integrin, a well-known angiogenesis biomarker, allowing their 

in vivo tracking using fluorescence imaging. In vitro study on HEK293(ß3) cells over-

expressing the αvß3 integrins demonstrates the functionalization, specific targeting, and 

internalization of cRGD-functionalized LNP in comparison with LNP-cRAD or LNP-OH 

used as negative controls. Following their intravenous injection in Nude mice, LNP-cRGD 

can accumulate actively in slow-growing HEK293(ß3) cancer xenografts, leading to tumor 

over skin fluorescence ratio of 1.53 ± 0.07 (n = 3) 24 h after injection. Figure 8 indicates the 

in vivo imaging in the study. 
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Figure 8: (adapted from Ref. [49]) In vivo injection of LNP-cRGD (A), LNP-cRAD (B), or LNP-OH (C) in 

HEK293(b3) xenografted nude mice. 

 

3.3.4. Nano-emulsions as multimodal imaging probes and theragnostics 

 

The main characteristic of nano-emulsions is their cargo structure that allows solubilizing and 

dispersing lipophilic compounds in the droplet’s core, even if the molecules are very 

different. This property allows encapsulating different contrast agents for different imaging 

modalities, but also contrasts agents and drugs, so-called theragnostics agents. 

 

A study has been performed by Jiali Ding et al. [50] to design CT / fluorescence dual-modal 

nano-emulsion platform for investigating atherosclerotic plaques. Hydrophobic QDs were 

embedded in iodinated oil, which subsequently were dispersed in water to form multimodal 

contrast agent. The simultaneous X-ray contrasting properties and fluorescence properties 

were proved. These authors show that the nano-emulsion droplets entered murine 

macrophage cells and human liver cells, conferring them bimodal imaging properties. In vivo 

evaluation on atherosclerotic rabbits showed that bimodal nano-emulsions are detected to 

target specifically macrophages and allows visualizing atherosclerotic plaques. 

 

On the other hand, the co-encapsulation of contrast agent and drug, i.e. theragnostics, has 

seen a real emergence in the last decade since it opens a real chance to monitor the actual 

dosage and amount of drug delivery in real time. This is even more interesting when non-

invasive imaging techniques are more and more efficient, thus offering the possibility to 

follow quantitatively the drug targeting within a living organism. An interesting example 

reports a multimodal theragnostics nano-emulsion, containing MRI and fluorescent contrast 

agent (IONPs and Cy7, respectively), along with a glucocorticoid prednisolone acetate 

valerate (PAV) used for cancer treatment [51]. The droplets were functionalized with αvβ3-

specific RGD peptides, and administrated in subcutaneous tumors-bearing mice (at doses of 
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30 mg of FeO/kg and 10 mg of PAV/kg). The results, reported in Fig. 9 show a significant 

accumulation of the contrast agents in the tumor region, while tumor growth profiles revealed 

a potent inhibitory effect in all of the PAV containing nano-emulsion (compared to the 

control without PAV). 

 

 
 

Figure 9: (adapted from Ref. [51]) (A-D) In vivo MRI imaging of xenografted tumor in mice (transverse 

sections), red circles indicate the tumors; (A) Selected MR images of PAV nano-emulsions and (B) control 

nano-emulsions. (C) MR images of PAV + FeO nano-emulsion and (D) FeO NE injected mice. Red circles 

indicate the tumors. In (A) and (B) tumors appeared bright compared to surrounding muscle tissue, and in (C) 

and (D), tumor areas appeared hypo-intense, indicative of FeO accumulation. Starting at day 6, tumor growth 

profiles showed statistically significant tumor growth inhibition (P < 0.001) in all of the PAV nano-emulsions 

treated groups compared to saline, control nano-emulsions, FeO nano-emulsions, and free PAV injected groups. 

Bottom: In vivo NIRF images of a mouse injected with unlabeled NE (left) and mice (two different sized 

tumors) injected with Cy7 NE (middle and right) at the end of the study. 

 

Another study [52] was reported for fabrication of DTPA-PE-Gd
3+

 complexes nano-

emulsions encapsulating paclitaxel hydrophobic drug and their T1 relaxation times measured. 

Based on NMR and MRI results, it was concluded that this system could act as a contrast 

agent. In vitro cell experiments also confirmed the drug delivery efficacy of the nano-

emulsions, since they penetrated the cell membrane and killed the cancerous cells. O’Hanlon 

et al. [53] have synthesized the NIR-labeled perfluoropolyether nano-emulsions for drug 

delivery and imaging. In brief, PFPE-tyramide was successfully formulated into a non-

steroidal anti-inflammatory drug, celecoxib (0.2 mg/mL)-carrying nano-emulsions with dual 

imaging modalities, 
19

F MR and NIR. The results obtained by DLS, 
19

F NMR, NIR 

fluorescence microscopy, and biological studies indicate that the nano-emulsion formulation 
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may be useful for parenteral administration of celecoxib. 

 

 

4. Conclusion 

 

To summarize, we can say that nano-emulsions are stable nano-cargo with important loading 

capability. These unique features open the doors of mixing the nature of encapsulating 

materials, enable a wide range of applications from biomedical imaging to therapies. In 

addition, any application of nanoparticulate systems is conditioned by the toxicity, 

biodistribution, pharmacokinetics and potentialities to target specific sites, and this chapter 

has been precisely focused on these different points to show the extent in which nano-

emulsions are promising in many fields related to nanomedicines and imaging. 
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Chapter 1.2 : Biodistribution of X‐Ray Iodinated Contrast Agent in 

Nano-Emulsions Is Controlled by the Chemical Nature of the Oily 

Core 

 
In this first part, we developed two new nontoxic and blood pool contrast agents based on nano-

emulsions (NEs) used for preclinical X-ray imaging. Iodinated monoglyceride (Capmul MCM 

C8) and iodinated triglyceride (castor oil) were initially synthesized by grafting triiodobenzoic 

acid to the parent oils followed by their formulations using spontaneous emulsification technique 

in the presence of Cremophore ELP
®

 as PEGylated surfactant. The size and the morphology of he 

generated nanodroplets nano-emulsion were determined by dynamic light scattering (DLS) and 

transmission electron microscope (TEM) giving rise to 131 nm and 200 nm of size for both 

monoglyceride NE and triglyceride NE respectively and showing spherical immense black color 

under TEM. Their in vitro experiments involving toxicity issues and cellular uptakes were 

evaluated, revealing negligible toxicity. In vivo i.v. injection performed on Swiss mice, then were 

scanned by X-ray imaging modality for pre- and post-injection and up to 50 days. The results 

demonstrated high contrasting in blood vessels (t1/2 = 8-9 hours), after that NEs were eliminated 

from the blood and began to accumulate in specific organs. Monoglyceride NE showed higher 

accumulation in liver than in spleen, triglyceride NE, however, was highly accumulated in spleen 

compared to liver. The mice have been scanned after the NEs were totally removed from the body 

that confirmed by after X-ray scanning 50 days. 

This study approved that the discrepancy in the chemical structure of the oily core of the nano-

emulsion impacts their biodistribution and pharmacokinetics. 

 

38



ATTIA ET AL. VOL. 8 ’ NO. 10 ’ 10537–10550 ’ 2014

www.acsnano.org

10537

October 04, 2014

C 2014 American Chemical Society

Biodistribution of X‑Ray Iodinated
Contrast Agent in Nano-Emulsions Is
Controlled by the Chemical Nature of
the Oily Core
Mohamed F. Attia,†,‡ Nicolas Anton,*,†,‡ Manuela Chiper,†,‡ Roman Akasov,†,‡,§ Halina Anton,†,^

Nadia Messaddeq, ) Sylvie Fournel,†,‡ Andrey S. Klymchenko,†,^ Yves Mély,†,^ and Thierry F. Vandamme†,‡
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D
uring the past decade, X-ray micro-

computed tomography (micro-CT)

emerged as a key imaging modality

for biomedical research. Micro-CT provides

high-resolution, noninvasive, structural, and

functional imaging at low cost compared to

magnetic resonance imaging and without

tedious experimental protocols compared

to nuclear imaging.1,2 However, in spite of

the strong progress recently achieved on

microscanners, with a notable reduction of

the voxel size down to 10 μm or acquisition

times lower than 5 min, their use is still

limited by the poor efficiency of the avail-

able contrast agents. Indeed, in the absence

of contrast agents, micro-CT only allows

differentiating bones (electron-dense) from

soft tissues including organs or fluids.3

Therefore, micro-CT is often used in associa-

tion with another imaging modality (like

single-photon emission computed tomo-

graphy, SPECT) in order to help locate the

SPECT signal within the whole animal body,

such as for tumor location. The possibilities

offered by X-ray scanners are largely im-

proved by using electron-dense contrast
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ABSTRACT In this study, we investigated the role of the

chemical nature of the oil droplet core of nano-emulsions used as

contrast agents for X-ray imaging on their pharmacokinetics and

biodistribution. To this end, we formulated PEGylated nano-

emulsions with two iodinated oils (i.e., iodinated monoglyceride

and iodinated castor oil) and compared them with another iodinated

nano-emulsion based on iodinated vitamin E. By using dynamic light

scattering and transmission electron microscopy, the three iodinated

nano-emulsions were found to exhibit comparable morphologies,

size, and surface composition. Furthermore, they were shown to be

endowed with very high iodine concentration, which leads to stronger X-ray attenuation properties as compared to the commercial iodinated nano-

emulsion Fenestra VC. The three nano-emulsions were i.v. administered in mice and monitored by microcomputed tomography (micro-CT). They showed

high contrast enhancement in blood with similar half-life around 6 h but very different accumulation sites. While iodinated monoglycerides exhibited low

accumulation in liver and spleen, high accumulation in spleen was observed for iodinated castor oil and in liver for vitamin E. These data clearly highlighted

the important role of the oil composition of the nano-emulsion core to obtain strong X-ray contrast enhancement in specific targets such as liver, spleen, or

only blood. These differences in biodistribution were partly attributed to differences in the uptake of the nanodroplets by the macrophages in vitro. Another

key feature of these nano-emulsions is their long half-elimination time (several weeks), which offers sufficient retention for micro-CT imaging. This work

paves the way for the design of nanoparticulate contrast agents for X-ray imaging of selected organs.

KEYWORDS: X-ray imaging . micro-CT . contrast agent . nano-emulsion . targeting
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agents, which allow direct visualization of the biologi-

cal compartments in which they accumulate,3,4 provid-

ing thus structural and potentially functional, non-

invasive imaging with high resolution. As discussed

in previous reports.1,2,5 there are fundamental differ-

ences between contrast agents designed for clinical

X-ray scanners and those formulated for micro-CT.

Clinical contrast agents were designed as small hydro-

philic iodinated molecules, which are excreted by the

kidney only a few minutes after i.v. administration.

Since clinical agents were developed before modern

and fast scanners were available, considerable invest-

ments were made by industry to adapt the scanners to

the contrast agents and make them fast. However,

these contrast agents are less appropriate for micro-CT

since their renal clearance kinetics is comparable to the

image acquisition times of this modality. Therefore,

high doses or multiple administrations are needed to

improve the contrast, which results in significant side

effects, like nephropathy, acute kidney injury, or renal

failure. With the objective of using micro-CT for ima-

ging soft tissues and organs with pathologies like

tumors, new contrast agents were developed in the

past decade. To slow down or avoid their renal elim-

ination, the ideawas to increase the size of the contrast

agents above the 50!100 nm diameter of the glomer-

ulus pores.2,5!11 To this end, several nanoparticle sys-

temsweredeveloped in the formof iodinated liposomes,

polymeric micelles, dendrimers, inorganic nanoparticles

(based on gold, bismuth, silver, tungsten),4,12 and iodin-

ated nano-emulsions.2,5 The main constraint, directly

linked to the contrast enhancement, is the concentration

of heavy atoms, which has to be as high as possible.

Moreover, the toxicity of the nanoparticles should be as

low as possible, which depends on the chemical nature

of the nanoparticle components (lipid, polymer, inorgan-

ic compounds) and the loading dose required for obtain-

ing a good contrast. Finally, the last important aspect of

the formulation of nanoparticulate CT contrast agent

concerns their surface properties that can strongly influ-

ence their pharmacokinetics and/or biodistribution after

injection. As a rule, decorating the nanoparticle surface

with polyethylene glycol (PEG) increases their circu-

lation time in the bloodstream.13!15 Actually, long circu-

lating systems (also called “blood pool contrast agents”)

not only allow performing angiography with micro-CT

but also are used for the formulation of targeted systems,

based on the fact that the longer the vascular circulation,

the longer the time in contact with the potential targets

in the whole body.2 In general, innovation in CT contrast

agents is based on already well-known scaffolds8,16,17

such as gold and iodinated liposomes, through im-

proved formulation, chemical nature, and surface

functionalization.

An overview of the recent literature on micro-CT

nanoparticulate contrast agents shows that the major

difficulty encountered in designing these contrast

agents comes from the need to concentrate the con-

trasting atoms within the nanoparticles,2,4 so that

nontoxic doses of nanoparticles could be injected.

Only few families of nanoparticles allow formulating

contrast agents at high concentrations in heavy atoms,

representative examples being inorganic particles

based on elements like gold,18!22 bismuth,23 or

tantalum24 and iodinated lipid-based nanoparticles

like liposomes and nano-emulsions. In our previous

studies,5,25 we have shown that iodinated nano-emul-

sions appear as one of the best compromises to

provide very high contrast without toxicity. Compared

to inorganic nanoparticles,4 lipid nano-emulsions are

easier to synthesize and formulate, enable complete

clearance from the body, and offer the possibility to

use the oily core of the nanodroplets as a reservoir for

drugs. In addition, micro-CT allows monitoring with

time the biodistribution of the contrast agent in the

living animal. This is fundamental to understand the

influence of the physicochemical properties of the

formulations on their in vivo biodistribution and phar-

macokinetics, in order to optimize the processes and

adapt the contrast agents to the imaging targets.

Moreover, coencapsulating the active principle in the

oily core of the iodinated nano-emulsion droplets,

coupled with the possibility to follow up the in vivo

biodistribution, offers new therapeutic potentials like

“online” monitoring and quantification of the actual

dosage of active principles brought on various sites.

The objective of the present studywas to investigate

how the composition of nano-emulsions (i.e., the che-

mical nature of the iodinated lipid core of droplets) can

control the biodistribution of the contrast agent and

thus the contrast enhancement. To this end, two new

iodinated lipids were synthesized, namely, iodinated

monoglycerides and iodinated castor oil (structures are

shown in Figure 1a), and formulated as nano-emul-

sions by the spontaneous emulsification method

(Figure 1b). Formulation processes were optimized,

and both new iodinated nano-emulsions were char-

acterized by dynamic light scattering (DLS), transmis-

sion electronmicrocopy (TEM), and byMTT cell viability

assays in vitro. Then, in vivo contrasting properties,

biodistribution, and pharmacokinetics were evaluated

in mice with micro-CT and followed up over 2 months.

The efficiency of the accumulation in liver, spleen, and

kidneys, as a function of the nature of iodinated oil, was

assessed and compared with that of nano-emulsions

prepared with iodinated vitamin E. While kinetics of

blood clearance appeared similar between the two

types of oils, the accumulations in organs (liver, spleen)

after blood clearance were found to significantly differ.

RESULTS AND DISCUSSION

After synthesis and purification, the iodinated oils

were formulated into nano-emulsions following the

same protocol. Process optimizations were carried out
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by following the impact of the surfactant amount (SOR)

on the droplet sizes (hydrodynamic diameter). This

point is illustrated in Figure 2a1,b1, both comparing

emulsification process before (open symbols) and after

(filled symbols) oil iodination for (a) monoglyceride

and (b) castor oil.

The trend generally observed in such diagrams, and

globally confirmed here, is a decrease in the droplet

size with increasing surfactant amounts. We have

previously shown26 that spontaneous nanoemulsifica-

tion is induced by the sudden solubilization of the

surfactant by the aqueous phase, which breaks up

the oil/surfactant phase into oil droplets dispersed

in water. The process is governed by the surfactant

affinities (i.e., solubility) for the oil and water phases.

Surfactants have to be first soluble in oil to ensure a

perfect homogeneity (helped by temperature since

non-ionic PEGylated surfactants are thermosensi-

tive) and then even more soluble in water to ensure

fast water penetration and droplet breaking up. In

Figure 2a1,b1, emulsification appears less efficient

for non-iodinated oils, probably due to their higher

hydrophobicity as compared to non-iodinated oils

that decrease the solubility of surfactants and thus

slow down the water breaking-up step. Moreover, the

viscosity appears much higher for iodinated than for

non-iodinated oils, which may further contribute to

slow the water fractionation process and increase the

droplet size. As a result, in the conditions indicated in

gray in Figure 2a1,b1, emulsification of iodinated oils is

impeded and nano-emulsions do not form. In contrast,

iodinated nanoformulations with droplets of small size

and narrow PDI were obtained for high SOR values.

However, as SOR increases, the iodine content of the

droplets decreases as a result of their decreased size.

As a consequence, formulations selected for contrast

agent applications should be a compromise to ensure

that droplet size and PDI are compatible with i.v.

administration and sufficient iodine content for get-

ting optimal contrast in imaging. The selected formula-

tions are indicated by arrows in Figure 2a1,b1; they

correspond to SOR values of 60 and 65%, respectively,

for iodinated monoglyceride and iodinated castor oil.

The size distributions of the two formulations are

reported in Figure 2a2,b2, while their TEM images are

given in Figure 2a3,b3. For iodinatedmonoglycerides, a

narrow log-normal size distribution of the nanoparti-

cles, centered at 130 nm, is observed. This narrow size

distribution is confirmed by TEM, showing homoge-

neous droplets. For iodinated castor oil, the log-normal

size distribution is also narrow, being centered at

200 nm and largely overlapping the size distribution

of the former nanoparticles. Thus, both formulations

provide particles of similar size. The TEM pictures

of iodinated castor oil nanodroplets confirmed the

homogeneity of the spherical dispersion of droplets

(Figure 2b3). However, at the highest magnification, in

contrast with Figure 2a3, a core/shell segregation indi-

cated by arrows was observed. This separation be-

tween the oily dense core and the non-ionic surfactant

at the interface likely arises from a loss of miscibility

between these compounds after the temperature drop

during emulsification. This difference in physicochem-

ical properties could also explain the somewhat differ-

ent dependence of their diameter as a function of the

SOR (Figure 2a1,b1). However, it is interesting to note

that, in spite of the dramatic changes in the oil pro-

perties due to iodination, the spontaneous emulsi-

fication process still leads to droplets with good

monodispersity.

The strong interest of lipid nano-emulsions comes

from their potential to provide nontoxic aqueous dis-

persions with very high concentrations in iodine. In-

deed, the selected nano-emulsions present outstand-

ing amounts in weight of iodine versus oils of 64.5 and

40.2% for iodinated monoglyceride and castor oil,

respectively. When it is assumed that the amount of

surfactant at the nanodroplet interface is negligible

compared to the amount of oil in the nanodroplet,

similar percentages could be deduced for the iodine

content of the nanodroplets. Moreover, an iodine con-

tent of 10.3 and 5.6% could be calculated for the whole

nano-emulsions (respectively, for monoglyceride and

castor oil).

The actual amount of iodine in the formulations

was further assessed in vitro through their contrasting

properties in the micro-CT scanner, by comparison to a

Figure 1. (a) Chemical structures of iodinated monoglycer-
ide and castor oil. (b) Schematic representation of an
iodinated nano-emulsion droplet.
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calibration curve made with iobitridol (XenetiX 300).

The results are reported in Figure 3, together with the

commercial iodinated nano-emulsion Fenestra VC, and

another formulation based on tri-iodinated vitamin

E (R-tocopheryl 2,3,5-triiodobenzoate) from our pre-

vious work.5

As expected, the X-ray attenuation was found to

linearly growwith iodine concentration. Quantification

from the iobitridol standard gives iodine concentra-

tions of the selected formulations (arrows in Figure 2)

of 93.1 mg/mL of iodine for iodinated monoglyceride

nano-emulsions and of 76.0 mg/mL of iodine for iodin-

ated castor oil nano-emulsions, in full line with the

concentration expected theoretically as calculated

from the chemical structure. This high theoretical

concentration is thought to play a major role in the

signal/noise ratio and the imaging resolution in X-ray

scanners. This point has been illustrated recently by

the imaging of tumor microvascularization,8 which is

especially challenging. Indeed, the blood pool is the

Figure 2. DLS and TEM characterization of nano-emulsions of (a) hexa-iodinated monoglyceride and (b) hexa-iodinated
castor oil. (a1,b1) Present the impact of the surfactant concentration (SOR = surfactant/(surfactantþ oil) weight ratio) on the
hydrodynamic size and polydispersity index (PDI, labeled for each point in the graph) measured by DLS. The gray areas show
the regions in which nano-emulsions do not form (either size or PDI are too high). The arrows indicate the optimized
formulations selected for the in vivo studies: SOR= 60% for iodinatedmonoglycerides, and SOR= 65% for iodinated castor oil.
(a2,b2) Size distributions of the optimized formulations (corresponding to the arrows in (a1) and (b1)). (a3,b3) TEMmicrographs
of nano-emulsions with optimized formulations (corresponding to the arrows in (a1) and (b1)).
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biological compartment with the largest volume, so

that dilution of the contrasting atoms will be high,

leading to a strong decrease of the signal/noise ratio.

An additional difficulty is related to the small size of the

capillaries ormicrovessels,which requires high-resolution

imaging. To obtain the required signal-to-noise ratio

and resolution, the X-ray attenuation signal was in-

creased by increasing the contrasting properties of the

contrast agent, using a liposomal suspension highly

concentrated in iodine (around 110 mg/mL of iodine).

Then, in vitro toxicity of iodinated nano-emulsion

suspensions was assessed by MTT assays after incuba-

tion of the nano-emulsions for 24 h with cells at

different concentrations (Figure 4). The toxicity was

globally similar for iodinated monoglycerides and

iodinated castor oil, with LD50 values of 0.4 mg/mL of

iodine for human cervix epithelial HeLa and mouse

hepatocyte BNL-CL2 cells. Toxicity was slightly less for

the mouse macrophage cell line RAW264.7 with a LD50

around 2 mg/mL of iodine. Considering that the iodi-

nated nano-emulsion suspensions are administered

at 7.59 μL/g of mouse for imaging experiments, the

corresponding iodine concentration in the animal

body (obtained from Figure 3) is 0.67 and 0.57 mg/g

of mouse for the iodinated monoglycerides and iodin-

ated castor oil, respectively. Both values are close to

the LD50 values for HeLa and BNL-CL2 cells, but it has to

be kept in mind that the conditions in the MTT assays

are more drastic than those in vivo because, during the

24 h incubation, the cells are in prolonged contact with

the droplets as well as with free surfactants. In contrast,

these surfactants are generally rapidly cleared from

blood in vivo.25

Once administered in mice by i.v., the nano-

emulsions were immediately spread in the whole

animal vasculature. No clinical sign of disorder or

toxicity was observed in any mice, during and after

injection and through all the experiment duration.

The weight of mice was measured and followed all

along the micro-CT acquisitions period, that is, 50 days

(see Supporting Information), showing fully normal

evolution. In vivo contrast enhancement induced by

these contrast agents is illustrated at different repre-

sentative acquisition times in Figure 5. Immediately

after injection (5 min), a strong contrast enhancement

arises in the whole vasculature system, showing a

clear delineation of the blood pool. In this early stage

after administration, the distribution and contrast en-

hancements induced by both iodinated formulations

appear very similar, as expected from the identical

surface composition of both nano-emulsions and their

similar iodine concentrations. However, the in vivo

behaviors of the two nano-emulsions differ when

blood clearance mechanisms and elimination begin.

This is illustrated at 24 h postinjection, where both

nano-emulsions are totally eliminated from the blood

pool but accumulate in different organs. The most

pronounced difference between the two formulations

is observable in the spleen, which shows a strong

contrast with liver for the iodinated castor oil but not

for the iodinatedmonoglycerides. Finally, 50 days after

injection, the contrast between spleen and liver was

dramatically reduced, indicating that iodinated oils are

gradually eliminated from the body.

Three-dimensional volume rendering of the blood

vessels provided by iodinated monoglyceride nano-

emulsions, 5 min after injection, is presented in

Figure 6a. The blood compartment in the heart as well

as vessels, aortic arch (aar) and thoracic aorta (ta), is

clearly visible. Liver irrigation is nicely visible, as well.

Figure 3. In vitro evaluation of the X-ray attenuation prop-
erties of hexa-iodinatedmonoglyceride and hexa-iodinated
castor oil nano-emulsions using a calibration curve made
with iobitridol (filled circles). The values of radiopacity of
two other iodinated nano-emulsions, namely, iodinated
R-tocopherol and Fenestra VC (reproducedwith permission
from ref 5; copyright 2013 Elsevier), are also reported for
comparison.

Figure 4. Cytotoxicity MTT experiments. Cells were incu-
bated for 24 h with various concentrations of iodinated
nano-emulsions. The nano-emulsion concentrations were
expressed in iodine concentrations per mL. Open symbols
correspond to iodinated monoglyceride nano-emulsions,
and filled symbols correspond to iodinated castor oil nano-
emulsions. Blue: HeLa cells. Green: BNL-CL2 hepatocytes.
Red: RAW264.7 murine macrophages.
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Three-dimensional volume rendering of liver and

spleen induced by iodinated castor oil nano-emulsions

24 h after injection is given in Figure 6b. The strong

contrast enhancement in spleen results in a very clear

image that provides distinct details of the organ

surface. In contrast, the liver appears less clearly,

suggesting that the contrast agent is not homoge-

neously distributed and less concentrated than in the

spleen. However, since the liver “compartment” di-

lutes more the contrast agent than the spleen, due to

its much larger volume, it results in a difference in

contrast enhancement that may not reflect the real

amounts of contrast agent accumulated in the organs.

This point was explored below with the quantification

of the contrast agent in the different organs, by

expressing the percent of injected dose as a function

of the acquisition time. This approach shows that,

though the contrast is higher in spleen than in liver,

the total amount of contrast agent is higher in the

liver. Since 3D image reconstructions were easily

obtained due to the pronounced contrast induced

by these iodinated systems, the latter appear thus as

potent contrast agents for global structural imaging

in micro-CT.

Quantification of contrast enhancement was fol-

lowed up in blood (ROI in heart), liver, spleen, and

kidneys over the 50 days of acquisition. Contrast en-

hancement is expressed as ΔHU(t), which is equal to

the value of X-ray attenuation (normalized in Houns-

field units, HU) at acquisition time t subtracted by

the one of the same region, before contrast agent

administration. Pharmacokinetics and biodistribution

in each organ of the two iodinated nano-emulsions

are reported in Figure 7, in comparison with a previ-

ously described nano-emulsion of iodinated vitamin E

(R-tocopherol).5 Interestingly, these three formulations

are identical in their surfactant and bulk composition

and only differ by the nature of their oily core.

The contrast enhancement and kinetics in the blood

pool appeared very similar for the three formulations.

This can be easily understood considering that blood

clearance is mediated bymechanisms involving recog-

nition of particles through their surface properties.

Since all iodinated nano-emulsions tested have the

Figure 5. In vivomicro-CT imaging (maximum projection intensity) of iodinatedmonoglycerides (left column) and iodinated
castor oil (right column) nano-emulsions, at different representative times after i.v. injection. Each picture shows sagittal and
coronal sections of the mice, as well as transverse slices through the heart, lung, and vertebra and transverse slices through
the liver and spleen. Heart is indicated by red arrowheads, liver by orange arrows, and spleen by blue arrows.
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same surface composition, this readily explains their

very close blood clearance kinetics, giving half-life

values of 6.1, 6.7, and 9.0 h for iodinated monoglycer-

ide, castor oil, and vitamin E nano-emulsions, respec-

tively. All three contrast agents can thus be used as

blood pool contrast agents and have actually longer

circulation half-lives than the majority of contrast

agents reported in the literature. It is, however, worth

noting that some liposomal iodinated formulations7

can reach iodine concentrations as high as 150 mg/mL

of iodine with half-lives around 24 h. Here, after 24 h,

the value of ΔHU in the blood was observed to go

back to zero. The performances of iodinated nano-

emulsions can be further comparedwith those of other

commercially available contrast agents such as, for

instance, gold-based nanoparticles (AuroVist)27 and

rare earth-based nanoparticles (ExiTron nano 12000)28

on the same animal model. In the present study, we

obtained an initial contrast enhancement ΔHU =

200!240 HU that corresponds to an increase of the

contrast of 300!330%, which is significantly higher

than the 260 and 170% values reported in the litera-

ture27 for AuroVist 15 nm and ExiTron Nano 12000,

respectively. To allow the comparison of the data of

Figure 7 (expressed in ΔHU) with values expressed

in percentage of contrast enhancement (as both can

be found in literature), we reported in Figure S2

(Supporting Information) that the pharmacokinetics

data expressed in percentage of contrast enhancement

with the reference before injection can be fixed at

100%. On the other hand, the half-life around 6 or 9 h

is optimal for CT scans and comparable or better than

that reported for the two commercial contrast agents.

The ΔHU values of our iodinated nano-emulsions in

the liver and the spleen increased progressively with

time, reaching amaximum 24 h postinjection. To verify

whether the potential aggregation of nanodroplets in

blood circulation could explain the differences in these

pharmacokinetics, the size of nano-emulsions incu-

bated in fetal bovine serum (FBS) for different times

and at different dilutions was studied by DLS. The

results reported in Figure S3 (Supporting Information)

show almost invariant size for all experimental con-

ditions, thus confirming the high stability of these

iodinated nano-emulsions in FBS. After this maximum,

the ΔHU values slowly decreased. Finally, the highest

ΔHU values in the kidneys were observed within the

first hour and then progressively decreased with

time. Thus, these data suggest that the nanodroplets

gradually eliminated from the blood circulation accu-

mulate mainly in liver and spleen. After 24 h, once

nano-emulsions are cleared from the bloodstream,

the contrast enhancement also starts decreasing in

liver and spleen, indicating that they are progressively

eliminated from these organs.

In contrast to vitamin E nano-emulsions for which

the elimination is governed by hepatocyte-selective

uptake,5 the accumulation of the iodinated monogly-

ceride and castor oil nano-emulsions in the spleen

suggests an elimination by the reticulo-endothelial

system.5 Interestingly, iodinated castor oil nano-

emulsions show an outstanding contrast for the

spleen, with a maximum ΔHU value of 530 ( 50 HU.

The maximum ΔHU values obtained with iodinated

monoglyceride nano-emulsions for the same organ

were somewhat lower, being 220( 30 HU. In compar-

ison, much lower contrast was seen in the liver with

these two formulations since their maximum ΔHU

values were 130 ( 15 and 76 ( 6 HU, respectively.

To get further information on their pharmacoki-

netics, the elimination and accumulation kinetics of

all three iodinated formulations were fitted with clas-

sical monocompartmental exponential eqs 1 and 2,

Figure 6. In vivo micro-CT 3D volume rendering, (a) 5 min
after injection of iodinated monoglycerides and (b) 24 h
after injection of iodinated castor oil. Annotations: (aar)
aortic arch, (rv) right ventricle, (lv) left ventricle, (li) location
of liver, (vc) vena cava, (hpv) hepatic portal vein, (ta)
thoracic aorta. Two movies corresponding to these volume
rendering (a) and (b) are available as Supporting Informa-
tion (movie1.mov and movie2.mov).
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respectively:

ΔHU(t) ¼ ΔHU0 $ exp( !k1t) (1)

ΔHU(t) ¼ ΔHU0 þΔHU¥ $ (1 ! exp( !k2t)) (2)

where ΔHU0 is the initial value of the contrast en-

hancement in blood (after injection), ΔHU¥ is the

contrast enhancement at the end of the accumulation

process (i.e., increment above theΔHU0 value), k1 is the

blood elimination rate constant, and k2 is the accumu-

lation rate constant. Afterward, once blood clearance

is over at 24 h, the clearance from liver and spleen

becomes visible, following a monoexponential de-

crease given by eq 3:

ΔHU(t) ¼ ΔHU0 $ exp( !k3(t ! 24)) (3)

where k3 is the liver or spleen elimination rate. The

values of the different parameters (Table 1) were

obtained from the fits shown in Figure 7 for the

elimination of the iodinated compounds from blood

(k1 and t1/2), their accumulation in liver and spleen (k2),

and their elimination from liver and spleen (k3 and t1/2).

For the blood clearance, the values of the elimination

rate k1 are comparable for the three formulations,

Figure 7. Dependence of the X-ray attenuation with time after i.v. administration of iodinated nano-emulsions. Iodinated
monoglycerides and iodinated castor oil nano-emulsions are compared to each other in heart, liver, spleen, and kidneys and
also compared with iodinated vitamin E (R-tocopherol) nano-emulsions from literature (data for iodinated vitamin E
reproduced with permission from ref 5; copyright 2013 Elsevier); n = 3 for each nano-emulsion. Curves were fitted with
eq 1 for the heart and eqs 2 and 3 for the liver and spleen (eq 2 for accumulation and eq 3 for elimination). To illustrate the
differences in contrast at 24 h postinjection, transverse slices through the liver and spleen are presented. Liver is indicated by
orange arrows and spleen by blue arrows.
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being only slightly higher for the iodinated castor oil

and monoglycerides (0.113 and 0.103 h!1) than for

vitamin E (0.077 h!1). This difference is probably due to

themajor role of the spleen in the clearance process for

the iodinated castor oils and monoglycerides nano-

emulsions. Indeed, the values of the accumulation rate

k2 (0.345 and 0.164 h!1, for the iodinated castor oil and

monoglyceride, respectively) in the spleen are at least

3-fold higher than the corresponding rate in the liver

for vitamin E (0.054 h!1) for which the role of spleen is

negligible. It is also interesting to note that the kinetics

of accumulation in liver and spleen are comparable for

iodinated castor oil (k2
liver = 0.224 h!1 and k2

spleen =

0.345 h!1) but not for monoglycerides (k2
liver =

0.037 h!1 and k2
spleen = 0.164 h!1).

Once the blood is cleared from the contrast agent,

the metabolism and elimination of iodinated oils from

the liver or spleen remain the only observable kinetics.

These elimination kinetics are much slower than the

accumulation kinetics (k3 , k2, Table 1). Globally, the

iodinated castor oil and monoglycerides present simi-

lar elimination kinetics, with half-lifetimes of about

1 week in the liver and 3 weeks in the spleen. It follows

that these contrast agents are largely removed from

the bodywithin 50 days. Finally, contrast enhancement

in kidneys begins in the range of 50 to 90 HU and

decreases along with the blood clearance. This signal

likely corresponds to the renal filtration of a part of

the nanodroplets, that is, the smaller population of the

log-normal distribution, but can also be induced by

elimination ofmetabolites after their passage in liver or

spleen.

The raw contrast enhancement given by the value of

ΔHU is fundamental for imaging applications but does

not give a direct idea of the biodistribution of the

contrast agent in organs or biological compartments

since their volumes are different. To determine the real

biodistribution of the contrast agents, we expressed

the percentages of injected dose for each compart-

ment or organ of interest: blood pool, liver, and spleen.

Taking into account that the liver of a Swiss mouse

represents 4.37 ( 0.19% of its body weight and the

spleen represents 0.48 ( 0.13%,29 we recalculated

the amount of contrast agent (as % of injected dose)

in the different organs at different acquisition times

(Figure 8). Using this representation, monoglycerides

TABLE 1. Pharmacokinetics Parameters for the Iodinated Nano-Emulsions
a

iodinated castor oil iodinated monoglyceride iodinated vitamin E

blood liver spleen blood liver spleen blood liver spleen

ΔHU0 (HU) 202 62 72 228 54 116 245 88 58

k1 (h
!1) 0.113 0.103 0.077

t1/2 (h) 6.1 6.7 9.0

k2 (h
!1) 0.224 0.345 0.037 0.164 0.054

ΔHUmax (HU) 132 534 76 216 349 111

k3 (h
!1) 0.0039 0.0014 0.0051 0.0012 0.00054

t1/2 (days) 7.4 21.1 5.6 24.9 53

a
ΔHUmax = ΔHU0 þ ΔHU¥.

Figure 8. Accumulation andeliminationof iodinatedmono-
glycerides (a), castor oil (b), and vitamin E (c) in different
organs. The contrast agents were expressed as the percen-
tage of injected dose, using the images from Figure 7 and
placing the ROIs in the blood pool (red), liver (orange), and
spleen (blue). The summed percentages (black) are also
shown.
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(Figure 8a) show a moderate accumulation in liver

(around 17% at the maximum, 24 h) and negligible

accumulation in spleen (∼5% at 24 h). In contrast,

castor oil (Figure 8b) accumulates much stronger in

the liver (40% at 24 h) but less in the spleen (20% at

24 h). Its global elimination kinetics is close to that of

monoglycerides, with a gradual clearance after 24 h

(compare black curves in Figure 8a,b). In the case of

vitamin E (Figure 8c), the accumulation is much higher

in the liver (reaching 80% of the injected dose at 48 h)

with nearly nothing in the spleen. Its elimination

kinetics is also quite different, showing a longer reten-

tion time in the liver. Thus, a different mechanism may

be involved in the accumulation and elimination of

vitamin E as compared to monoglycerides and castor

oil. Noticeably, the initial presence of the contrast

agent in liver comes from the blood irrigating the liver

that contains contrast agents, explaining the apparent

sum values (overall blood þ liver) higher than 100%.

The main results from these data are (i) the similar

kinetics of the blood clearance that is likely due to the

similar surface composition of the nano-emulsion dro-

plets, inducing a similar behavior from the blood clear-

ance system; and (ii) the clear differences in their

elimination pathway. Spleen accumulation could be

linked to recognition by immune cells. In Figure 9,

which focuses on the spleen at the maximum contrast

enhancement (24 h after injection of iodinated castor

oil nano-emulsion), one can observe a heterogeneity in

the distribution of the contrast agentwithin the spleen.

The less contrasted domains correspond to the

white pulp, consisting of lymphoid tissues mainly

composed of leucocytes from different lineages, such

as lymphocytes. In contrast, the more contrasted part

corresponds to the red pulp in which the blood is

filtered andwhich is composed of venous cavities filled

with red blood cells, lymphocytes, andmacrophages.30

Therefore, the accumulation of the contrast agent in

the spleen is likely linked to the differential recognition

of the oil droplets or leaked oil by immune cells as a

function of their chemical structure. The slight shift in

the size distribution between both formulations (see

Figure 2) could also have been invoked to explain the

differences in the accumulation behaviors since the

smaller particles may be more excreted by kidneys

while the larger ones may be trapped by the spleen.

However, the difference in the values of the contrast is

so high (ΔHUmax values are 220( 30 and 530( 30 HU)

that it can only be explained by alternative reasons,

such as differences in the affinities of the droplets or

their content for the spleen tissues or enhanced re-

cognition by immune cells, especially macrophages.

Interestingly, vitamin E nano-emulsions are not accu-

mulated in spleen but in liver through specific hepa-

tocyte uptake. Themarginal accumulation of iodinated

vitamin E nanodroplets in the spleen may result from

their low ability in comparison to iodinated monogly-

cerides and castor oil to be taken up by macrophages.

To confirm this hypothesis, iodinated nano-emulsion

droplets were loaded with a lipophilic dye (NR668) and

incubated with mouse macrophages to follow their

uptake. NR668 is a Nile Red derivative bearing aliphatic

chains, ensuring the dye remains encapsulated within

the nano-emulsion lipid droplets, even in the presence

of a serum-containing medium or when injected in a

zebrafish model.31 Nanodroplets with different iodi-

nated oils, formulated together with 1 wt % of NR668,

showed fluorescence maxima centered in the range

of 590!605 nm, indicating that the dye was success-

fully encapsulated inside the apolar core.31 Iodinated

monoglyceride and castor oil nano-emulsion droplets

were observed to be gradually taken up by the macro-

phages (Figure 10). After 30 min incubation, macro-

phages only engulfed a few droplets near the plasma

membrane. Their number significantly increased after

2 h incubation, gradually highlighting the whole cell

periphery (see image with only red channel of NR668).

Finally, after 1 day of incubation, the whole cytoplasm

is filled with nano-emulsion droplets. In sharp contrast,

the fluorescence of NR668 was not detectable in mac-

rophages incubated with iodinated vitamin E nano-

emulsions, validating our hypothesis that this poor

uptake may be responsible for the low accumulation

of iodinated vitamin E droplets in the spleen. To check

whether this difference in the nanodroplet uptake

between monoglyceride, castor oil, and vitamin E is

specific to the macrophage cell type, we compared by

fluorescent microscopy the uptake of NR668-loaded

nano-emulsion droplets (made with the three different

iodinated oils) by murine hepatocytes BNL-CL2 and

macrophages RAW264.7, after 30min and 24 h incuba-

tion (Figure S4, Supporting Information). In hepato-

cytes, no internalization of nano-emulsion droplets

Figure 9. Micro-CT imaging andmaximum intensity projec-
tions. Magnified representations of the spleen, 24 h after
injection of iodinated castor oil: sagittal (top left), coronal
(top right), and transverse (bottom) section.
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was observed with all three iodinated oils, confirming

that the uptake by macrophages of nano-emulsions

made from castor oil andmonoglycerides (Figure 10) is

selective.

These data clearly show that the oil nature has a

strong impact on macrophage uptake, even formu-

lated as nanodropletswith similar surface composition.

They allow understanding of the selective accumula-

tion in the spleen of iodinated monoglycerides and

castor oil. To confirm our microscopy observations,

a quantification of the internalized NR668 was per-

formed by fluorometry of the cellular lysate in DMSO

(Figure 11).

These data confirmed the uptake of nanodroplets

containing monoglycerides and castor oil. The mea-

sured values appear similar for the two oils, with some

difference arising only after 24 h, a condition that is

relatively far from the conditions used in vivo. Impor-

tantly, even at such long incubation time, the vitamin

E nanodroplets do not penetrate into cell cytoplasm.

This confirms that vitamin E droplets and/or the vita-

min E oil are not recognized by macrophages, and that

the blood clearance in this case occurs through the

gradual accumulation of the droplets in hepatocytes.

This difference in the clearance mechanism can

also explain the longer half-life (9.0 h) of vitamin E

nano-emulsions compared to castor oil (6.1 h) and

monoglycerides (6.7 h). The results of macrophage

uptake explains the difference in accumulation in liver

and spleen between vitamin E and the two other oils

Figure 10. Monitoring of the uptake of NR668-loaded iodinated nano-emulsions by murine macrophages (RAW264.7 cells).
Nuclei were stainedwith Hoechst (cyan) and cells with calcein AM (green). NR668 (a lipophilicmodifiedNile Red) loaded in the
oil core of the nano-emulsion droplets allows following the location of the droplets once engulfed by the cells. Iodinated
monoglycerides, iodinated castor oil, and iodinated vitamin Ewere formulated as nano-emulsions and incubated for different
times: 30min, 2 h, and 24 h. Top left insets show the cell and nuclei. Bottom left insets show the signal of NR668, and the larger
right picture shows both merged.

Figure 11. Quantification of nano-emulsion uptake bymac-
rophages as a function of incubation time and oil nature.
After incubation with NR668-loaded nanodroplets, the
macrophages were washed, lysed with DMSO, and mea-
sured by fluorometry. Uptake was expressed as the percen-
tage of fluorescence associatedwith cells versus the amount
of fluorescence present in the feed solution.
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but does not permit one to conclude on the difference

of accumulation between iodinated monoglycerides

and iodinated castor oil, likely due to additional fac-

tors arising in vivo, as compared to in vitro cell

experiments.

CONCLUSION

This study shows that iodinated nano-emulsions

with comparable morphologies, sizes, surface compo-

sition, and only differing in the chemical nature of the

iodin-

ated oil droplet core display significantly different

pharmacokinetics and biodistributions. Herein we pro-

pose two novel formulations based on hexa-iodinated

monoglyceride and hexa-iodinated castor oil, formu-

lated by spontaneous emulsification and stabilized

by PEGylated non-ionic surfactant. Besides the very

high contrasting properties of these X-ray contrast

agents, we show that, after i.v. administration, both

nano-emulsions present similar blood elimination

kinetics with t1/2 around 6 h, followed then by different

in vivo behavior, with the iodinated castor oil showing a

much stronger accumulation in the spleen. Comparison

with another iodinated nano-emulsion based on iodi-

nated vitamin E that accumulates only in liver further

demonstrates that these nanoparticulate systems can

provide strong X-ray contrast enhancement in specific

targets such as liver, spleen, or only blood as a function of

the oil used in the nano-emulsion formulation. Our data

further revealed that thenatureof the iodinatedoil affects

the uptake of nanodroplets by the macrophages, thus

explaining in part the observed differences in biodistribu-

tion. The half-elimination time of these contrast agents

is on the scale of weeks, offering sufficient retention

for micro-CT imaging applications. Their potential use

for clinical imaging could be envisioned, as well.

EXPERIMENTAL SECTION

2,3,5-Triiodobenzoic acid, castor oil, N,N0-dicyclohexylcarbo-
diimide, 4-dimethylaminopyridine, deuterated chloroform
(CDCl3), ethyl acetate, cyclohexane, dichloromethane, sodium
bicarbonate, sodium sulfate anhydrous, sodium chloride
Hoechst 33258, calcein AM, dimethyl sulfoxide (DMSO), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solutions were purchased from Sigma-Aldrich (St.
Louis, MO). Glyceryl monocaprylate (Capmul MCM C8) was
kindly gifted by Abitec (Columbus, OH). Non-ionic surfactant
(Kolliphor ELP) from BASF (Ludwigshafen, Germany) was kindly
donated by Laserson, Etampes, France. Kolliphor ELP (formerly
named “Cremophor ELP”) is a parenteral-grade non-ionic sur-
factant made by reacting ethylene oxide to castor seed oil at a
molar ratio of 35.32 Phosphate buffered saline, Dulbecco's
modified Eagle medium (DMEM), and fetal bovine serum were
from PAN Biotech (Aidenbach, Germany).

General Synthesis of Hexa-iodinated Monoglyceride and Hexa-iodi-

nated Castor Oil. 2,3,5-Triiodobenzoic acid (TIBA) (10 g, 0.02 mol),
4-dimethylaminopyridine (0.75 g, 0.007 mol), and N,N0-dicyclo-
hexylcarbodiimide (4.5 g, 0.022mol) were sequentially added to
a solution containing either glyceryl monocaprylate (1.84 g,
0.0085 mol) or castor oil (7.92 g, 0.0085 mol), in dichloro-
methane at room temperature. The reactionmixture was stirred
overnight at room temperature. Then, dicyclohexylurea and
other precipitates were removed by filtration. The organic
phase was washed twice with saturated aqueous NaHCO3 and
once with saturated NaCl solution and then dried over anhy-
drous Na2SO4. The solvent was removed by rotary evaporator,
and the resulting oil was purified by gradient elution silica gel
column chromatography using cyclohexane and ethyl acetate
as eluents. Both purified products were obtained as dense and
yellowish viscous oils. The reaction yields were 58% for hexa-
iodinatedmonoglyceride and 47% for hexa-iodinated castor oil.
The chemical structure of these two iodinated oils is presented
in Figure 1a. Hexa-iodinated monoglyceride and hexa-
iodinated castor oil have theoretical iodine content of 64.5
and 40.2 wt %, respectively. It should be noted that the
difference in molecular weights between these two molecules
can also play a role in their X-ray attenuation properties, which
are the highest for the heaviest one (i.e., iodinated castor oil).

Characterization of Hexa-iodinated Monoglyceride and Hexa-iodinated

Castor Oil. 1HNMR spectra were recorded with a Bruker Top Spin
3.0 operating at 400 MHz using deuterated chloroform (CDCl3)
as a solvent. Chemical shifts (δ) were expressed in parts per
million, taking tetramethylsilane as internal reference. Hexa-
iodinated monoglycerides: 1H NMR (CDCl3, δ/ppm) 8.2 (s, 2H,

ortho), 7.7 (s, 2H, para), 4.6 (d, 2H, phCOO!CH2!CH), 4.4 (m, 1H,
CH2!CH!CH2), 4.3 (d, 2H, OCH2!CH), 2.3 (t, 2H, CO!CH2!CH2),
1.5 (m, 2H, COCH2!CH2!CH2), 1.3 (m, 8H, CH2!CH2)4!CH3), 0.8
(t, 3H, CH3).Hexa-iodinated castor oil:

1HNMR (CDCl3, δ/ppm) 8.2
(s, 2H, ortho), 7.6 (s, 2H, para), 5.5 (dd, 6H, (CHdCH)3), 5 (m, 1H,
OCH2!CH!CH2), 4.2 (d, 4H, (COO!CH2!CH)2), 3.5(m, 3H,
CH2!CH!OCOPh), 2.4 (t, 6H, (OCO!CH2!CH2)3), 2.2 (t, 6H,
(CH!CH2!CHdCH)3), 2.1 (m, 6H, (CH2!CH2!CHdCH)3), 2
(s, 1H, OH), 1.5 (m, 6H, (COCH2!CH2!CH2)3), 1.3 (q, 6H, (PhCOO!
CH!CH2)3), 1.2 (m, 48H, (CH!(CH2)4!CH3)3, (CHdCHCH2-
(CH2)4!CH2)3), 0.8 (t, 9H, (CH3)3).

Preparation of Iodinated Nano-Emulsions. Nano-emulsions of iodi-
nated monoglyceride and iodinated castor oil were formulated
by the spontaneous nano-emulsification method as previously

reported.26,33!35 Formulation parameters are defined as surfac-

tant/(surfactantþ oil) weight ratio (SOR) and (surfactant þ oil)/

(surfactant þ oil þ water) weight ratio (SOWR).26 (i) Iodinated

monoglyceride nano-emulsions are formulated with SOR = 60%

and SOWR = 40%. Hexa-iodinated monoglyceride (0.32 g) was

first mixed with the non-ionic hydrophilic surfactant (0.48 g),

maintained at 70 !C, and homogenized by help of several vortex

mixing and use of a sonication bath (around 10 min). Next, PBS,

used as an aqueous phase (1.20 g), was added to the surfactant/

oil mixture under gentle magnetic stirring, giving rise within

seconds to spontaneous formation of stable nano-emulsions.

A nano-emulsion droplet is schematically represented in

Figure 1b. (ii) Iodinated castor oil nano-emulsions are formu-

lated at SOR = 65% and SOWR = 40%. The formulation process,

similar to the one described above, uses hexa-iodinated castor

oil (0.28 g), non-ionic surfactant (0.52 g), and PBS (1.2 g). The SOR

values used for both formulationswere selected to obtain nano-

emulsions with optimal nano-emulsion size, monodispersity,

and iodine content, as described in the Results and Discussion

section (Figure 2).

Characterization of Nano-Emulsions. Dynamic Light Scattering.
Size distributions and polydispersity indices (PDI) were mea-
sured by DLSwith a NanoZSMalvern apparatus (Malvern, Orsay,
France). The helium/neon laser, 4 mW, was operated at 633 nm,
with the scatter angle fixed at 173! and the temperature
maintained at 25 !C. DLS data were analyzed using a cumu-
lant-based method.

Transmission Electron Microscopy. The X-ray attenuation
properties of iodine nanodroplets also result in good contrast
in TEM. Therefore, samples were used without any staining
agent and were diluted (1/10) with Milli-Q water. A drop of the
suspension was placed on a carbon grid (carbon type-A, 300
mesh, copper, Ted Pella Inc. Redding, PA) and dried at 40 !C.
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Observations were carried out using a Philips Morgagni 268D
electron microscope.

Cytotoxicity Assays. Cytotoxicity assays were performed
using HeLa human cervix epithelial adenocarcinoma cells,
BNL-CL2 mouse hepatocyte, and RAW264.7 murine leukemia
virus-transformed monocyte cells. HeLa cells were selected
because they are considered to be a standard cell line that
allows direct comparison of experimental data. RAW264.7 cells
were chosen because their properties are very similar to those
of normal macrophages.36 RAW264.7 cells are a well-suited
model for macrophages,37!39 showing notably similar patterns
of uptake and cytotoxicity as primary macrophages.39 Cells
were seeded in 96-well plates at a concentration of 104 cells
per well in 100 μL of medium (DMEM) containing 10% FBS and
1 wt % of commercial solution of penicillin and streptomycin.
Cells were then incubated overnight at 37 !C under a controlled
atmosphere (5% CO2 and 80% H2O). Next, the culture medium
was replaced by the same medium but containing variable
concentrations of iodine encapsulated nano-emulsions (see
details below). After incubation for 24 h, the medium was
removed and the cells were washed with PBS. Then, the wells
were filled with cell culture medium containing MTT, incubated
for 4 h at 37 !C, and the formazan crystals formed were
dissolved by adding 100 μL of DMSO. UV absorbance was
measured at 570 nm with a microplate reader (Varioskan Flash,
Thermo Scientific, USA). Experiments were carried out in tripli-
cate and expressed as a percentage of viable cells compared to
the control group.

In Vitro Mouse Macrophage Uptake. Confocal Microscopy. The
cellular uptake and intracellular localization were determined
in RAW264.7 cells (mouse macrophages) using a Leica TCS SP
confocal scanning system (Leica, Germany). To follow the
nano-emulsion droplets, we used a modified lipophilic Nile
Red (NR668) that was solubilized at 0.1% (wt/wt) in the iodin-
ated oils before formulation of nano-emulsions. NR668 synthe-
sis was previously reported.31 Cells were cultured overnight in
cell culture glass chambers slides at a density of 5$ 104 cells per
well before their exposition to the dye-loaded nano-emulsions
in DMEM at a concentration corresponding to 0.1 mg/mL,
supplemented with 10% of FBS, for 30 min, 2 h, and 24 h at
37 !C in a 5%CO2humidified atmosphere. After incubation, cells
were stained with calcein AM (10 μM, 15 min of incubation in
HBSS) and with Hoechst 33342 (50 μM, 10 min of incubation in
HBSS). After six washes in HBBS to remove all nonpenetrated
nano-emulsion droplets, cells were mounted in the fluorophore
protector CC/mount and observed with a Leica confocal micro-
scope equipped with an argon/neon laser and a 63$ oil
immersion objective. The excitation wavelengths used were
360 nm for Hoechst 33342, 488 nm for calcein, and 543 nm for
NR668, and the fluorescence signals were collected in the
380!460 nm range for Hoechst, 500!530 nm range for calcein,
and 560!650 nm range for Nile Red 668, respectively. The
images were processed with Fiji software.

Quantification of Macrophage Uptake. Cellular uptake was
quantified by fluorescence spectroscopy. Mouse macrophage
RAW264.7 cells were cultured as described in the paragraph
above, except that cells were lysed with DMSO and not
mounted for microscopy analysis. The effectiveness of washing
and lysing was checked with fluorescence microscopy observa-
tions. The concentration of encapsulated NR668 in the cell
lysate was quantified by fluorimetry with an excitation wave-
length of 550 nm and an emission wavelength of 630 nm (with
a microplate reader Varioskan Flash, Thermo Scientific, USA).
Uptake was expressed as the percentage of fluorescence
associated with cells versus the amount of fluorescence in the
feed solution.

Micro-CT Imaging. The experiments were performed in agree-
ment with the Committee of Animal Research and Ethics of the
University of Lyon-1.

In Vitro Experiments. The X-ray attenuation properties of
iodinated nano-emulsions were evaluated at various concen-
trations with a micro-CT scanner (1076 Skyscan, Kartuizersweg,
Belgium). Experimental parameters were as follows: X-ray,
49 keV, 129 μA; resolution, 35 mm; pitch, 0.4!; aluminum filters,
0.5 and 632 ms. Iodine concentration of nano-emulsions was

determined using a calibration curve established with a com-
mercial hydrophilic contrast agent (XenetiX 300, i.e., iobitridol),
correlating iodine concentration and radiopacity.

In Vivo Experiments. In vivo imaging experiments were
performed with a micro-CT scanner (INVEON, Siemens, Munich,
Germany). The experimental X-ray parameters were as follows:
X-ray, 50 keV, 500 μA; resolution, 111.25 μm; pitch, 2!; aluminum
filters, 0.5 and 900 ms. The acquisitions were performed on
Swiss mice, n = 3, for each type of nano-emulsion. Before
acquisition, mice were anesthetized with isoflurane. Then,
iodinated nano-emulsions were intravenously injected (using
a catheter) in the tail vein, with an injection volume correspond-
ing to 10% of the blood volume (i.e., 7.6 μL of nano-emulsions
per gram of mouse). Scans were performed before administra-
tion, immediately after injection, and after 30 min, 1 h, 2 h, 3 h,
4 h, 6 h, 1 day, 2 days, 3 days, 7 days, 14 days, 21 days, 28 days,
and 50 days. The micro-CT raw data were treated with OsiriX
viewer to establish 2D maximum projection slices and 3D vol-
ume rendering images and then to quantify the signal by
placing the region of interests in the heart, liver, spleen, and
kidneys.
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Chapter 1.3 : Biodistribution and Toxicity of X-Ray Iodinated 

Contrast Agent in Nano-emulsions in Function of Their Size 
 

In this present study we focused on another important key parameter which extremely affects 

both the pharmacokinetics and toxicity profiles in general, that is the nanoparticle size. To this 

end, we developed two nano-emulsions based on the same oily core (iodinated cholecalciferol) 

and the only different aspect is the size. First, the vitamin D3 (cholecalciferol) was grafted by 

iodinated compound through esterification reaction yielding triiodocholecalciferol, followed by 

formulation of 55 nm and 100 nm of droplet diameter in terms of oil/surfactant ratio. The 

hydrodynamic diameters were measured by DLS giving narrow distribution size and 

monodispersed particles. In vitro MTT assays were done on hepatocytes (BNL-CL2) and 

macrophages (RAW 264.7) showing negligible toxicity, as well as, the stability of fetal bovine 

serum (FBS) and cellular uptake studies were evaluated. The in vivo i.v. injection was carried out 

on nude mice to explain finally the effect of the size on the biodistribution and the toxicity. 

Actually, this study does not emphasized that the nano-droplet size impacts pharmacokinetics, but 

has rather a strong effect on the toxicity in vitro and in vivo.  
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ABSTRACT

Purpose This study aimed to investigate the impact of the size

of X-ray iodinated contrast agent in nano-emulsions, on their

toxicity and fate in vivo.

Methods A new compound, triiodobenzoate cholecalciferol,

was synthetized, formulated as nano-emulsions, and followed

after i.v. administration inmice byX-ray imaging (micro com-

puted tomography). Physicochemical characterization and

process optimization allowed identifying a good compromise

between X-ray contrasting properties, monodispersity and

stability. This also allowed selecting two formulations with

different sizes, hydrodynamic diameters of 55 and 100 nm,

but exactly the same composition. In vitro experiments were

performed on two cell lines, namely hepatocytes (BNL-CL2)

and macrophages (RAW264.7).

Results Cell viability studies, cell uptake observations by con-

focal microscopy, and uptake quantification by fluorimetry,

disclosed clear differences between two formulations, as well

as between two types of cell lines. After i.v. injection of the two

iodinated nano-emulsions in mice, CT scans provided the

quantification of the pharmacokinetics and biodistributions.

We finally showed that the size in the nano-emulsions has

not a real impact on the pharmacokinet ics and

biodistributions, but has a strong influence on their toxicity,

corroborating the in vitro results.

Conclusions This study shows that the size of the nanocarrier

significantly matters, likely due to highly different interactions

with cells and tissues.

KEY WORDS cholecalciferol . contrast agent . emulsion

size . micro-CT . nano-emulsion

ABBREVIATIONS
CDCl3 Deuterated chloroform

CT Computed tomography

DCC N,N′-dicyclohexylcarbodiimide

DLS Dynamic light scattering

DMAP 4-dimethylaminopyridine

DMEM Dulbecco’s modified Eagle medium

DMSO Dimethyl sulfoxide

EPR Enhanced permeation and retention

FBS Fetal bovine serum

HBSS Hank’s balanced salt solution

microCT Micro computed tomography

MRI Magnetic resonance imaging

MTT 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-

um bromide

NPs Nanoparticles

OR Oil ratio

PBS Phosphate buffered saline

PDI Polydispersity index

PEG Polyethyleneglycol

PET Positron emission tomography

RES Reticuloendothelial system

SOR Surfactant / (surfactant + oil) weight ratio
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SOWR (surfactant + oil) / (surfactant + oil + water)

weight ratio

SPECT Single photon emission computed tomography

TIBA 2,3,5-Triiodobenzoic acid

TMS Tetramethylsilane

INTRODUCTION

Advanced diagnosis is becoming a prime and essential step for

ideal treatment by means of detecting pathogens and showing

the specific locations of unhealthy cells. In this context, non-

invasive and minimally invasive in vivo imaging techniques

constitute a powerful arsenal for clinical diagnostics, and are

currently seeing an unprecedented development. Several im-

aging modalities such as X-ray computed tomography (X-

Ray CT), magnetic resonance imaging (MRI), positron emis-

sion tomography (PET) and single photon emission computed

tomography (SPECT) or combination among two or more

different modalities (multi-modals) are utilized for obtaining

high resolution and potential visibility of internal bodily struc-

tures. They are generally complementary with their specific

balance between advantage and drawbacks. Herein, we are

focusing on X-ray imaging, that can be considered as an in-

teresting compromise between cost, with a good spatial reso-

lution, and without managing radioactive wastes as it is the

case for nuclear imaging. On the other hand, extents X-ray

imaging is very limited without using contrast agents, can only

reveals bones structures and in any case soft tissues and bio-

logical compartment like blood vessels, tissues, organs. Con-

trast agents must be administrated along with the X-ray scan-

ning, in order to improve contrast enhancement. Relevance

and potency of Bideal^ contrast agent are still largely depen-

dent on their in vivo behavior, biodistribution and pharmaco-

kinetics. More precisely, in this work, our interest concerns the

development of contrast agents for preclinical X-ray CT

(microCT), using scanners designed for small laboratory ani-

mals, and in this case the clinical contrast agents are not ap-

plicable since they undergo a fast blood clearance by kidneys

avoiding animal imaging, and a fortiori targeted imaging.

Strictly speaking, renal cut off size is 5.5 nm. However, when

we refer to a suspension of nanoparticles (NPs) the whole

distribution should be higher to this threshold to avoid renal

clearance. This is generally why we can consider that increas-

ing the size of the contrast agent in the form of NPs bigger

than 50 nm (diameter) prevents the early renal clearance. The

ideal NP contrast agent must fulfill a number of stringent

requirements, briefly enumerated in the following: (i) the con-

trast agent should be easily dispersible and highly stable in a

variety of local in vivo environments; (ii) the contrast agent

should exhibit limited nonspecific binding and be resistant to

reticuloendothelial system (RES) uptake (1,2), generally done

with a specific surface coating with polyethyleneglycol (PEG)

(3–5). As a result, the blood circulation time is prolonged,

increasing the chance for the nanoparticles to bind with spe-

cific targets. (iii) Specifically for preclinical microCT imaging,

the contrast agent must be big enough (average diameter>

50 nm) to avoid the fast renal clearance as discussed above (6).

(iv) Depending of the application, a control of the surface

composition can be necessary to promote the particle

targeting to specific sites (7,8); this can be achieved through

passive targeting, e.g., according to enhanced permeation and

retention effect (EPR), or mediated by ligand decoration of

the surface (e.g., antigen, cell, tissue). (v) A very important

point that oriented the nature of the particle is the loading

rate of a radiopaque material. Indeed, X-ray imaging modal-

ity is related to a very high concentration of contrasting ma-

terials administrated along with a nontoxicity (9,10). (vi) The

facile synthesis resulting in high yield of purified compounds

make them promising candidates and thereby translated suc-

cessfully into clinical advances. Ideally, those kinds of mate-

rials will be efficient for long-term quantitative imaging at low

doses and be safely cleared from the body after the imaging is

completed. To gather all these points, iodine-based nano-

emulsions, have recently been developed showing huge stabil-

ity, high biocompatibility and great potential in medical ap-

plications, such as image-guided surgery, advanced diagnosis

(e.g., to recognize tumor regions), personalized medicine or

theragnostics.

We previously reported (11) the formulation of non-toxic

iodinated nano-emulsions based on natural compounds like

vitamin E, triglycerides, monoglycerides. The choice of the

system is driven by the hypothesis that molecules that natural-

ly occur in living organisms would exhibit a better compati-

bility and non-toxicity. In the present study, we propose to

evaluate a new molecule that has never been explored as a

contrast agent, namely cholecalciferol (or vitamin D3) cova-

lently modified with a triiodobenzene functionality. Cholecal-

ciferol is an essential lipid soluble vitamin, one of the impor-

tant ingredients in a human daily diet. It is photosynthesized

in the human body from 7-dehydrocholesterol when exposed

to U.V. wavelengths of light (12,13), and it is metabolized in

the liver and kidney (14–17). Inspired by its biocompatibility,

biodegradability and structural similarity with cholesterol,

which is an important component of cellular membranes,

and due to its poor water-solubility and low bioavailability,

cholecalciferol is often encapsulated within lipid-based deliv-

ery systems for improving its bioaccessibility.

Herein, we focus on iodinated cholecalciferol as a non-

toxic model contrast agent, in order to follow the expected

blood pool imaging and then its passive accumulation in liver.

In previous reports, we showed that the nature of the iodinat-

ed oil constituting the droplet core has a drastic influence on

the biodistribution of the contrast agent (11). In the present

study, we propose to keep constant the formulation composi-

tion and to focus only on the effect of the size of the
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nanoparticulate contrast agent on its in vivo behavior and dis-

tribution. In fact, in literature, many studies showed that phys-

icochemical factors can affect biodistribution and toxicity of

nanoparticles (18–20). It is well approved that the particle size

and surface charge can affect the efficiency and pathway of

cellular uptake for liposomes (21), quantum dots (22), poly-

meric NPs (23,24), gold NPs (25), and silica NPs (26) by

influencing the adhesion of the particles and their interaction

with cells (27). However, this question has never been pointed

out for nano-emulsions, and, in the case of iodinated nano-

emulsions, can potentially serve in controlling the properties

of the contrast agents. Above the smallest sizes that induce the

renal clearance (i.e., below 50 nm), a legitimate question con-

cerns the potential impact of the nanoparticle size regarding

the immune system and organs cell uptake, and thus its

influence on the biodistribution. In this study, we

synthetized a new contrast agent, triiodobenzoate chole-

calciferol that was formulated as PEGylated nano-

emulsions through spontaneous emulsification with two

different and representative sizes (average diameters) of

55 and 100 nm. These formulations were studied in vitro

and their imaging properties, pharmacokinetics and

biodistribution were followed in vivo by micro-CT after

i.v. administration in mice.

EXPERIMENTAL SECTION

Materials

Cholecalciferol (Vitamin D3), 2,3,5-Triiodobenzoic acid

(TIBA), 4-dimethylaminopyridine (DMAP), N,N ′-

dicyclohexylcarbodiimide (DCC), dichloromethane, ethyl ac-

etate, cyclohexane, sodium hydrogen carbonate, sodium sul-

fate anhydrous, sodium chloride, Hoechst 33258, calcein AM,

deuterated chloroform (CDCl3), dimethyl sulfoxide (DMSO)

and 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) solutions were purchased from Sigma Aldrich

(St. Louis, MO), Labrafac® WL1349 (Gattefossé S.A.,

Saint-Priest, France) is a mixture of capric and caprylic acid

triglycerides. Non-ionic surfactant (Kolliphor ELP®) from

BASF (Ludwigshafen, Germany) is a parenteral grade non-

ionic surfactant made by reacting ethylene oxide with castor

seed oil at an ethylene oxide to oil molar ratio of 35 (28). The

product mainly consists of a PEG chain (35 ethylene glycol

units) grafted onto a molecule of castor oil, Phosphate buff-

ered saline (PBS), Dulbecco’s modified Eagle medium

(DMEM), Penicillin/Streptomycin solution (10.000 Units

Penicillin/ml and 10 mg Streptomycin/ml) and fetal bovine

serum (FBS) were obtained from PAN Biotech (Aidenbatch,

Germany), and 0.22 μm syringe filters were purchased from

Fisher (Germany).

Methods

Synthesis and Characterization of Cholecalciferoyl

2,3,5-Triiodobenzoate

The incorporation of iodine into the oily molecule was per-

formed via a simple esterification reaction. Thus 2,3,5-

triiodobenzoic acid (5 g, 0.01 mol), 4-dimethylaminopyridine

(0.183 g, 0.0015 mol) and N,N′-dicyclohexylcarbodiimide

(2.26 g, 0.011 mol) were sequentially added to a solution of

cholecalciferol (3.08 g, 0.008 mol) in dicholoromethane

(250 mL) at room temperature. The reaction mixture was kept

under stirring overnight at room temperature, and then

dicyclohexylurea and other precipitates were removed by filtra-

tion. The organic phase was further washed twice with aqueous

NaHCO3 (5%), once with saturated NaCl solution and dried

over anhydrous Na2SO4. The solvent was removed in vacuum

and the obtained precipitate was then purified by gradient elu-

tion chromatography on silica gel using cyclohexane and ethyl

acetate as eluents. The reaction yield was 43% and the final

product obtained as a yellow needle-like crystals revealed a high

iodine content (approximately 44% of the molecular weight).

The synthesis scheme of cholecalciferoyl 2,3,5-triiodobenzoate

is shown in Fig. 1 (top).

1H-NMR Analysis

1H-NMR spectra were recorded with a Bruker Top Spin 3.0

operating at 400 MHz using deuterated chloroform (CDCl3)

as a solvent. Chemical shifts (δ) were expressed in parts per

million (ppm), taking tetramethylsilane (TMS) as internal ref-

erence. The resulting 1H-NMRdata appear coherent with the

iodine-grafted cholecalciferol structure by revealing another

two new signals that correspond to the two CH aromatic

groups at 8.21 and 7.58 ppm of benzene ring (see

Supplementary information).

Cholecalciferoyl 2,3,5-triiodobenzoate: 1H NMR (CDCl3,

δ/ppm): 8.21 (s, 1H, H6), 7.58 (s, 1H, H4), 6.18 (dd, 1H, H16),

5.95 (dd, 1H, H15), 5.15 (m, 1H, H8), 4.80, 5.08 (s, 2H, H12),

2.76 (t, 2H, H18), 2.64 (t, 2H, H13), 2.43 (d, 2H, H9), 2.22 (t,

1H, H22), 1.86 (q, 2H, H14), 1.62–1.29 (m, 9H, H19, H20, H23,

H24, H31), 1.26 (m, 1H, H26), 1.06 (m, 6H, H28, H29, H30),

0.86 (q, 1H, H25), 0.85 (d, 3H, H27), 0.80 (d, 6H, H32, H33),

and 0.47 (s, 3H, H34).

Formulation of Triiodinated Cholecalciferol Nano-Emulsions

Iodinated cholecalciferol nanoparticle emulsions were formu-

lated using a modified method based on spontaneous nano-

emulsification as previously described (29,30). Briefly, the

principle, illustrated in Fig. 1 (bottom), consisted in mixing

the oil phase with non-ionic surfactant and heating this mix-

ture to ensure its homogenization. Then, this phase was
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suddenly mixed with warm water, generating the stable nano-

emulsions within seconds. In the case of iodinated cholecalcif-

erol, the protocol had been adapted due to the crystalline

nature of this compound. Iodinated cholecalciferol was solu-

bilized in another oil (medium chain triglyceride, Labrafac®

WL), and this mixture then was added to the non-ionic

surfactant.

The nano-emulsion properties, size and size distribution

were investigated in function of the formulation parameters:

(i) iodinated cholecalciferol / (iodinated cholecalciferol + triglyceride)

weight ratio (oil ratio, OR), (ii) surfactant / (surfactant + oil)

weight ratio (SOR) and (iii) (surfactant + oil) / (surfactant + oil

+ water) weight ratio (SOWR). The two representative formu-

lations exhibiting different sizes can be described as follows.

The first one, NE1, is formulated with SOR=40 wt.%,

SOWR=40 wt.% and OR=66 wt.%. Triiodinated cholecal-

ciferol (0.065 g) was firstly mixed with triglycerides (Labrafac®

WL) (0.033 g), maintained at 95°C with vortex mixing follow-

ed by sonication until clear and homogenized solution was

obtained. Then nonionic hydrophilic surfactant (Kolliphor

ELP®) (0.065 g) was added to the previous solution, and

maintained under gentle magnetic stirring alternatively with

heating periodically several times. Finally, warm PBS (0.244 g)

as an aqueous phase was then poured into the hot solution

followed by vortex for 5 min giving rise to formation of the

desired nano-emulsion with the average size of 55 nm. The

second representative example, NE2, briefly, is prepared fol-

lowing the same protocol with SOR=27 wt.%, SOWR=

40 wt.% and OR=66 wt.% (iodinated cholecalciferol:

0.0986 g, Labrafac® WL: 0.0493 g, Kolliphor ELP®:

0.055 g, PBS: 0.304 g) to give rise to the average diameter

around 100 nm. In addition, owing to the fact that the nano-

emulsion size is controlled by the surfactant to oil ratio, a slight

excess of PBS (0.130 g) and Kolliphor ELP® (0.046 g) were

added, in order to provide exactly the same concentrations in

all species like for NE1. In both cases, the value of the SOWR

was kept constant at 40% throughout this study, since its in-

fluence on the nano-emulsion formation was negligible (it only

influenced the droplet concentration) (31). In addition, pH

and osmolality of the suspension emulsions were measured

and strictly adjusted to obtain a compatibility with parenteral

administration. All formulations were repeated three times.

Finally, all samples were sterilized by filtration through a

0.22 μm PVDF membrane.

Characterization of Nano-Emulsions by Dynamic Light Scattering

(DLS)

The hydrodynamic sizes and polydispersity indices (PDI) of

the particles were measured using a dynamic light scattering

(DLS) device fromMalvern Instruments (Malvern, Orsay, 752

France). The helium/neon laser, 4 mW, was operated at

633 nm with the scatter angle fixed at 173° and the temper-

ature maintained at 25°C. The sizes of the nano-emulsions

were determined directly after their formulation. Three dif-

ferent dilutions were prepared 1/1000, 10/1000, and 100/

1000 before the measurement. All experiments were per-

formed in triplicate.

In Vitro Studies

Cell Culture. Two different cell lines, namely BNL-CL2 mu-

rine hepatocytes and RAW264.7 murine macrophages were

grown as monolayer cultures in DMEMmedium supplement-

ed with 10% fetal bovine serum (FBS), 100 Unit Penicillin /

mL, 100 μg Streptomycin /mL and 2 mM l-glutamine. The

culture was maintained in a humidified atmosphere with 5%

CO2.

Fig. 1 Synthesis of cholecalciferoyl 2,3,5-triiodobenzoate (top). Schematic

illustration of the nano-emulsions formulation (bottom).
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Stability of Nano-Emulsion Droplets in Serum. Longitudinal size

measurements were performed in serum, in order to investi-

gate a potential degradation of the nano-emulsion droplets

that may lead to increase or decrease of the droplet size, and

potentially influence the pharmacokinetics. Nano-emulsions

were incubated in serum for different periods of time.

In Vitro Cytotoxicity (MTT-Assay).The cytotoxicity of the iodin-

ated cholecalciferol nano-emulsion was examined by MTT-

test, which has been carried out for two cell lines (BNL-CL2

and RAW264.7 cells). The cells were seeded in 96-well plates

(104 cells per well) in 100 μL of DMEM and then incubated

overnight at 37°C under a controlled atmosphere (5% CO2

and 80% H2O). Dilutions of nano-emulsions were made with

sterile DMEM to get required concentrations, and then ster-

ilized using 0.22 μm filter. Next, the cell culture medium was

replaced by the same medium containing variable concentra-

tions of iodine encapsulated nano-emulsions (corresponding

to 0.93, 0.28, 0.093, 0.028, 0.0093, 0.0028, 0.00093,

0.00028 mg I/104 cells). After 24 h incubation, the medium

was removed and the cells were washed with PBS. Then, the

wells were filled with 100 μL of cell culture medium contain-

ing MTT (0.5 mg/ml) and incubated for 4 h at 37°C. The

obtained formazan crystals were dissolved by adding 100 μL

DMSO and the UV absorbance was measured at 570 nm

with a microplate reader (Varioskan Flash, Thermo Scientific,

USA). Experiments were carried out in triplicate and

expressed as a percentage of viable cells compared to the

control group.

Cellular Uptake Experiment. Confocal Microscopy. The cellular

uptake and intracellular localization were determined in

RAW264.7 cells (mouse macrophages) and BNL-CL2 (hepa-

tocytes), using a Leica TCS SP confocal scanning system

(Leica, Germany). To follow the nano-emulsion droplets, we

used a modified lipophilic Nile Red dye (NR668) that was

solubilized (0.1 wt.%) in the iodinated oil before formulating

the nano-emulsions. NR668 synthesis was previously reported

(32). The cells were cultured overnight in cell culture glass

chamber slides (5×104 cells per well) before their exposition

to the dye-loaded nano-emulsions in DMEM supplemented

with 10% FBS at a concentration corresponding to 0.1 mg/

mL, in a 5%CO2 humidified atmosphere at 37°C for 30 min,

2 h, and 24 h. After incubation, the cells were stained with

Calcein AM (10 μM, 15min of incubation inHank’s balanced

salt solution, HBSS) and with Hoechst 33342 (50 μM, 10 min

of incubation in HBSS). After washing for 6 times in HBBS, in

order to remove all non-penetrated nano-emulsion droplets,

the cells were mounted in the fluorophore protector CC/

mount and observed with a Leica confocal microscope

equipped with an argon/neon laser and a 63× oil immersion

objective. The excitation wavelengths used were 360 nm for

Hoechst 33342, 488 nm for Calcein AM, 543 nm for NR668

and the fluorescence signals were collected in the 380–460 nm

range for Hoechst, 500–530 nm range for Calcein AM, and

560–650 nm range for Nile Red 668. The images were proc-

essed with Fiji software.

Quantification of macrophage uptake. Cellular uptake was quan-

tified by fluorescence spectroscopy. Mouse macrophage

RAW264.7 and hepatocyte BNL-CL2 cells were cultured as

described above, except that the cells were lysed with DMSO

and not mounted for microscopy analysis. The efficacy of

washing and lysing was checked with fluorescence microscopy

observations. The concentration of the encapsulated NR668

dye in the cell lysate was quantified by fluorimetry with an

excitation wavelength of 550 nm and an emission wavelength

of 630 nm (with amicroplate reader Varioskan Flash, Thermo

Scientific, USA). Uptake was expressed as the percentage of

fluorescence associated with the cells versus the fluorescence in

a feed solution.

Micro-CT Imaging

The experiments were performed in agreement with the

Committee of Animal Research and Ethics of the University

of Lyon-1.

In Vitro Experiments. The X-ray attenuation properties of the

iodinated nano-emulsions were evaluated at various concen-

trations with a micro-CT scanner (1076 Skyscan,

Kartuizersweg, Belgium). Experimental parameters were as

follows: X-ray, 49 keV, 129 μA; resolution, 35 mm; pitch,

0.4°; aluminum filters, 0.5 and 632 ms. Iodine concentration

of nano-emulsions was determined using a calibration curve

established with a commercial hydrophilic contrast agent

(XenetiX 300, namely iobitridol), correlating iodine concen-

tration and radiopacity.

In Vivo Experiments. In vivo imaging experiments were per-

formed with a micro-CT scanner (INVEON, Siemens, Mu-

nich, Germany). The experimental X-ray parameters were as

follows: X-ray, 50 keV, 500 μA; resolution, 111.25 μm; pitch,

2°; aluminum filters, 0.5 and 900 ms. The acquisitions were

performed on Swiss mice, n=3, for each type of nano-emul-

sion. Before the acquisition, mice were anesthetized with

isoflurane. Then, the iodinated nano-emulsions were injected

using a catheter in the tail vein, with an injection volume

corresponding to 10% of the blood volume (i.e., 7.6 μL of

nano-emulsions per g of mouse weight). Scans were per-

formed before administration, immediately after injection,

and after 30 min, 1, 2, 3, 4, 6 h; 1, 2, 3, 7, 14, 21, 28 and

50 days. The micro-CT raw data were treated with OsiriX

viewer to establish 2D maximum projection slices and 3D

volume rendering images, and then to quantify a signal by

placing a region of interest in the heart, liver, spleen, and

kidney.
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RESULTS AND DISCUSSION

Spontaneous emulsification is an efficient method for gener-

ating stable aqueous suspension of oil nano-droplets. The ef-

ficiency of the process is closely dependent on the oil nature,

surfactants and their own interactions, solubility in each other

(31). When with classical surfactant / oil couples like non-ionic

surfactant (Kolliphor ELP®) / triglycerides (Labrafac® WL)

the emulsification is very efficient and allows to easily get small

stable droplets, this becomes more challenging with more ex-

otic molecules like tri-iodinated cholecalciferol. We have pre-

viously reported (11) that in the case of iodinated castor oil, or

iodinated monoglycerides, grafting of the triiodobenzoic

group affects the process efficiency and leads to the size in-

crease. This phenomenon is likely due to changes in surfactant

/ oil interactions that may decrease with the tri-iodination.

Here, we also observed a change in the emulsification efficien-

cy before and after tri-iodination, namely an enhancement of

the efficiency after tri-iodination. Figure 2 shows the effect of

the surfactant amount (SOR) for different oil ratios (OR). The

values of OR represent the relative percent of cholecalciferol

(Fig. 2a) or tri-iodinated cholecalciferol (Fig. 2b) in the oil

phase while OR=0% means that oil phase is pure triglycer-

ides. The corresponding polydispersity indexes are reported in

Table S1 (see Supplementary information section). These re-

sults clearly demonstrate that the droplet size decreased for

the tri-iodinated molecules compared to the native ones. As

for the non-iodinated molecules in Fig. 2a, the effect of cho-

lecalciferol in the oil phase appears unfavorable for the lower

SOR values. Even if droplet sizes decrease slightly between

OR=0% and OR=50%, it dramatically grows for a further

OR increase up to several orders of magnitudes for OR=

75%. On the other hand, the formulations with tri-iodinated

cholecalciferol, in Fig. 2b, is clearly better with smaller droplet

size and good monodispersity, and actually, three cases for

OR=50, 66 and 75% appear relatively similar compared to

the curve without tri-iodinated cholecalciferol (OR=0%).

PDI values (Table S1) are much better in this latter case,

corroborating this observation.

It is noteworthy to understand that the formulations are

better when increasing the surfactant concentration (through

SOR), but it is to the detriment of the oil amount. In the

context of the formulation of X-ray contrast agents, our inter-

est lies in increasing the iodine amount in the droplet. It means

that the best formulation should be a compromise between

quality of the dispersion and iodine concentration. That is to

say, the optimized formulation has the lower SOR with the

best dispersion, that could be defined, for example in Fig. 2b,

with SOR<40% and OR=75%. This figure also allows un-

derstanding how a fine control of the nano-emulsion size is

performed, in function of the formulation parameters. More-

over, the two different sizes chosen for in vitro studies and in vivo

imaging are indicated with arrows in the graph as NE1 and

NE2 (for 55 and 100 nm, respectively). The corresponding size

distributions obtained by DLS are presented in Fig. 3. It

should be noted that they are rather well differentiated to

consider them as different sized samples.

In the following we will focus on the in vitro evaluations of

these samples, divided in two steps: (i) toxicity and stability in

the serum, and (ii) cell uptake, visualization and quantifica-

tion. First results have been obtained from viability studies.

For this purpose,MTT-tests were performed for two cell lines,

in particular macrophages and hepatocytes, and comparing as

well NE1 and NE2. Results are reported in Fig. 4, and show a

clear increase in the toxicity for the bigger nano-emulsions

NE2 compared to NE1. Even if the toxicity is more marked

with macrophages, this trend is conserved whatever the cell

line. In the case of macrophages, LD50 increases of ∆LD50=

0.35 mg I/mL (from LD50=0.21 to 0.56 mg I/mL for NE2 to

NE1 respectively), and it appears much important in the case

Fig. 2 Effect of the surfactant amount (SOR = surfactant/(surfactant + oil)

weight ratio) on the size of the dispersion, function of the relative proportions

of cholecalciferol (a) and tri-iodinated cholecalciferol (b). Grey parts indicate

globally the regions where nano-emulsions do not form (either size or PDI are

too high).NE1 andNE2 correspond to the formulations selected for the in vitro

and in vivo studies.
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of hepatocytes with ∆LD50=1.04 mg I/mL (from LD50=

0.75 to 1.79 mg I/mL for NE2 to NE1 respectively). These first

in vitro results disclose a distinct increase of the nano-emulsion

toxicity in function of their size: bigger emulsions are slightly more

toxic. The second aspect is that macrophages appear more sen-

sitive to the tri-iodinated cholecalciferol than hepatocytes, possibly

due to a difference in their interactions with, or uptake of the

nano-emulsion droplets compared to hepatocytes.

Another important point to study before performing in vivo

evaluation is the stability of the suspension in serum. These

longitudinal experiments were aimed to simply show physico-

chemical stability of the formulation, in order to insure that

once injected, the droplets remain stable. As seen in Fig. 5, the

relative stability with time whatever the dilutions, which can

suggest a compatibility of the stability with the parenteral ad-

ministration route. This is in the same line with those observed

in case of other types of iodinated nano-emulsions (11,33).

Observations of cellular uptake of the iodinated nano-

emulsions were performed by confocal microscopy, using a

fluorescent probe encapsulated in the oil droplets to reveal

their location. The fluorescent dye was a Nile Red lipophilic

derivative, namely NR668. This particular dye was chosen

owing to the absence of its leakage from the nano-emulsion

droplets, ensuring their tracing even in biological media (32).

The nano-emulsions were incubated with hepatocytes and

macrophages for 30min and 24 h, then washed and observed.

The results are shown in Fig. 6 and disclose that: (i) 100 nm

droplets are better internalized than 55 nm ones, and (ii) the

uptake of macrophages was bigger than that of hepatocytes, as

expected. For 55 nm droplets, we did not observe any NR688

Fig. 3 Size distribution of two nano-emulsions selected for in vitro and in vivo

studies.

Fig. 4 Viability of the RAW264.7 murine macrophages (blue curves) and

BNL-CL2 hepatocytes (red curves) after 24 h incubation with the iodinated

nano-emulsions. The nano-emulsion concentrations were expressed in io-

dine concentrations per mL. Filled symbols and open symbols correspond to

the iodinated nano-emulsions NE1 and NE2, respectively.

Fig. 5 Stability of nano-emulsions in serum. Average droplet sizes were

measured by DLS at different dilutions, for (a) NE1 and (b) NE2.
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signal of whatever the incubation time, while for 100 nm ones

it was revealed already after 30 min and was clearly visible

after 24 h. In the case of macrophages, a similar trend between

nano-emulsions of both sizes can be noted but the signal was

more pronounced. The quantification of this cell uptake is

shown in Fig. 7, which confirmed these observations, and even

revealed that after 24 h incubation the quantity of the droplets

that were engulfed by the cells doubled in both cases hepato-

cytes and macrophages. The better accumulation in macro-

phages of 100 nm PEGylated lipid nano-emulsions compared

to the 55 nm one, was demonstrated earlier (34) and could be

explained by receptor-mediated phagocytosis (35). Contrary,

for the BNL-CL2 cells, which are considered as non-

phagocytosis cells, smaller particles are generally better in

terms of intracellular accumulation (36). However, the surface

properties influence on the uptake significantly: e.g., 100 nm

polymeric nanoparticles are able to take up into the non-

phagocytic cells more efficiently than those with sizes of 55

Fig. 6 Monitoring of the uptake of NR668-loaded iodinated nano-emulsions by mouse hepatocytes (BNLCL2) and murine macrophages (RAW264.7 cells) by

confocal microscopy. Nuclei were stained with Hoechst (cyan) and cells with Calcein AM (green). A lipophilic fluorescent dye NR668 was encapsulated in the

nano-emulsions, which allowed observing the location of the droplets once engulfed by the cells. The cells were incubated with the nano-emulsions for 30 min

and 24 h. Top left insets show the cells and nuclei. Bottom left insets show the signal and the larger right picture shows both merged.

Fig. 7 Quantification of nano-emulsion uptake by hepatocytes and macro-

phages as a function of the incubation time and droplet size. After incubation

with the nano-emulsions loaded with NR668, the hepatocytes or macro-

phages were washed, lysed with DMSO, and studied by fluorometry. The

uptakewas expressed as a percentage of fluorescence associated with the cells

versus fluorescence in a feed solution.

Fig. 8 In vitro evaluation of the X-ray attenuation properties of NE1 and NE2
using a calibration curve made with iobitridol (filled circles). Inset reports the

phantom of the tubes (for example one shown for NE1), with various iodine

concentrations as references (expressed in mg/mL), plus water and air for

normalization. The table summarizes the values obtained for the nano-

emulsions.
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or higher than 200 nm (23,37). So the role of surface proper-

ties should also be mentioned, however it is not the case in the

current study since the surface composition should be similar,

only the size effect is studied.

This behavior arises in the same line that the results on cell

viability: globally macrophages have a better interactions with

the nano-emulsions and they show the highest toxicity, like-

wise 100 nm droplets also show highest uptake into cells, he-

patocytes and macrophages, and also they show the highest

toxicity compared to 55 nm ones. All these results corroborate

the idea that, the uptake is linked to the toxicity, which should

be enhanced with the bigger droplets. Actually, this behavior

seems specific to the iodinated cholecalciferol, since with other

types of iodinated oils we previously studied like iodinated

castor oil or iodinated monoglyceride, droplet internalization

were not related to toxicity (uptake were better macrophage

and toxicity lower). Eventually, in comparison, iodinated cho-

lecalciferol appears to present a specific toxic activity that can

be more pronounced for the bigger droplets.

Let us focus now on the imaging properties and in vivo im-

aging of these contrast agents. The first characterization per-

formed on the samples was the quantification of the iodine

content using the X-ray scanner, compared to a commercial

hydrophilic contrast agent (XenetiX®). The results, shown in

Fig. 8, confirm the similar iodine concentration in both sam-

ples, which is around 60 mg/mL and is comparable with the

concentrations of the best contrast agents earlier reported

(11,33). Based on these in vitro observations, we expect a sim-

ilar contrast in blood pool once injected in mice, which is

confirmed visually with the maximum intensity projections

in Fig. 9 as well as quantitatively in Fig. 10.

After intravenous administration, we could clearly see the

contrast agent spread over the blood compartment emphasiz-

ing the heart ventricles main venous and aorta, and even the

liver irrigation. After 1 day, the contrast agent was not visible

anymore in blood or heart, but has been accumulated in liver

and spleen. The 3D volume rendering (see Supplementary

Information) done on the 55 nm nano-emulsion clearly illus-

trates the regions containing the contrast agent after injection

in blood (red), and in liver at 24 h post-injection (yellow). At

first sight, all these images, presented in similar brightness/

contrast conditions, seem to show similar properties for the

nano-emulsions of two different sizes. However, there is a

surprising and heavy difference, which is lethal in case of

NE2 after 48 h post injection. When NE1 allows a follow-up

of the mice during 50 days, NE2 induces systematically the

mice death on the third day post-injection (with n=6 in each

case). The quantifications of the biodistribution and pharma-

cokinetics (Fig. 10) show two behaviors almost similar whether

it is in blood, liver, spleen or kidney.

First observations, in line with the in vitro measurements of

X-ray attenuation properties (Fig. 8), confirm the important

contrasting properties of this product. The contrast enhance-

ment is significant and allows a clear visualization of the

Fig. 9 Left: in vivo micro-CT

imaging (maximum projection

intensity) of the iodinated

cholecalciferol nano-emulsions with

two different sizes (55 and 100 nm)

but with exactly the same

composition, before, after and at

24 h after injection (representative

times). Pictures show sagittal and

coronal sections of the mice, as well

as transverse slices through the

heart, lung, and vertebra and

transverse slices through the liver

and spleen. Heart is indicated by

red arrowheads, liver by yellow

arrows, and spleen by blue arrows.

3D volume rendering is reported as

Fig. S1 in Supplementary Information,

along with two movies

corresponding to this volume

(movie1.mov and movie2.mov).
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regions and tissues where the contrast agent is accumulated,

either in blood, liver or spleen. 3D volume rendering gives a

more precise idea of the distribution of the contrast agent over

the blood compartment, overall, right and left ventricles, liver

irrigation, vena cava, hepatic portal vein, and thoracic aorta.

One day after injection, arise the location of liver and spleen,

indicating that most of the iodinated cholecalciferol has been

accumulated in these regions. As for the quantification of the

biodistribution of NE1 and NE2 over time, the contrast en-

hancement and kinetics appear almost superimposable for

all graphs. In addition, the kinetics of blood clearance and

liver accumulation can be fitted with classical mono-

compartmental exponential Eqs. (1) and (2), respectively:

ΔHU tð Þ ¼ ΔHU0 $ exp –k1:tð Þ ð1Þ

ΔHU tð Þ ¼ ΔHU0 þ ΔHU∞ $ 1 – exp –k2:tð Þð Þ ð2Þ

where ΔHU0 is the initial value of the contrast enhance-

ment after injection, ΔHU∞ is the contrast enhancement at

the end of the accumulation process, k1 is the blood elimina-

tion rate constant and k2 is the accumulation rate constant.

The obtained pharmacokinetics parameters (reported in

Table I) show a close similarity for the blood clearance be-

tween both nano-emulsions, with a similar t1/2 around 9 h.

Moreover, a very similar behavior is observed in the following

steps of accumulation / elimination of the contrast agent in

liver and spleen up to 24 h post-injection. These observations

are confirmed by the similar values of the accumulation rate

constant for NE1 and NE2, 0.047 and 0.036 h−1, respectively.

However, the values of ΔHU∞ appear a little bit more differ-

ent, in particular 174 HU and 122 HU, respectively. As

Table I Pharmacokinetics Parameters for the Iodinated Nano-emulsionsa

NE1 (55 nm) NE2 (100 nm)

Blood Liver Blood Liver

∆HU0 (HU) 208 44 189 49

k1 (h
−1) 0.077 – 0.081 –

t1/2 9.0 h – 8.5 h –

k2 (h
−1) – 0.047 – 0.036

∆HUmax (HU) – 90 – 100

a
ΔHUmax=ΔHU0+ΔHU∞

Fig. 10 Quantitative

measurements in heart, liver, spleen

and kidney of the X-ray attenuation

with time after i.v. administration of

the iodinated cholecalciferol nano-

emulsions. NE1 and NE2 refer to

the nano-emulsions of the similar

composition but different sizes,

namely 55 and 100 nm,

respectively; n=6 for each nano-

emulsion. Curves were fitted with

Eq. 1 for the heart (blood

elimination) and Eq. 2 for the liver

(accumulation). The limit between

white and gray part indicates the

time for which the mice injected

with NE2 died, whereas the ones

injected with NE1 survived.
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regards the accumulation in spleen, the two curves follow each

other up to 24 h, and a dramatic drop of the signal arises at

48 h for NE2 before the mice death.

It is interesting to compare our product with the main

commercial examples like Fenestra® (lipid nano-emulsions),

AuroVist® (gold nanoparticle), eXIA 160® (aqueous colloidal

iodined dispersion) and ExiTron Nano (rare earth-based

nanoparticles) which were studied on the same animal model

(mice). In the present contrast agent (iodinated cholecalcifer-

ol), the initial contrast enhancement ∆HU=180–200HU cor-

responds to an increase of the contrast of 280–300% (see

Supplementary Information), which is significantly higher than

the 30% of Fenestra® and eXIA 160® in (38), 260% of

AuroVist®) in (39) and 240% of ExiTron Nano 12000® in

(40). In addition, the half-life of our contrast agent is optimal

for CT scans (around 9 h), much longer than eXIA 160® and

Fenestra LC® (38), but comparable to the ones reported for

Fenestra VC® (38), AuroVist® (39) and ExiTron Nano

12000® (40).

Therefore, we can consider that the size of the nano-

emulsions has not a real impact on the whole pharmacokinet-

ics, with a significant difference that arise in the last points

before mice death for NE2, is likely linked to their lethality.

On the one hand, we can conclude that the size of the nano-

emulsions only slightly affects their fate in vivo, but on the other

hand, the increase of the size has an irreversible consequence

that is the lethal effect on themice. Actually, the lethality of the

iodinated nano-emulsions has never been observed, neither in

all the iodinated nano-emulsions we previously synthetized

and studied (10,11,33,41,42), nor in literature. This lethality

is probably specific and is related to cholecalciferol. Indeed, as

seen in Figs. 6 and 7, NE2 induces cellular uptake which was

double higher compared to that in case of NE1, as well as a

higher toxicity (Fig. 4). These two points could orientate the

explanation of the size-dependence lethality of the nano-emul-

sions: although accumulations in liver and spleen appear quite

similar in both cases, the total toxicity of NE2 is probably

increased due to a higher cellular uptake. The maximum dos-

age, which can be supported by the cell, is more rapidly

reached with use of the nano-emulsions of the bigger size. This

can induce the organ dysfunction and can be considered as an

explanation of the loss of the contrast agent concentration

before the death, at 48 h.

CONCLUSION

In this study, the question of the influence of the size of the

micro-CT nanoparticulate contrast agent on the fate in vivo is

addressed. The chosen system naturally occurs in living organ-

isms, namely cholecalciferol (or vitamin D3). We grafted a

triiodobenzene motif with radiopaque properties. This new

iodinated compound was formulated as nano-emulsions with

two different diameters, namely 55 and 100 nm, with exactly

the same composition, and then studied in vitro and in vivo as X-

ray contrast agent. The 100 nm nano-emulsions were found to

be more toxic than 55 nm ones whatever the cell line (hepa-

tocyte or macrophages). This was likely due to a higher cell

uptake, observed by confocal microscopy, and confirmed by

fluorimetric quantification. As regard the in vivo imaging, the

total pharmacokinetics and biodistribution curves in blood,

liver, spleen and kidney were quite similar. These results indi-

cate that the nano-emulsion size has no real influence on the

in vivo fate up to 48 h post-injection. After this time, NE2

induce the mice death, whereas with NE1 imaging can be

followed up to 50 days without any trouble. This major dif-

ference could be attributed to the difference in toxicity and cell

uptake related to the droplet size.
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Chapter 2.1: Targeting agents conjugated to nano-carriers to increase drug 

efficiency 

 

This review discusses the physicochemical properties of the drugs, of the nano-carriers and the 

physiological characteristics of the tumor microenvironment, in order to illustrate the different 

strategies undertaken to deliver the active ingredient specifically to the lesion. The choice 

between passive targeting and active targeting will be discussed, as well as their consequences on 

the type of nano-carrier, properties like size, surface charge, functionalization with ligands, and 

type of ligands. Generally speaking this review aims to draw an overview of the concept of the 

drug targeting to tumors with the objective of explaining why the passive or active targeting 

strategy is chosen, and how they are worked out. 
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1. Introduction 

 

Any dosage form cannot carry a therapeutic activity if the administrated biologically active 

molecule is not able to cross the biological barriers which separate the site of administration from 

the site of action. The barriers to be crossed are very complex systems composed of several 

elements (epithelium, endothelium, cellular membrane) and several components (mechanical or 

physicochemical barriers and enzymatic barriers). Certain molecules are ineffective because they 

do not diffuse spontaneously into the cell whereas their therapeutic target is with intracellular 

localization. 

The specific delivery of therapeutic agents to an organ, a tissue or a type of cells currently 

constitutes a major challenge for the treatment of the human diseases, in particular infectious, 

cancerous and genetic diseases. 

Most of the active pharmaceutical ingredients (API) are often prone to display low 

bioavailability, low water solubility, biological degradation and inadvertent intrinsic side effects. 

To overcome such drawbacks, the design of novel drug carrier systems is of particular interest 

thanks to their efficient applicability through different administration routes such as oral, 

parenteral, dermal, topical, and pulmonary. To achieve these goals, targeted delivery of 

genes/drugs to specific tissues/cells has been widely investigated. 

Introducing the nanotechnology into the medicine field termed as “nanomedicines” makes it 

possible today to present the concept of “vectorization”, also called drug targeting. Based on new 

physicochemical concepts and new materials, nanomedicines serve in envisage submicron 

systems of administration of the drugs. Nano-carriers are able to improve drug properties in 

various ways: by encapsulating the hydrophilic and/or hydrophobic molecules in their cores, by 

controlling release and distribution, by enhancing drug absorption by mucosa or cells and by 

protecting the drug from degradation. Such nano-carriers allowed the development of new 

treatments with improved specificity. 

Researchers all over the world endeavor to develop submicron particles (nanoparticles, 

liposomes) for the transport of the drugs. After intravascular administration, the carriers are 

opsonized, i.e. covered with proteins and recognized by the macrophages of the liver and the 

spleen. This controlled biodistribution improves the targeting and the experimental treatment of 

pathologies such as hepatic metastasizes but also can lead to significant reduction of the drug 

concentrations in the undesired locations, thus decreasing the toxicity of certain anti-cancer 

drugs. 

Although some formulations have already appeared on the market during the last decade, but 

there is still no universal platform suitable for the delivery of all kinds of drugs, that is to say the 

theory “one size fits all” does not apply. Meanwhile, current nanotechnologies have potential 

limitations such as: 

(i) Poor drug loading that is usually less than 5% (weight % of the transported drug versus the 

carrier material). In consequence, either the quantity of the drug administered is not sufficient to 

reach a pharmacologically effective concentration in the body or the amount of the carrier 

material that is administered is too high, leading to adverse effects.  
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(ii) Rapid release, sometimes called “burst release”, of the encapsulated drug after administration, 

generally resulting from the release of a proportion of the drug fraction which is simply adsorbed 

(or anchored) at the surface of the nano-carrier. As a result, a significant fraction of the drug will 

be released before reaching the pharmacological target in the body, leading to low activity and 

toxicity issues. 

(iii) The difficulty of designing synthetic materials which combine low toxicity, lack of 

immunogenicity, biodegradability and do not accumulate in cells or tissues.  

Interestingly, rationally designed nanoparticles, including size, shape, surface charge and 

functionalization, is of great importance to overcome existing issues. Herein we will review the 

different types of nano-carriers which have been developed for tumor passive and active 

targeting. Thus we discuss the relationship between targeting mechanism and physicochemical 

factors of nano-carriers as well as pathophysiological characteristics of the tumor 

microenvironment.  

 

2. Nano-carriers as drug delivery systems (DDs) 

 

Regarding the treatment or diagnosis of cancer, the key challenges lies in engineering drug/gene 

delivery systems capable of specifically targeting the diseased cells solely without affecting the 

normal healthy cells/tissues. This might be achievable by efficient delivery of anticancer agents 

into the tumor microenvironment (TME) and subsequently tumor cells [1, 2]. On the other hand, 

the formulated NPs must pass through several physiological and biological barriers. While their 

use as delivering systems imposes requirements to their size, biocompatibility, and surface 

chemistry for preventing unspecific interactions and introducing specific binding to their targets. 

These nano-carriers must be able (i) to remain stable in the blood as long as they reach into TME, 

(ii) to escape from the reticuloendothelial system (RES) clearance and not to be captured by 

mononuclear phagocyte system (MPS). Both points have been attained by PEGylating the NPs 

surface, for improving their hydrophilic properties and conferring them stealth characteristics, in 

order to delay their recognition by immune systems and to increase the chance to target the 

desired tissues/cells. (iii) To accumulate in TME through irregular tumor vasculature, (iv) to 

penetrate into the tumor interstitial fluid of TME with high pressure, and (v) to reach the active 

site and interact with the targeted cells exclusively [3, 4]. Active/passive targeting is the ideal 

solution to promote NPs’ accumulation in the location of interest. The main factors that control 

the drug targeting by NPs are their surface functionalization, their physicochemical properties and 

the pathophysiological characteristics of the TME. These factors as will be discussed in the 

following sections. 

Development of nano-carriers is crucial to prevent the cargos molecules from degradation or 

release before reaching their targets causing long-term toxicity issues. NPs are also excellent 

candidates for increasing the payload efficiency of the active pharmaceutical ingredients API by 

covalently grafting to drugs or by encapsulation. Nanoparticles can be made from a variety of 

materials such as lipids, compositing polymers, proteins, metals, or semiconductors. Numerous 

nanoparticles with well-defined shapes such as solid spheres, rods, tubes, and others have been 
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recently developed. Current nanoparticle platforms for tumors can be classified into three major 

categories including organic-based NPs  (e.g. liposomes, dendrimers, polymeric NPs, micelles 

and solid lipid nanoparticles (SLNPs)), inorganic-based NPs (e.g. iron oxide nanoparticles 

IONPs, gold nanoparticles AuNPs, ceramic nanoparticles, semiconductor nanocrystals and 

carbon nanotubes CNTs) and hybrid nanoparticles. The latter are synthesized from two or more 

types of nanomaterials (NMs) and are generally formed with a metallic or polymeric core covered 

with a single or multiple lipid layers to increase the biocompatibility of the system. This type of 

NPs can be utilized in both diagnostic and therapeutic applications. 

An alternative design of nanoparticles may also contain intrinsic thermal, electrical, optical, or 

magnetic properties that can be served in imaging or therapeutic purposes. Interestingly, AuNPs 

are used as efficient imaging agents for X-ray micro-CT thanks to their high absorption 

coefficient. Also, they are used in photothermal therapy (PTT) [5] as they are able to absorb 

photons at specific wavelength and immediately convert them into heat destroying the cancer 

cells. IONPs can be used for magnetic resonance imaging for potential detecting small lesions 

and very sensitive to image brain tumors. Meanwhile, because of their magnetic properties, they 

could be targeted to specific cells/tissues. After injection of IONPs, and applying external 

magnetic field will raise the particles temperature, a phenomenon called “hyperthermia”. 

Quantum dots can act as photodynamic therapeutic agents (PDT) to induce cytotoxicity by 

creating free oxygen radicals under light. Table 1 shows some pros and cons of such nano-

carriers. 

 

Table 1: Advantages and limitations of various amphiphilic-based drug delivery nanosystems 

 

Nanosystems Advantages Limitations 

Micelles  Easy and non-costly 

production 

Disassembly upon dilution; 

too fast drug release; only 

suitable for lipophilic drugs 

Cubosomes et hexasomes Very ordered; high 

encapsulation efficiency; 

suitable for oral 

administration 

Extremely high viscosity; 

short release duration 

Liposomes Biocompatible, 

biodegradable; extremely 

versatile; high-throughput 

synthesis, lyophilization; 

surface modifications; new 

generation hybrid systems 

Limited shelflife (in 

solution); too slow drug 

release; hydrophilic drug 

leakage 

Lipid nanoparticles Biocompatible; high drug 

loading; batch-to-batch 

reproducibility; easy to scale-

up and sterilise; long shelflife 

Drug loading is limited by its 

solubility in lipid melt; risk 

of drug expulsion after 

polymeric 

transition 

Nano-emulsions Kinetically stable; high drug 

loading capacity; 

High cost of industrial 

production 
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biocompatible; slow and 

controlled drug release 

Polymer-based self-

assemblies 

Possible “smart” drug release 

(pH, temperature, redox 

sensitive); adaptable 

chemistry 

Costly synthesis; safety and 

biodegradability concerns 

Macrocycle self-assemblies Multi-dimensional 

hierarchical selfassemblies; 

novel topological structures 

High cost of production; poor 

water solubility; low 

biocompatibility 

 

 

3. Tumor-targeted drug delivery systems 

 

Targeted drug delivery systems have several advantages including (1) protection of healthy cells 

from the cytotoxic compounds, (2) reduction of the dose-limiting adverse effects and (3) 

combating the drug-resistant cancerous cells. As matter of fact, the nucleus is ultimately the final 

target for many therapeutics treating various disorders including cancers, brain disorders and 

heart dysfunction. Because of their specific cell uptake and trafficking mechanisms, NPs allow 

the delivery of sensitive therapeutics to their target tissue/cell in active form and in sufficient 

concentration and decrease the amounts that accumulate in undesired organs/tissues. However, it 

has become increasingly obvious that cytosolic internalization of a drug molecule does not entail 

its interaction with its subcellular target and hence careful nanoparticle design and optimization is 

required to enable cellular/nuclear targeting. 

 

3.1. Passive targeting 

 

It is now a well-established fact that under certain conditions (inflammation/hypoxia, which is 

typical for tumors), the endothelium of blood vessels becomes more permeable than in the 

healthy state [6]. Upon hypoxia, rapidly growing tumors recruit new vessels or engulf existing 

blood vessels. These newly formed leaky vessels allow selective enhanced permeation of 

macromolecules larger than 40 kDa and nanosystems to the tumor stroma. 

Furthermore, the absence of normal lymphatic drainage in the tumor contributes to the NPs 

retention [7]. However, this unique feature is not applicable to small molecule drugs, which have 

generally short circulation time and fast wash-out from the tumor. Thus, the encapsulation of 

small-molecule drugs in nanosized drug carriers enhances their pharmacokinetics (prolonged 

systemic circulation), provides some tumor selectivity and decreases side effects. This type of 

tumor targeting is termed “passive”, as it relies on carrier characteristics (size, circulation time) 

and tumor biology (vascularity, leakiness etc.), but does not possess a ligand for specific tissue or 

organ binding [7, 8]. A general scheme illustrating this phenomenon along with active targeting 

discussed below is proposed in Fig. 1. 

Since the discovery of the enhanced permeation and retention (EPR) effect in 1980s by Maeda 

and co-workers, [9] a lot of efforts were done to understand the significance of this phenomenon 
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in tumor targeting and develop appropriate drug delivery systems. Some of these nano-carriers, 

such as the marketed Doxil
©

 and Caelyx
©

, are now successfully used in the clinics and EPR 

effect became a golden standard in the design of passive tumor-targeted systems [6]. 

However, EPR effect provides rather modest tumor specificity with 20-30% in delivery increase 

compared to normal organs. The EPR effect is highly dependent on the intrinsic tumor biology 

and in particular: (i) The degree of angiogenesis and lymphangiogenesis. (ii) The degree of 

perivascular tumor growth and the density of the stromal response. (iii) Intra-tumor pressure [10]. 

All of these factors, together with the physicochemical characteristics of nano-carriers, will 

determine its drug delivery efficiency. 

 

Although the leakiness of newly formed tumor vessels influences the nanomedicine permeation, 

it also contributes to the high interstitial pressure, which in contrast, is able to inhibit the 

accumulation of drug carriers in tumor [10]. Moreover, due to the disproportion of pro- and anti-

angiogenic signaling inside of different parts of the tumor, vessels are abnormal with dilated, 

tortuous, and saccular channels, disorganized patterns of interconnection and branching. 

Due to such heterogeneous blood supply, tumor cells also grow irregularly – those that are near 

blood vessels proliferate faster than those that are in the tumor core and receive less nutrients and 

oxygen. This explains hypoxic/necrotic areas in the cores of large tumors (i.e. 1-2 cm in diameter 

in mice) and often impossibility for nanomedicines to reach these areas. Moreover, blood vessels 

in the central area of the tumors do not leak as much as one could expect due to the high 

interstitial pressure. Such phenomenon was observed in various kinds of murine and human 

tumors. High interstitial pressure not only inhibits drug delivery by convection but also 

compresses newly formed blood vessels. In this way, blood is conducted away from the center of 

the tumors towards the periphery [8, 10]. 

However, it is possible to modulate EPR effect chemically or mechanically to achieve vascular 

normalization leading to higher accumulation of nano-carriers. Among chemical EPR enhancers 

one could find bradykinin (kinin), nitric oxide, peroxynitrite, prostaglandins, vascular 

permeability factor (VPF) / vascular endothelial growth factor (VEGF) and other cytokines [7, 8]. 

These molecules induce hypertension or vascular normalization, which could temporary enhance 

tumor perfusion. Other approaches utilize ultrasound, radiation, hyperthermia or photo-

immunotherapy to modulate tumors vasculature and increase nanosystems permeation. 

Nevertheless, all described methods have limitations and contra-indications and thus require 

careful consideration [8, 10, 11]. 

 

3.1.1. Nano-carriers’ characteristics affect passive targeting strategy 

 

Biodistribution, pharmacokinetics, as well as the toxicity profiles are influenced either by the 

physicochemical properties of the developed nano-carrier or by the pathophysiological properties 

of the tumor microenvironment (TME). Globally, it has been extensively demonstrated that 

particle size and surface charge affect the efficiency and the pathway of cellular uptake for 
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liposomes [12], quantum dots [13], polymeric NPs [14, 15], AuNPs [16], and silica NPs [17] by 

influencing the adhesion of the particles and their interaction with cells [18]. 

Another factors influencing EPR-based tumor targeting are nanomedicine size and circulation 

time. Size is important for the permeation and retention in the tumor and thus is limited by the 

fenestrations in tumor vessels (200-800 nm) [6]. On the other hand, nanomedicine diameter 

influences their renal excretion (less than 6 nm) or through Reticulo-Endothelial System (RES) 

(more than 500 nm). Thus, as already mentioned, the optimal size range is around 20-200 nm 

[10]. 

Surface chemistry and charge also play vital role in the circulation time – too hydrophobic or 

charged systems are rapidly opsonized by the MPS. Hence, it is preferred to make nanoparticle 

surface “look like water” – hydrophilic and neutral or slightly anionic. For this purpose water-

soluble polymers (generally PEGs) are grafted on the nano-carrier surface [6, 19]. Moreover, 

PEGylation prevents nanoparticle aggregation and non-specific interactions by changing surface 

charge and hydration [20]. The optimal loading of PEG-modified lipids in the liposome has been 

shown to be around 5 - 9 mol% of classically utilized DSPE-PEG2000. At this concentration each 

polymer chain adopts a mushroom-like globular structure with slight overlay between distinct 

polymers and ensures a complete ‘stealth’ nanoparticle surface coverage [20]. 

However, the first injection of PEGylated liposomes was shown to induce PEGs-pecific IgM and 

as a consequence, rapid elimination and enhanced hepatic uptake of a second dose of PEGylated 

liposomes. This is known as an accelerated blood clearance phenomenon and represents an 

important obstacle to the pharmacokinetics and pharmacodynamics of PEGylated liposomes and 

particles. In addition PEG corona could also be a steric hindrance preventing efficient 

internalization of nanosystems into tumor cells. This issue is termed in literature as “PEG 

dilemma” [6, 8]. Thus, in a design of a drug delivery carrier one should find an appropriate 

compromise between prolonged circulation time and better intracellular trafficking. The possible 

solutions could be shorter PEG chains (i.e., Mw<1000), PEG attachment by enzyme-cleavable 

bound or utilization of specific tumor targeting ligands [8]. 

Nevertheless, PEGylation is a clinically accepted tool to control nanoparticle surface properties 

and produce “stealth” drug delivery carriers. Moreover, it offers a possibility to chemically bound 

a targeting ligand on its surface and therefore enhances intracellular uptake [20]. This so-called 

“active targeting” approach that will be discussed in the following section. The chemical structure 

of the molecules also impacts the accumulation of NPs into specific organs. As has been 

demonstrated by Attia et al. [21] in their study to develop new contrast agents based on nano-

emulsion platforms, the iv injections of the two nano-emulsions (NEs) encapsulating different 

molecules revealed different accumulation sites. 

 

3.2. Active targeting (Tuning surface functionality) 

 

It is noteworthy that the active targeting is essential for the delivery of drugs, genes, and 

theranostics only to the location of interest avoiding the normal tissues and thereby enhances the 

therapeutic efficiency and limits the side effects. Active targeting is able to significantly increase 
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the quantity of drug delivered to the target cell compared to free drug or passively targeted 

nanosystems. 

After accumulation in the tumor region, the drug efficiency can be even increased by the so-

called active targeting. This is achieved through the decoration of the nano-carrier surfaces with 

ligands corresponding to receptors over-expressed onto the tumor cells (illustrated in Fig. 1). This 

strategy will improve the affinities of the nano-carriers for the surface of cancer cell and thus 

enhance the drug penetration. The first evidence of this phenomenon was proposed in 1980 with 

antibodies grafted in the surface of liposomes [22], followed by other various kinds of ligands 

like for instance peptides, nucleic acids, aptamers [23, 24].  

Among the classical targets, we can cite the transferrin receptors (TfR) or nicotinic acetylcholine 

receptors that allow the reach the environment of brain tumors. In this case, the mechanism 

concerns targeting if endothelial cells, i.e. vascular targeting. Applied to target glioma, for drug 

delivery and/or biomedical imaging, transferrin ligands were grafted on solid lipid nanoparticles 

(SLNPs) [25], micelles [26], dendrimers [27, 28], and superparamagnetic iron oxide NPs 

(SPIONPs) [29].. In addition, literature reports examples in which central nervous system (CNS) 

and glioblastoma, has been reached though the targeting of nicotinic acethylcholine with micelles 

[30-32]. 

A vast number of receptors have been recognized as well as their antibodies were successfully 

synthesized and investigated in vitro and in vivo. Inducing very strong ligand/receptor binding, 

consequently serving as potential candidates to achieve active targeting technology. It has been 

found that RGD peptide binds to αVβ3 integrin. These receptors are highly present on both the 

glioma cells and on the vasculature of TME [33]. F3 peptide was found to bind to nucleolin 

receptor expressed on angiogenic endothelial cells in the TME [34]. Likewise, aminopeptidase N 

(CD 13) has been identified as potential receptor in the TME [35] and has been shown to be 

targeted by a tri-peptide (Asn-Gly-Arg (NGR) peptide) [36]. Finally among the classical 

examples of ligands, we can cite the folic acid (FA) that specifically binds to the folate receptor 

(FAR) as well present in TME. In that case different strategies have been reported, through 

synthesis of FA-drug conjugates, through FA-grafting onto nano-carriers promoting their 

endocytosis in cancer cells. Examples of commonly targeting ligands are presented in Table 2. 

 

Table 2: Examples of commonly used targeting agents [20]. 

 

Class Ligand Targets Advantages Limitations 

Antibodies Herceptin 

Rituxan 

CD19 

HER2 

CD20 

CD19 antigen 

High affinity 

and strong 

binding ; already 

in clinical trials ; 

therapeutic 

potential 

High production 

cost ; 

pharmacokinetics ; 

« binding site 

barrier effect » ; 

potential 

immunogenicity 

Peptides RGD 

NGR 
ανβ3 integrins, High affinity Reduced 

circulation half 
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We can summarize the active targeting of tumors can be performed by directly targeting tumor 

cells, targeting the vascularization of TME and targeting the tumor nucleus as described in the 

following sections. 

 

3.2.1. Tumor cell targeting 
 

The majority of tumor targeting is performed by the tumor cell targeting in general by 

nanocarriers (see Fig. 1) that improves their cell penetration. 

It has been demonstrated that folic acid-conjugated to silica NPs slightly improved the tumor 

pressure compared to non-conjugated silica NPs [37]. Similar results were observed in FA-

conjugated polymer based DDs [38]. These incoherent results oppose the rules of active targeting 

and this could be attributed to four possibilities: (a) not all tumor cells overexpress receptors all 

the time, thus receptors density on the cell surfaces are varied accordingly. The ligand/receptor 

interaction occurs only at the high-density receptors and meantime NPs pass by, therefore 

enhancing cell penetration. (b) On the other hand, it is noteworthy that surface density of ligand 

could have an importance on the nano-carrier specific cell binding. The higher the density, the 

higher the targeting efficiency [39]. On the other hand, some simulations [40] argued that ligand-

functionalized NPs enhance their interactions with leaky vessels to the detriment of deeper tumor 

tissues. Besides, if the density is too high the opposite effect was observed and resulting of their 

own steric hindrance [41]. It follows therefrom that a beforehand work on whole process is 

necessary. (c) The third phenomenon to be taken into account is the potential increase of the 

nano-carrier opsonization due to the ligands [42]. (d) Finally, the specific affinity between folic 

acid and liver could induce a premature hepatic uptake of the FA-decorated nano-carriers, after 

i.v. administration [43]. 

 

To conclude, when designing ligand-functionalized targeted drug delivery systems, the essential 

parameters of the ligand itself should be also taken into consideration, including molecular 

weight (MW), targeting affinity, valence and biocompatibility. The latter is a critical parameter 

due to many active targeting drug delivery systems are often very efficient in vitro [44], while 

they do not always enhance drug accumulation in tumors when studied in vivo [45]. 

Aminopeptidase N life 

Proteins Transferrin 

LHRH 

Transferrin 

receptor 

LHRH receptor 

Already in 

clinical trials 

High production 

cost 

Aptamers Pegaptanib VEGF receptor Possible to 

develop for any 

target 

High production 

cost 

Small 

molecules 

Folate 

Galactose 

Folate receptor 

Asialoglycoprotein 

receptor 

Low production 

cost, low 

molecular 

weight ; simple 

chemistry 

Could reduce 

circulation time 
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3.2.2. Vascular targeting (Endothelial cells) 
 

Another potential alternative strategy is to target angiogenic endothelial cells, which are adjacent 

to tumor cells and have intimate contact with blood vessels as described in Figure 1. This will 

reduce blood supply to the tumor and deprive cancer cells from oxygen and nutrients with 

subsequent hypoxia and necrosis [46]. The integrins (α2bβ3, ανβ3 and α5β1) and 

aminopeptidase-N (CD13) are the most common targets for tumor neovasculature. They are 

recognized by cyclic and linear derivatives of the peptide RGD (arginylglycylaspartic acid) and 

NGR (asparaginyl-glycyl-argininic acid) respectively [47]. Unlike the EPR effect, an important 

advantage of vascular targeting lies in the fact that its efficiency of is not correlated to the specific 

blood vessel permeability or cell uptake [48, 49]. Vascular targeting is able to limit poor delivery 

of drugs, the drug resistance and can be more adapted to the tumor heterogeneity or to various 

different sorts of tumors [50]. 

 

 

Figure 1: Schematic illustration of nano-carriers accumulation in tumor region through active and passive targeting 
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Earlier work on vascular targeting were reported in the 1920s [51] it was only in 1993 that 

researchers proved the real potential of this approach with a successful tumor eradication in vivo 

[52]. Then several literature reports extended the concept using ligands like vascular endothelial 

growth factor or RGD peptides, grafted on nanoparticles or nano-carriers like nanotubes [53], 

nanographene oxide [48], or QDs [54]. 

 

3.2.3. Targeting the mildly acidic tumor microenvironment  

 

In the mid-twentieth century, Otto Warburg [55] described a switch of the cancerous cellular 

metabolism into glycolysis with the formation of lactic acid as an endpoint to this glycolytic 

metabolism [56]. The lactic acid if accumulated intracellularly would lead to cell death [57]. The 

cancerous cells cope with this by overexpression of proton pumps and transporters to remove the 

protons from the cytosol to the extracellular milieu [58, 59]. This phenomenon, now known as 

Wraburg effect, leads to the acidification of tumor extracellular environment. 

Since then, considerable amount of research was carried out in order to exploit the acidic pH of 

the tumorous extracellular fluids [60]. E.g. pH sensitive liposomes were recently used to increase 

the therapeutic window of doxorubicin in treating breast cancer [61]. It has been shown that 

estrone-anchored pH-sensitive liposomes (ES-pH-sensitive-SL) were significantly more cytotoxic 

than free doxorubicin or non pH-sensitive estrone-anchored liposomes (ES-SL) vis-à-vis MCF-7 

cell line. Furthermore, cardiotoxicity, the foremost clinical side effect of doxorubicin, of ES-pH-

sensitive-SL was lower than free doxorubicin. Indeed, ES-pH-sensitive-SL displayed higher 

accumulation in tumor and less take up by heart, liver and kidney comparing to ES-SL or free 

doxorubicin. Also, ES-pH-sensitive-SL showed better inhibition of tumor growth than ES-SL and 

free doxorubicin when tested on breast tumor animal model [61].  

 

3.2.4. Nuclear targeting 

 

Beside the drug delivery to the TME or more precisely to the tumor cells, some treatments needs 

an even more precise level which is the drug delivery at organelle level, e.g., nucleus, lysosomes, 

mitochondria or endoplasmic reticulum. In that way, the therapeutic response will be maximized, 

and their toxic side effects minimized. In the case of delivery of therapeutic genes, the target is 

the cell nucleus to exert their effects in correcting dysfunctional or missing genes. On the other 

hand, cancer cell nucleus can be targeted for a destroying effect. Indeed, the mechanism of action 

of most anticancer drugs, e.g. doxorubicin, involves oxidative DNA damage and topoisomerase II 

inhibition within the nucleus [62]. However the effect of such anticancer drugs can be 

dramatically reduced if they are not specifically targeted to enter the cell as well as to the cell 

nucleus [62]. Nucleus targeting was investigated with different imaging probes like magnetic 

nanoparticles [63], AuNPs [64 , 65, 66], AgNPs [67, 68] and QDs [69]. Biologically, to deliver 

the payload drug targeted NPs to the nucleus, they are subjected to bypass a number of barriers 

such as (i) the cell membrane, (ii) avoid the entrapment and degradation in endosomes/lysosomes, 

(iii) cytoplasmic trafficking and finally (iv) nuclear entry. Actually the nuclear targeting should 
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mostly be performed using nano-scaled carrier, that are able to cross physiological barriers and to 

specifically deliver active ingredient or imaging probe to intracellular regions.  

Therefore, specific nucleus delivery has become a challenge task that should take into account the 

nano-carrier entering into the cytoplasm and then in the nucleus membrane. The nuclear pore 

complex (NPC) drastically controls the communication between the cytosol and nucleus. 

One interesting example of nanoparticles used for nucleus targeting is the gold nanoparticles. 

Besides their easy synthesis, their controllable and very small size allows to reach dimension 

below the one of the NPC, and their chemical nature simplify their surface functionalization [70]. 

The NPs size is even more important since below 9 nm AuNPs present a high nucleus penetration 

along with a fast blood clearance. On the other hand, for higher sizes from 20 to 200 nm, it is the 

opposite, the blood circulation time is higher but the nucleus entering is low [71]. Drug delivery 

solutions to nucleus were proposed by, for instance, gold nanostars functionalized with nucleolin-

specific aptamers [72]. AuNPs sizing at 30 nm, decorated with PEG (for increasing the NPs 

circulation in bloodstream) and peptides (RGD and nuclear targeted peptide) were shown to 

selectively disturb the division of cancer cells, resulting in cytokinesis arrest and resulting in 

apoptosis [70]. 

Additionally, NPs made with cationic polymers like poly(ethyleneimine) (PEI) and poly-(L-

lysine) were showed to be able to enter the nucleus efficiently. These polymers follow the 

microtubule cytoskeleton up to the nucleus [73]. Similar results are also obtained with cationic 

liposome-plasmid DNA complexes that successfully brought plasmid DNA into the nucleus [74].  

Investigations on ligands promoting the nuclear penetration shown that nuclear location sequence 

(NLS) decorating NPs significantly promotes their nucleus targeting [75]. Literature provided 

some other examples in that sense using NLS (CGGGPKKKRKVGG)-functionalized PLGA NPs 

(sizing around 72 nm) and NLS- functionalized QD-conjugated PLGA NPs (168 nm), that had 

been shown to target and enter the nucleus of HeLa cells [76]. Transactivator of transcription 

(TAT) peptide (from HIV-1) has been shown efficient for the same purpose [77], especially 

functionalizing ultra-small mesoporous silica nanoparticles [78 , 79]. Table 3 lists different nano-

carriers following active or passive targeting strategy. 

 

Table 3: Selected studies have been reported showing the active or passive targeted nano-carriers bearing molecules 

of interest either therapeutic agents and/or contrast agent to specific cells 

 

Carrier Ligand (coating 

shell) 

Active/ 

Passive 

targeting 

Imaging 

agent 

and/or 

therapeutic 

agent 

Application REF. 

 

 

Nanoemulsions 

 

PEGylated 

hydrophilic 

molecules 

(cremophore elp) 

 

 

--- 

 

Iodinated 

mono 

glyceride 

and 

iodinated 

castor oil 

Blood pool imaging agents, 

accumulated particularly in 

Liver and/or spleen, and 

imaged by X-ray CT 

 

 

[21] 

80



Targeting agents conjugated to nano-carriers to increase drug efficiency 

	 	

	

contrast 

agents 

 

 

Dendrimers 

 

 

PEG-RGD peptide 

 

 

Active 

 

 

AuNPs and 

Gd
3+

 chelat 

imaging 

agents 

Dual-mode nanoprobe for 

targeted CT/MR imaging of 

different types of αvβ3 

integrin-overexpressing 

cancer. 

 

 

[80] 

 

Dendrimers 

(PEG) monomethyl 

ether, and 

PEGylated Folic 

acid 

 

Active 

AuNPs and 

Gd
3+

 

complexs 

imaging 

probes 

CT/MR imaging of folate 

receptors (FAR) of cancer 

cells 

 

[81] 

 

Polyethylenimi

nes (PEIs) 

(PEG), non 

covalent 

complexes with  

siRNA 

 

Active 

 

Therapeutic 

siRNAs 

RNAi-mediated gene 

targeting, especially to lung 

 

[82] 

 

 

Liposomes 

decorated by cyclic 

RGD peptide 

conjugated to 

tandem peptide R8 

to develop a 

multifunctional 

peptide R8-RGD 

 

 

Active 

 

 

Paclitaxel 

Targeting for brain tissues 

and selectively accumulated 

in the glioma foci 

 

 

[83] 

 

Au-PEINPs 

 

PEI- PEG mono-

methyl ether-FA 

 

Active 

 

AuNPs 

contrast 

agent 

FA-Au-PENPs for targeted 

tumor CT imaging of FAR 

 

[84] 

 

Polymeric NPs 

(PLGA-PEG) 

NPs 

 

PEG-cyclic 

pentapep-tide 

c(RGDfK) 

 

Active 

 

Cisplatin 

Pt(IV) 

Prodrug 

Targeted to the αvβ3 

integrin (prostate and breast 

cancer epithelial cells) 

 

 

 

[85] 

 

Polymeric 

Micelles NPs 

Transferrin-

Modified PEG-

phosphatidyl-

ethanolamine 

(Tf-mPEG-PE) 

 

Active 

R547 drug 

(a potent 

and 

selective 

ATP-

competitive 

cyclin-

dependent 

kinase 

(CDK) 

 inhibitor) 

Targeted to A2780 ovarian 

carcinoma cells-

overexpressing transferrin  

receptors (TfR) 

 

 

[86] 

 

Albumin NPs 

 

--- 

 

--- 

 

Tacrolimus 

(TAC) 

 

TAC-loaded HSA-NPs 

Targets inflamed joints of 

rheumatoid arthritis tissues 

 

[87] 

 

Gold NPs 

Anti-EGFR-PEG-

AuNPs and Anti- 

IgG-PEG-AuNPs 

 

Active 

 

AuNPs 

imaging 

probes 

Targeting the human 

squamous cell carcinoma 

head and neck cancer. 

 

[88] 
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Polymeric NPs 

 

 

C18PMH-PEG 

 

 

--- 

 

 

Fe3O4 

contrast 

agent and 

DOX drug 

Magnetically control drug 

delivery, and serving as a 

contrast agent in T2-

weighted MR imaging 

(theranostics) 

 

 

[89] 

 

Gold NPs 

 

Gum Arabic-FA 

 

Active 

Both 

epirubicin 

Drug and 

AuNPs 

contrast 

agent 

Targeted delivery of 

epirubicin to A549 lung 

cancer cells. 

 

[90] 

 

 

Quantum Dots 

 

 

PEGylated 

molecules 

 

 

Active 

 

 

F3 peptide 

and siRNA 

 

F3/siRNA-QDs NPs 

produce significant 

knockdown of EGFP 

signal, and used as 

bioimaging probes by 

fluorescent imaging 

 

 

[91] 

Lipid Nano 

capsules 

(LNCs) 

Polysaccharids 

lipochitosan (LC) 

and lipodextran 

(LD) 

 

--- 

 

DiD 

fluorescent 

dye 

Selected to HEK293(β3) 

cells-bearing mice and 

detected by fluorescent 

imaging 

 

[92] 

 

 

4. Examples of targeted nano-carriers 

 

For the delivery of nucleic acids, active targeting could be an extremely useful approach [45]. As 

they are large, polyanionic molecules are not able to penetrate the cells because of electrostatic 

repulsions from negatively charged cellular membrane. In addition, DNA and siRNA site of 

action is inside the cells and their unselective uptake might provoke additional side effects. In 

contrast, the active targeting is able to enhance nucleic acid cellular internalization and at the 

same time limit off-target side effects. Moreover, cationic lipids classically used for nucleic acid 

delivery could induce in vivo toxicity [93]. 

Recent study using double-targeted photolabile-caged cell-penetrating peptide (pcCPP) ()/NGR 

liposomes encapsulating siRNA showed efficacy in c-myc gene silencing in vitro and in vivo 

[94]. pcCPP/NGR liposomes demonstrated enhanced uptake and endosomal escape in HT1080 

cell line. After systemic administration in mice pcCPP/NGR liposomes were preferentially 

accumulated in the tumor and delayed tumor growth via RNA interference. 

The first evidence of RNA interference in humans was shown with targeted nanoparticles [95]. 

On the other hand, cyclodextrin-based polymer functionalized with free PEG and PEG-transferrin 

conjugates. siRNA was designed to silence the expression of the M2 subunit of ribonucleotide 

reductase (RRM2). Systemic administration of nanoparticles revealed their dose-dependent 

accumulation in tumors and the decrease in RRM2 protein and corresponding mRNA. This study 

demonstrates that RNA interference could occur in humans after systemic administration of 
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siRNA in targeted nanoparticulate carrier and thus could be utilised as a gene-specific 

therapeutics (Table 4). 

Preclinical trials and subsequent clinical translation were shown for targeted polymeric micelles 

encapsulated docetaxel (BIND-014) [96]. The micelles combine passive targeting via the EPR 

with active targeting provided by peptide derivative S,S-2-[3-[5-amino-1- carboxypentyl]-

ureido]-pentanedioic acid (ACUPA), a PSMA (prostate specific membrane antigen) substrate 

analogue inhibitor. Administration in mice, rats and non-human primates showed prolonged 

circulation time (compared to free drug), minimal accumulation in the liver and controlled drug 

release. The same pharmacokinetics was observed in first Phase I human trials. 

Antibodies (Ab) and their fragments are so far one of the most studied targeting agents in 

preclinical and clinical trials. For instance, HER2-targeted PEGylated liposomal doxorubicin 

formulation was developed to reduce unspecific cardiotoxicity of anthracyclines and enhance the 

drug therapeutic potential [98]. The successful results obtained in pre-clinical studies in mice and 

embryonic stem cells derived cardiomyocytes brought the formulation to Phase I clinical trials 

(MM-302) in patients with advanced breast cancer. Another immunoliposome doxorubicin 

formulation (MCC-465) undergoing Phase I clinical trials showed no specific cardiac toxicity and 

pharmacokinetics comparable to Doxil
©

 [99]. Here a F(ab’)2 fragment of the human monoclonal 

antibody GAH (recognizes > 90% of stomach cancer tissues) was conjugated to standard 

PEGylated doxorubicin formulation. Other targeted nanosystems undergoing clinical trials are 

presented in Table 4. 

 

Table 4: Examples of targeted nanomedicine formulations in clinical trials [47,97]. 

 

Nanoplatform Drug Ligand Target Cancer type Phase 

Liposomes Oxaliplatin 

(MBP-426) 

Transferrin 

(tr) 

tr receptor Adanced / 

metastatic 

solid tumours 

I/II 

Liposomes Doxorubicin 

(MCC-465) 

F(ab’)2 from 

GAH 

 Metastatic 

stomach 

cancer 

I 

Liposomes p53 gene 

(SGT53-01) 

scFv tr receptor Solid tumours Ib 

Liposomes RB94 plasmid 

DNA (SGT-

94) 

scFv tr receptor Solid tumours I 

Liposomes Doxorubicin 

(MM-302) 

scFv ErbB2 

(HER2) 

Advanced 

breast cancer 

I 

Liposomes Melanoma Ag 

and IFN 

(Lipovaxin-

MM) 

Single domain 

Ab gragment 

DC-SIGN Melanoma 

vaccine 

I 

Polymers Docetaxel ACUPA PSMA Solid tumours I 
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(BIND-014) peptide 

Polymers RRM2 siRNA 

(CALAA-01) 

tr tr receptor Solid tumours I 

 

Small natural molecules such as sugars and vitamins [20, 47] could also represent interesting 

alternatives to antibodies and peptides. Moreover, they are easily metabolized and should not 

induce toxicity or side effects. One of the successful examples in small molecule targeting are 

galactosylated solid lipid nanoparticles with encapsulated doxorubicin that showed enhanced 

cellular uptake and similar bio-distribution in vivo compared to non-targeted [44]. 

Despite the advantages that active targeting could provide and a lot of efforts that were put by the 

scientific community over the last 20 years for its development, clinical outcomes stay quite 

modest. This is often due to discrepancies between animal models and human primary tumors, 

tumor heterogeneity in target expression and rapid blood clearance. When designing targeted 

systems a careful attention should be pointed at ligand properties, target expression profile and 

nanoparticle surface chemistry. It is however important to point out that active targeting strategies 

are still highly needed for the delivery of fragile bioactive molecules such as peptides, proteins 

and especially nucleic acids. Thus novel targets and ligands could represent a major interest in 

this field. 

 

5. Expert opinion 

 

The choice between active or passive tumor targeting should firstly rely on characteristics of the 

tumor cells as well as of the chemical nature of the drug. For the drugs, that do not have issues 

with cell penetration, such as doxorubicin, the simple encapsulation in “stealth” nanosystem (that 

reach the target passively) is sufficient. The best efficient result will be obtained by encapsulating 

these drugs in stealth nano-carriers with high blood half-life, thus, increasing their chance to 

accumulate specifically within the tumorous tissues, and consequently decreasing the drug 

toxicity towards highly perfused organs like heart, kidneys and liver. On the other hand, for the 

therapeutic molecules that have difficulties to cross cell membrane and could induce severe 

damage to normal cells, active targeting should be a preferential strategy. This involves the 

nanocarrier decoration with ligands specific to the receptors overexpressed on the surface of 

cancer cells. However, even if the result is more efficient, the technology for the surface 

decoration with ligands can be a complex chemistry (especially for nano-emulsions), and this is 

why in some cases the global strategy can orientate the choice of the drug privileging only the 

simple EPR effect without active targeting. 

Described earlier, nucleic acids are an excellent example of drugs that require the development of 

ligand-targeted systems. While cationic non-targeted nano-carriers could induce the interactions 

with cell membrane, they are non selective and toxic. On the other hand, nano-carriers decorated 

with ligands will stimulate receptor-mediated endocytosis and therefore the delivery of the drugs 

to their site of action, cytoplasm or even nucleus. This will also minimize off-target side effects 

and general toxicity. A combination of active or passive drug carrier with an imaging or a 
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diagnostic agent will generate “intelligent” theranostics system able to monitor disease 

progression and evaluate therapeutic efficacy of the drug in real time. The development of such 

systems relies on the careful consideration of tumor biology as well as on the exploration of new 

targets potential and original drug carriers. 
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Chapter 2.2: Functionalizing nano-emulsions with carboxylate: 

impact on the biodistribution and pharmacokinetics on mice 
	

	

Herein,	 studying	 the	 correlation	 between	 surface	 charge	 of	 the	 nanoparticles	 and	 their	

biodistribution	or	targeting.	We	selected	the	oleic	acid	due	to	its	high	lipophilic	properties,	

and	design	it	covalent	grafting	with	triiodobenzylalchole	giving	rise	to	triiodophenyl	oleate.	

The	synthesized	molecule	was	elucidated	by	1HNMR	spectra	then	transformed	into	nano-

emulsion	spontaneously	via	homogenization	with	cremophore	elp	surfactant	at	SOR	=	40	

wt.%	 and	 SOWR	 =	 40	 wt.%	 inducing	 approximately	 zero	 charged	 nano-emulsion	 with	

around	60	nm	in	size.	Likewise,	in	order	to	induce	the	surface	functionalization,	a	lipophilic	

polymer	 (maleic	 anhydride-alt-1-octadecene,	 PMAO)	 was	 mixed	 to	 the	 iodinated	 oleate.	

This	 lipophilic	 polymer	 containing	 anhydride	 rings	 which	 opened	 during	 the	 nano-

emulsions	 formulation	and	directly	oriented	 to	 the	nanodroplets	 surfaces	 functionalizing	

them	with	carboxylic	groups.	The	size	and	the	morphology	were	assessed	by	DLS	and	Cryo-

TEM,	 in	 addition,	 zeta	 potential	measurements	 showed	 the	 total	 difference	 between	 the	

neutral	charged	NE	(-2.8	mv)	and	the	negatively	charged	NE	(-50	mv).	Their	penetration	to	

the	 cells	 were	 tested	 against	 HeLa	 cells	 revealing	 very	 high	 internalization	 in	 case	 of	

negative	NEs	unlike	the	neutral	NEs.	In	vitro	experiments	were	followed	and	supported	by	

longitudinal	studied	in	micegiving	rise	to	very	different	behave	different	pharmacokinetics.	

The	 supplementary	 part	 concerns	 with	 the	 formulation	 of	 the	 positive	 charge	 NEs	 that	

established	 by	 chitosan	 coating	 layer	 deposited	 on	 the	 negatively	 charged	 NEs.	

Unfortunately	the	in	vitro	cellular	experiments	showed	completely	no	penetration	to	HeLa	

cells.	
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Abstract 
 

Efficiency of drug administration is related to the inhibition of adverse effects, and can be 

improved by the drug targeting. This can be performed by developing lipid nano-carriers 

encapsulating active ingredients, which will eventually follow their pharmacokinetics and 

biodistribution. Targeting technology generally goes along with the nano-carrier 

functionalization that can be the modification of the surface chemistry and/or ligand grafting. In 

this context, the great advantage of nano-emulsions is their loading capability and the 

possibilities offered to encapsulate several entities in a single droplet. However, since oil / water 

interface is a dynamic environment ruled by adsorption / desorption equilibria, the decoration of 

the droplets of lipid nano-emulsions with strongly anchored reactive functions is challenging. 

This study proposes a reliable and innovative method to functionalize lipid droplets, based on the 

lipophilic polymer poly(maleic anhydride-alt-1-octadecene) (PMAO), solubilized in the droplet 

core, and able to be hydrolyzed at the oil / water interface. The PMAO hydrolysis at oil / water 

interface was studied and disclosed by physico-chemical methods, surface tension and ζ 

potential measurements, and quantified by a colorimetric methods originally adapted to 

nanoparticulate systems. In vitro studies revealed that the presence of carboxylates at interface 

has a heavy impact on the interactions with cells, as the internalization of negatively charged 

droplets is much higher than neutral ones. This difference was confirmed with longitudinal 

studies performed in vivo in mice after i.v. administration, followed by X-ray imaging (micro-

computed tomography), the surface modification resulted in a significant difference in 

pharmacokinetics and biodistributions, with enhanced spleen and liver uptake. In this work we 

established the proof of concept of a new method for functionalizing lipid droplets, and 

demonstrated that surface modification can have a significant impact on their interaction with 

cells, pharmacokinetics and biodistribution in vivo. 

 

 

Keywords: 

 
Nano-emulsions; surface functionalization; targeting; X-ray imaging; poly(maleic anhydride-alt-

1-octadecene); PMAO; cell permeability. 
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1. Introduction 
 

Generally, the main pharmacological activity of drug is potentially related to adverse effects. 

From the two last decades, important research efforts were precisely undertaken for reducing 

those effects. Increasing the benefit-to-risk ratio actually signifies improving the drug efficiency, 

and an important solution for this purpose is targeting the active ingredient on the disease, 

e.g. lesion, organ. Using nano-carriers is a realistic solution for performing an efficient drug 

targeting, and thus an accumulation of the drug specifically on the desired location and not in the 

healthy tissues. Drug targeting is particularly crucial in antitumor therapies, taking benefit of the 

particular physico-chemical properties of the tumor microenvironment for enhancing the nano-

carrier accumulation [1-6]. Associating the drug with a nano-carrier will, after in vivo 

administration, modify its biodistribution, pharmacokinetics and elimination pathway in 

comparison with administrating the drug alone. It follows therefrom that after nano-

encapsulation, the critical parameters impacting on the fate in vivo of the drug, will mainly be the 

ones of the carrier features including size, chemical composition, surface composition or charge. 

Finally, developing a drug targeting solution involves a deep knowledge of the interactions 

between the nano-carrier, the living organism, and the physiological properties of the target, 

what so-called “nano-bio-interactions”. 

 

Lipid nano-droplets, so-called nano-emulsions, were shown as promising nano-carriers of liposo-

luble molecules [7-14]. Intrinsically, we have recently shown that, when solubilized in lipid core 

of droplets, active ingredients or imaging probes remains efficiently entrapped in the droplets 

and stay intact up to reaching the target [6]. At this point, the pathway of the drug will be the one 

of the lipid droplet in blood. Let us herein consider intravenous administration. Since the blood 

pool is the ultimate desired location for the drug, and the first one before targeting, it is the main 

route followed for research investigations or preclinical studies. Beyond physiological compa-

tibilities like sterility, osmolality and pH, the size of the nanocarrier is the first important factor 

influencing the biodistribution	[10, 15]. After injection, the nano-carrier will migrate to the heart 

by the vena cava, then in the lung to be back in heart by the pulmonary vena, and in the arterial 

circulation by the aorta. Thus a diameter higher than 5 µm is a risk of pulmonary emboli, 

avoided with a size distribution centered below 200-300 nm. The blood clearance is then 

performed by the macrophages of the reticuloendothelial system (RES), particularly in liver and 

spleen. Nano-carrier uptake is mainly performed by Küpfer cells in liver (25% of the liver cells 

and 90% of the macrophages in the body), as well as achieved by spleen. Oppositely, particles 

lower than 5-10 nm like micelles or small hydrophilic contrast agents undergo a renal filtration 

and a premature blood clearance. In fact, the circulation in bloodstream is the first crucial 

parameter related to the targeting efficiency: the higher the circulation time, the higher the 

contact with the target and potential interactions. The macrophage uptake is the consequence of 

the nanoparticle opsonization, by opsonin fixation onto their surface. The best conditions for 

inhibiting the opsonization is acknowledged as a particle size below 100 nm and a chemical 

surface decorated with hydrophilic polyethylene glycol polymer (PEG). 

 

In the case of lipid nano-droplets of nano-emulsion, we have shown that the optimized 

conditions allowed a half-life in blood around 9h [9, 11, 16], with a complete clearance after one 

day. This result was obtained, for instance, with 80 nm droplets and the surface fully PEGylated 

[9]. Such droplets underwent the hepato-biliary expected elimination of nanoparticles through 

96



Functionalizing nano-emulsions with carboxylate: impact on the biodistribution and pharmacokinetics on mice	

	

	 	

liver and spleen. However, with the aim of targeting other organs or potentially tumor with 

molecules that will not cross the cell membrane (e.g. after passive accumulation by permeation 

and retention effect), active targeting strategies need to be developed. In contrast with other type 

of nanoparticles, the functionalization of nano-emulsions is very challenging and still not well 

developed. The oil / water droplet interface is a dynamic system and anchoring a ligand, even 

from an amphiphilic moiety would still have the risk of desorption. Surface modification of 

polymer or inorganic nanoparticles are very well documented [17], simply due to their chemical 

intrinsic predisposition, ligand bio-conjugation will be covalently grafted and highly 

concentrated. On the other hand, advantages of nano-emulsions over these nanoparticles are their 

loading capability, possibilities of co-encapsulation of different molecules with very high 

concentrations [11, 18, 19]. Some reports show the modification of droplet surface by post-

insertion of functionalizable lipids like DSPE-PEG 2000-maleimide (1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-[maleimide (polyethylene glycol)-2000]) [20, 21], which consists of 

incubating a micellar solution of this DSPE-PEG 2000-maleimide with the suspension of lipid 

nano-droplets. As a result, a small fraction of the lipid will be inserted at the oil / water interface 

that allows to display around 40 functionalized sites per droplet [20, 21], which is rather low 

compared to the grafting efficiency obtained with polymer or inorganic nanoparticles [17]. The 

second pitfall of the method lies in the fact that the ligand grafting is only related to molecular 

adsorption at the droplet interface, that is to say considerably weaker that covalent bounding, all 

the more without insurance of stability after a potential ligand / receptor interaction. 

 

The present study focused on the development of nano-carriers combining the advantages of 

nano-emulsions with their outstanding loading capabilities, decorated with carboxylates as 

reactive functions, strongly anchored onto their interface. For this purpose, poly(maleic 

anhydride-alt-1-octadecene) (PMAO), a cheap and commercially available polymer was used. 

PMAO is a lipophilic alternated polymer composed of aliphatic octadecene chains (C-18) and 

reactive cyclic anhydride functions. Once hydrolyzed by water, the anhydride functions provide 

negatively charged carboxylates leading to an amphiphilic polymer that is widely used to water-

solubilize colloidal nanoparticles by wrapping [22]. Herein, PMAO was readily solubilized in the 

oily core of the droplet (up to 15 wt.%). After formulation of the nano-droplets, the anhydride 

functions quickly hydrolyzed once in contact with the water interface. As a result, negatively 

charged carboxylates are created and exposed to the water phase.  Similarly to a rhizome 

network, the carboxylates are strongly anchored to the oily core of the droplet by the polymeric 

part of PMAO. This conjecture, schematically illustrated in Fig. 1, is the driving idea of this 

study. A first part of the work will concern proving the hypothesis by physicochemical methods, 

and a second part will investigate the impact of this surface modification on the cell uptake in 

vitro and on the pharmacokinetics and biodistribution in mice. In vivo longitudinal studies were 

performed using an iodinated oleic acid as oily droplet core, followed by X-ray imaging (micro-

computed tomography). 
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Figure 1: Schematic illustration of the main conjecture of the study: the PMAO, soluble in the oily core of nano-

emulsion droplets hydrolyzes at interface creating carboxylates strongly anchored and available at the droplet 

surface. 

 

2. Experimental section 

 

2.1. Materials 
 

The oil phase used in the preparation of nano-emulsions was Labrafac
®

 WL 1349 (Gattefossé 

S.A., Saint-Priest, France), a mixture of capric and caprylic acid triglycerides as a model of 

parenteral-grade oil. For X-ray imaging, oil phase is 2,4,6-triiodophenyl oleate (TIPhO), a 

molecule synthetized for this study. Non-ionic surfactant (Kolliphor
®

 ELP) is obtained from 

BASF (Ludwigshafen, Germany). Kolliphor
®

 ELP (formerly named “Cremophor
®

 ELP”) is a 

parenteral-grade non-ionic surfactant made by reacting ethylene oxide to castor seed oil at a 

molar ratio of 35. Poly (maleic anhydride-alt-1-octadecene) (PMAO), methylene blue (MB), 

oleic acid (OA), 2,4,6-triiodophenol (TIPh), 4-dimethylaminopyridine (DMAP), N,Nʹ-dicyclo-

hexylcarbodiimide (DCC), dichloromethane, ethyl acetate, cyclohexane, sodium hydrogen 

carbonate, sodium sulfate anhydrous, sodium chloride, Hoechst 33258, deuterated chloroform 

(CDCl3), were purchased from Sigma Aldrich (St. Louis, MO). WGA-488 was purchased from 

ThermoFisher Scientific. NR668 is a homemade modified Nile Red fluorophore [18]. Phosphate 

buffered saline (PBS) (for in vivo experiments), Dulbecco’s modified Eagle medium (DMEM), 

Penicillin/Streptomycin solution (10.000 Units Penicillin/mL and 10 mg Streptomycin/ml) and 

fetal bovine serum (FBS) were obtained from PAN Biotech (Aidenbatch, Germany), and 

0.22 µm syringe filters were purchased from Fisher (Germany). 

 

2.2. Methods 
 

2.2.1. Axisymmetric drop shape analysis (ADSA) 
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Dynamic surface tension g was measured with a Tracker drop tensiometer (Teclis, Longessaigne, 

France), according to the so-called ADSA method. A rising drop (cyclohexane) was formed at a 

controlled volume, and maintained in a temperature-controlled cell filled with different aqueous 

phase in function of the experiments (Ultrapure water, MilliQ Filtration System, or PBS at 

different pH: 2.4, 4.4, 5.4, 6.4, 7.4 and 9.4). The bubble shape was recorded in real-time with a 

video camera. As a result, its Laplacian shape gave the values of interfacial area and surface 

tension. All experiments were performed at 20°C, in triplicate. 

 

2.2.2. Formulation of carboxylate-decorated nano-emulsions 

 

First, PMAO is dissolved in Labrafac
®

 WL 1349 (0.3 g) at different concentrations from 

0.5 wt.% to 15 wt.% (i.e. from 0.0015 g to 0.045 g). This {oil + PMAO} phase is then simultane-

ously homogenized at 2000 rpm and heated at 90°C (ThermoMixer C, Eppendorf) for 3 minutes. 

Then centrifuged 1 minute (14000 rpm, Minispin plus Microcentrifuge, Eppendorf) to avoid 

losing samples splashed on the tube wall. Next, Kolliphor
®

 ELP is added to this mixture (0.2 g) 

again simultaneously homogenized at 2000 rpm and heated at 90°C for 5 minutes until obtaining 

a clear solution. Finally, 0.75 mL of warm PBS (90°C) is added to the {oil + PMAO + 

Kolliphor
®

 ELP}, and homogenized (vortex) for 5 minutes to form the nano-emulsion. 

 

2.2.3. Dynamic light scattering, ζ  potential measurements 

 

Size distributions and polydispersity indices (PDI) were measured by DLS, along with z 

potentials, with a NanoZS Malvern apparatus (Malvern, Orsay, France). The helium/neon laser, 

4 mW, was operated at 633 nm, with the scatter angle fixed at 173° and the temperature 

maintained at 25°C. DLS data were analyzed using a cumulant-based method. z potentials 

measurements were performed one hour after formulation. All experiments were performed in 

triplicate. 

 

2.2.4. Cryo TEM preparations and observations 

 

Cryo TEM experiments were done on nano-emulsions (i) containing PMAO in oil (5 wt.%) and 

(ii) without PMAO, as control. Then samples were dialyzed for 24h (Spectra/Por
®

, Spectrum 

Europe B.V., Breda, the Netherlands, cutoff 12 kDa) to remove free surfactants. The vitrification 

of the samples was carried out in a homemade vitrification system. The chamber was held at 

22°C and the relative humidity at 80%. A 5 µL drop of the sample was deposited onto a lacey 

carbon film covered grid (Ted Pella) rendered hydrophilic using an ELMO glow discharge unit 

(Cordouan Technologies). The grid is automatically blotted to form a thin film which is plunged 

in liquid ethane hold at -190°C by liquid nitrogen. In that way a vitrified film is obtained in 

which the native structure of the objects is preserved. The grid was mounted onto a cryo holder 

(Gatan 626) and observed under low dose conditions in a Tecnai G2 microscope (FEI) at 200 

kV. Images were acquired using an Eagle slow scan CCD camera (FEI). 
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2.2.5. Quantification of carboxylates available on the nanodroplets 

 

Quantification of the carboxylates on the nano-droplets was performed following a colorimetric 

method originally adapted to colloidal systems [23]. The method based on electrostatic 

interaction between their negative charge, and the positive one of a hydrophilic dye (MB). As 

illustrated in the Supplementary information section, 1 mL of the suspension of nano-emulsions 

is placed into a dialysis tube (Spectra/Por
®

, Spectrum Europe B.V., Breda, the Netherlands, 

cutoff 12 kDa), and brought into contact with MB solution (10 mL at 3.12×10
-6 

mol.L
-1

) in the 

external phase (dialysate), PBS or MilliQ water. After a given and constant incubation time 

(fixed at 16h), a part of MB has migrated inside the dialysis tubing to stick on the charged nano-

emulsion droplets. The idea is to relate the loss in MB absorbance in the dialysate (DA), to the 

concentration of PMAO in the droplet core. In parallel, calibration is performed with a PMAO 

beforehand fully hydrolyzed in aqueous phase (maintained 90°C in PBS or MilliQ water for 2h). 

 

2.2.6. Synthesis and characterization of 2,4,6-triiodophenyl oleate 

 

The iodine grafting into the oily molecule was performed via a simple esterification reaction. 

Thus 2,4,6-triiodophenol (5 g, 0.011 mol), 4-dimethylaminopyridine (0.243 g, 0.002 mol) and 

N,Nʹ-dicyclohexylcarbodiimide (2.73 g, 0.013 mol) were sequentially added to a solution of 

oleic acid (3.7 g, 0.013 mol) in dicholoromethane (250 mL) at room temperature. The reaction 

mixture was kept under stirring overnight at room temperature, and then dicyclohexylurea and 

other precipitates were removed by filtration. The organic phase was further washed twice with 

aqueous NaHCO3 (5%), once with saturated NaCl solution and dried over anhydrous Na2SO4. 

The solvent was removed in vacuum and the obtained crude was then purified by gradient 

elution chromatography on silica gel using cyclohexane and ethyl acetate as eluents (at the ratio 

9:1). The final product, 2,4,6-triiodophenyl oleate, was obtained in 47 % yield as a colorless oil. 

In view of the chemical structure, the theoretical iodine content should be as high as 51.7 % of 

the molecular weight. 

 

2.2.7. NMR analysis 
 

1
H-NMR spectra were recorded with a Bruker Top Spin 3.0 operating at 400 MHz using 

deuterated chloroform (CDCl3) as a solvent. Chemical shifts (d) were expressed in parts per 

million (ppm), taking tetramethylsilane (TMS) as internal reference. The resulting 
1
H-NMR data 

appear coherent with the iodine-grafted oleic acid structure by revealing another one new signal 

corresponds to the two CH aromatic groups at 8.12 ppm of benzene ring (see Supplementary 

information). 

 

2,4,6-triiodophenyl oleate: 
1
H-NMR (400 MHz; CDCl3): d/ppm: 8.12 (s, 2H, CH aromatic 

(meta)), 5.38 (m, 2H, CH=CH), 2.67 (t, J = 7.6 Hz, 2H, CH2-COO-), 2.05 (m, 4H, CH2-CH=CH-

CH2), 1.84 (m, 2H, CH2-CH2-COO), 1.37 (m, 20H, CH3-(CH2)6-CH2 and CH=CH-CH2-(CH2)4-

(CH2)2-COO), 0.91 (t, J = 6.8 Hz, 3H, CH3).  
 
13

C NMR (101 MHz; CDCl3): δ 169.7 (CO), 151.9 (C-O), 147.0 (C-meta), 130.1 (CH=CH), 

129.7 (CH=CH), 91.7 (C-ortho), 91.4 (C-para), 34.5 (CH2-CO), 31.9 (CH3-(CH2)7-CH2-CH=), 

29.79 (=CH-CH2-(CH2)6-CO), 29.70 (CO-CH2-CH2), 29.54 (=CH-CH2-CH2-(CH2)5-CO), 29.35 

(CO-(CH2)2-CH2), 29.33 (CO-(CH2)4-CH2) 29.15 (CO-(CH2)3-CH2), 29.13 (CH3-(CH2)5-CH2), 
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29.08 (CH3-(CH2)4-CH2), 27.26 (CH3-(CH2)3-CH2), 27.17 (CH3-(CH2)2-CH2), 24.6 (CH3-CH2-

CH2), 22.7 (CH3-CH2), 14.2 (CH3). 

 

 

2.2.8. Cell culture and in vitro studies 

 

HeLa cells (ATCC® CCL-2) were grown in Dulbecco’s modified Eagle medium (DMEM, 

Gibco-Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% antibiotic 

solution (penicillin-streptomycin, Gibco-Invitrogen) at 37°C in humidified atmosphere 

containing 5% CO2. Cells were seeded onto a chambered coverglass (IBiDi) at a density of 

1×10
5
 cells/well 24h before the microscopy measurement. The cells were incubated in the 

presence of freshly prepared nano-droplets loaded with 0.2 wt.% NR668 (at 1000-fold dilution of 

the original formulation) in Opti-MEM (Gibco-Invitrogen) for 2h at 37°C. For a nuclear staining, 

the medium was replaced by Hoechst 33342 (conc. used 5 µg/mL) in Opti-MEM and the cells 

were incubated for 10 minutes at 37°C. For imaging, the medium was removed and the attached 

cells were washed with HBSS (ThermoFisher) three times and the cells were visualized in 

HBSS. Prior to imaging, the plasma membrane was stained by addition of wheat germ 

agglutinin-Alexa488, WGA-AlexaFluor®488 (ThermoFisher) (1 mg/mL in water) with a final 

concentration of 5 µg/mL. Confocal microscopy experiments were performed by using a Leica 

TCS SPE-II with HXC PL APO 63x/1.40 OIL CS objective. The microscope settings were: 405 

nm laser for excitation of Hoechst 33342, emission was collected between 420 and 470 nm. 488 

laser for excitation of WGA-AlexaFluor®488, emission was collected between 500 and 540 nm. 

For visualizing the nano-droplets, NR668 was excited with 561 nm laser with 570-750 nm 

detection range. The images were processed with the ImageJ software. 

 

2.2.9. Micro-CT Imaging  

 

The experiments were performed in agreement with the Committee of Animal Research and 

Ethics of the University of Lyon-1. 

 

2.2.9.1. In vitro experiments 

 

The X-ray attenuation properties of the iodinated nano-emulsions were evaluated at various 

concentrations with a micro-CT scanner (1076 Skyscan, Kartuizersweg, Belgium). Experimental 

parameters were as follows: X-ray, 49 keV, 129 µA; resolution, 35 mm; pitch, 0.4°; aluminum 

filters, 0.5 and 632 ms. Iodine concentration of nano-emulsions was determined using a 

calibration curve established with a commercial hydrophilic contrast agent (XenetiX 300, namely 

iobitridol), correlating iodine concentration and radiopacity.  

 

2.2.9.2. In vivo experiments 

 

In vivo imaging experiments were performed with a micro-CT (micro computed tomography) 

scanner (INVEON, Siemens, Munich, Germany). The experimental X-ray parameters were as 

follows: X-ray, 50 keV, 500 µA; resolution, 111.25 µm; pitch, 2°; aluminum filters, 0.5 and 900 

ms. The acquisitions were performed on Swiss mice, n = 3, for each type of nano-emulsions. 

Before the acquisition, mice were anesthetized with isoflurane. Then, the iodinated nano-
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emulsions were injected using a catheter in the tail vein, with an injection volume corresponding 

to 10% of the blood volume (i.e., 7.6 µL of nano-emulsions per g of mouse weight). Scans were 

performed before administration, immediately after injection, and after 30 min, 1, 2, 3, 4, 6 hours 

and 1, 2, 3, 7, 16 and 24 days. The micro-CT raw data were treated with OsiriX viewer to 

establish 2D maximum projection slices, and then to quantify a signal by placing a region of 

interest in the heart, liver, spleen, and kidney. 

 

 

3. Results and discussion 
 

3.1. Surface tension study of the PMAO at the oil / water interface 
 

In this surface tension study, PMAO was solubilized at 0.05 wt.% in cyclohexane as a model of 

organic phase compatible with ADSA experiments (suitable range of viscosities values, in the 

temperature of experiment). As opposed to the nano-emulsion formulation, our experiment was 

surfactant-free in order to focus on the effect of PMAO on the water / oil interface. The objective 

of this experiment was to show that PMAO migrates by diffusion at the interface and undergoes 

hydrolysis with water. Each anhydride function can potentially provide two negative charges (of 

two carboxylates) that will make a strong drop of the surface tension compared to the non-

hydrolyzed anhydrides. Thus, the conjecture was ventured on the fact that, since anhydride 

hydrolysis reaction is catalyzed by pH of the bulk, a pH-dependent kinetics of surface tension 

stabilization would be driven by the hydrolysis reaction. The results are reported in Fig. 2 (a), 

showing a very significant evolution of the kinetics in function of the bulk pH. For the higher pH 

values, the surface tension stabilization is achieved within 2000 s while it is longer than 10
4
 s for 

the smaller pH values. This is an actual clue of the chemical reaction of the anhydrides functions 

at interface. 
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Figure 2: (a) Surface tension follow-up at the cyclohexane rising drop interface (containing PMAO at 0.05 wt.%) in 

aqueous phase of different composition and pH. Each curve was fitted with a simple mono-exponential model of 

Eq. 1. (a) Inset: values of the surface tension after stabilization in function of pH. (b) Characteristic time t (from 

Eq. 1) provided by the fits of (a), in function of the bulk pH. 

 

It appears that whatever the kinetics, PMAO hydrolysis eventually occurs and the bulk high pH 

effectively favors the chemical reaction. Remarkably, even if the kinetics are highly different, the 

values of surface tension after stabilization (inset of Fig. 2 (a)) are quite close between 10 and 

16 mN/m. This may be due to the change in the surface composition where the ratio 

carboxylates / hydroxyl will increase with the pH, visible here since the charged species have a 

better interfacial activity than neutral ones. Following this interpretation involves that two 

phenomena should impact simultaneously on the surface tension, with two different kinetics: 

(i) the diffusion of the PMAO towards the interface (extreme case of MilliQ water and lower pH 

values) and (ii) the PMAO hydrolysis giving rise to hydroxyl and carboxylates increasing the 
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surface activity of PMAO. The experimental curves of Fig. 2 (a) were fitted with an exponential 

decay reported in Eq. 1: 

 

! =  !! + ! !
!!

! − 1                   (1) 

 

where γ is the surface tension, γ0 is the initial surface tension, τ the characteristic time, and A 

constant parameters. Accordingly, the quantitative analysis of Fig. 2 (a) is given in Fig. 2 (b) 

with the values of τ in function the bulk pH. The longer stabilization kinetics with τ > 2000 s, i.e. 

for the pH ≤ 5.4, suddenly fall down to τ < 500 s with pH ≥ 7.4. This variation appears very 

significant and we can evaluate on Fig. 2 (b) an apparent pKa around 5.9. To summarize, the 

hypothesis ventured on the fact that PMAO is able to migrate at the interface to be hydrolyzed 

seems to be correlated by this surface tension study, the optimal pH for this reaction is pH ≥ 7.4. 

 

3.2. Formulation of nano-emulsions with PMAO 

 

Formulation of nano-emulsions was performed, as described with materials compatible with the 

parenteral administration: triglyceride medium chains as oily core (Labrafac
®

 WL 1349) and 

nonionic surfactant as stabilizer (Kolliphor
®

 ELP). Spontaneous emulsification provided a 

suspension of nano-droplets sizing around 120 nm with a rather neutral ζ potential. The same 

process was performed with the oil containing PMAO solubilized at different concentrations, and 

the corresponding droplet size and values of ζ potentials are reported in Fig. 3 (a) and (b), 

respectively. The samples are measured one hour after formulation to ensure the PMAO 

hydrolysis is achieved in PBS (pH = 7.4). Remarkably, the size remains rather constant with a 

slight decrease from 120 nm to 100 nm by increasing the polymer concentration, while the 

surface charge dramatically increases in absolute values, from -5 mV to around -35 mV. From 

the size analysis, we can say that the formulation process seems overall preserved. The slight 

decrease of size decrease could be likely attributed to the interfacial activity of the polymer, 

increasing with its concentration. On the other hand, the absolute values of ζ potentials appear 

particularly high, and are related without doubt to the carboxylate functions at the interface. It is 

noteworthy that the values of ζ potentials for bulk MilliQ water appears higher than bulk PBS, 

and it is effectively due to the difference of ionic strength of the bulk, since counter-ions of the 

buffer actually screen the surface charge. This also means that, theoretically, at equivalent 

conductivities, the two systems formulated in MilliQ water and in PBS should have extremely 

different ζ potentials and surface composition (as disclosed with the tensiometry study above). 

Alternatively, these nano-droplets were observed by cryo TEM with 5 wt.% PMAO in oil 

(Fig. 3 (c)) and without PMAO as control (Fig. 3 (d)). The nano-droplets were distributed in the 

vitrified buffer layer, and the log-normal distribution of the population is rather visible with 

droplets ranging from 20 to 125 nm. In both cases, the droplets morphology appears very 

spherical and homogeneous. The main result lies in the fact that no real difference arose from the 

droplets with and without PMAO and the reason is due to the low contrast of the polymer 

compared to the triglycerides. The previous surface tension study and ζ potentials values have 

confirmed that a part of the polymer is effectively anchored at the interface, but keeping 

unchanged the droplet morphology. Although these cryo TEM experiments effectively did not 

visually confirm the presence of PMAO at the droplet interface or even in their oily core, it 

demonstrated that the presence of the polymer, at concentration as high as 5 wt.% in oil, has no 
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impact on the droplet structure. We can also note that the droplets in Fig. 3 (c) seems slightly 

smaller than in picture (d), coherently with the DLS results of (a). 

 

 
 
Figure 3: Physico-chemical characterization of nano-emulsions containing PMAO. (a) Hydrodynamic diameter and 

(b) ζ potentials, in function of the polymer concentration in oil. (c,d) Cryo TEM micrographs, of (c) nano-emulsions 

containing 5 wt.% of PMAO in oil, and (d) nano-emulsions without PMAO in oil as control. The darkest areas are 

the supporting lacey film. 

 

 

3.3. Quantification of the carboxylate at the oil / water interface of nano-

emulsion droplets 

 

The quantification of COO
–
 was performed according to a colorimetric method based on the 

electrostatic interactions between MB and the charged nano-droplet interface (described in 

section 2.2.5. above. The values of the MB absorbance in function of the concentration of 

PMAO in oil ([PMAO]oil), are reported in Fig. 4 (a), showing a gradual decrease with a steeper 

slope when the bulk is PBS at pH = 7.4 compared to MilliQ water, as expected. The calibration 

with PMAO hydrolyzed in water allowed, through the linear correlations ∆A =

! PMAO !"#$% , to compare [PMAO]water and [PMAO]nano-emulsions, reported in Fig. 4 (b). For 

instance, in the more favorable case of pH = 7.4, this correlation let appear that to reach the same 

concentration of carboxylates than in water, the PMAO in nano-emulsion need to be around 33 
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times more concentrated. In other words, around 3.3% of the total anhydride functions of the 

droplets are available at the interface for an electrostatic interaction with the MB. The 

corresponding number of carboxylate per nano-emulsion droplet is then calculated considering 

the drop size (from Fig. 3 (a)) and the polymer concentration, reported in Fig. 4 (c). The 

colorimetric method appears efficient for evaluating the number of charged species at the 

interface of nanoparticles, and the number of functions disclosed is compatible with the aimed 

applications for potentially grafting ligands, and as well, largely exceeding the published 

examples of nano-emulsion functionalization, i.e. below 40 per droplet [20, 21]. However, it is to 

be noted that several studies regarding the surface functional group quantification, notably 

carboxylic acid, have some limitation, and only a small but constant fraction of the surface 

functional groups is accessible to covalent surface derivatization, independently of the total 

number of surface functional groups	[24]. This means that the groups detected by quantification 

methods are actually underestimated. 

 

 

 
 
Figure 4: Quantification of the carboxylate functions anchored at the water / oil interface of the nano-emulsion 

droplets. 
 

3.4. In vitro studies 

 

The modification of the interfacial charge of such an extent is remarkable. The present following 

sections on in vitro cell experiments and in vivo imaging will focus on studying the potential 

impact that can induce the surface modification, on the living systems. Some studies previously 

conducted by our team [11, 16, 18] have shown that the interactions between nano-emulsion 

droplets and cells in cultures remains limited, and the cell uptake, when it arises, comes from the 

nature of the oily core. In the current study, three different samples were incubated with cells 

(HeLa as model cell line) during 2 hours, without PMAO as control, and with 0.5 and 1.0 wt.% 

in oil. To allow the droplet visualization under confocal microscopy, a lipophilic dye was 

introduced in the oily core at 0.2 wt.% in oil. This fluorophore is a modified Nile Red dye 

(NR668) that was proved, once encapsulated in nano-emulsion, not to leak out to the surrounding 

tissues or lipophilic receptors [6, 18, 19]. This tool thus ensured an efficient monitoring of the 

localization of the nano-emulsion droplets in fluorescence imaging. The results are reported in 

Fig. 5, in which the cell nucleus, plasma membrane and nano-emulsions appear in blue, green 

and red, respectively. The control (without PMAO) is conform to our expectations, the nano-
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emulsions does definitely not enter the cells, even after 2 hours of incubation. Although cells 

incubated with nanodroplets containing 0.5 wt.% PMAO only displayed very dim red spots 

(indicated with arrows), those incubated with 1 wt.% PMAO displayed numerous bright red 

spots located in the cytoplasm. Due to the apparent size of these red spots (higher than the 

microscope resolution of 200 nm), and due to their mobility, these latters likely correspond to 

endosomes containing nano-emulsion droplets. It follows that the nano-emulsions droplets 

containing 1 wt.% PMAO and therefore displaying a high density of negative charges at their 

interface likely interact with the plasma membrane leading to their internalization through the 

endocytosis process.  

 

 

 
 
Figure 5: Laser scanning confocal imaging of HeLa cells incubated with NR668 doped nano-emulsion containing 

increasing amounts of PMAO. In vitro studies of the influence of PMAO in nano-emulsions on the cell uptake. 

HeLa cells were incubated 2h with different concentrations in PMAO in oil. Scale bars are 10 µm. 
 

In general, when the oily core is composed triglycerides and without surface modifications, no 

interactions with cells is detectable. This is attributed to the dense PEGylation of nano-droplets’ 

surface by the nonionic surfactants which prevent the droplet from interacting with the 

biomolecules of the cell plasma membrane. However, up to now, such a cell uptake has never 

been observed with lipid droplets. It is actually a remarkable result all the more so since it is 

obtained with a very simple and cheap modification of the formulation. Therefore, it opens new 

doors for efficient drug delivery applications where the drug needs a carrier to cross the cell 

membrane. For example, combined to enhanced retention and permeation effect that passively 
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targets some tumors, these modified nano-emulsions can be an alternative to active targeting 

technologies (ligand / receptor based technologies) to cross the tumor cell membrane once they 

reach the tumor microenvironment. 

 

3.5. In vivo imaging 

 

This last section will investigate the impact of the surface modification on the fate of the nano-

emulsion in mice after i.v. administration. This study is performed through a longitudinal study 

of the biodistribution. X-ray imaging is a non-invasive modality that allows a three-dimensional 

monitoring of the nano-carrier location in the body of the animal. This modality was chosen for 

this study. It involves modifying the formulation including X-ray contrast agent. For this 

formulation, a model lipid, oleic acid, has been modified by grafting triiodophenyl according to 

the novel protocol reported in Fig. 6 (a), giving rise to 2,4,6-triiodophenyl oleate (TIPhO). 

TIPhO is a lipophilic molecule containing the outstanding proportion of 51.7 wt.% of iodine, and 

replaced Labrafac
®

 WL 1349 as oily phase in the nano-emulsification process (described above 

in the Method section), as illustrated in Fig. 6 (a). The theoretical iodine concentration in nano-

emulsions, calculated from the formulation parameters reached 11.5 wt.%, which is effectively 

correlated by the calibration by X-ray attenuation properties reported in Fig. 6 (b), overall around 

130 mg/mL. The calibration is done with a commercial iodinated contrast agent (XenetiX
®

), 

scanning the tubes in micro-CT scanner. Such an iodine concentration is largely higher than 

commercial products (e.g. 55 mg/mL for Fenestra
®

) and comparable with the other iodinated 

nano-emulsions we recently reported from triglycerides, monoglyceride, or α-tocopherol [11]. 

 

 

 
 
Figure 6: (a) Synthesis and formulation of the contrasting agent: 2,4,6-triiodophenyl oleate (TIPhO). (b) In vitro 

characterization of the X-ray contrasting properties of the nano-emulsions without PMAO (TIPhO NE), and with 

PMAO at 1.5 wt.% in oil (TIPhO-PMAO NE). 
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The next step is the surface modification of such iodinated nano-emulsions exactly as it was 

done up to now with Labrafac
®

 WL 1349 nano-emulsions. The formulation was performed with 

PMAO at 1.5 wt.% in oil, i.e. at concentrations higher than the ones where cellular uptake occurs 

(disclosed in Fig. 5). Both TIPhO nano-emulsions (TIPhO NE) and TIPhO-PMAO nano-

emulsions (TIPhO-PMAO NE) showed a size distribution centered on 50 nm, whereas, as 

expected, their ζ potentials were measured at -2.5 mV and -39.7 mV, respectively. Both 

TIPhO NE and TIPhO-PMAO NE were intravenously administrated to mice, and regularly 

scanned during 24 days. Compared to the values of X-ray attenuation before injection, the 

contrast enhancement was followed-up in selected regions of interest (ROI): heart, liver, spleen 

and kidneys, i.e. constituting the main elimination pathway of foreign species in bloodstream, in 

healthy mice. The results presented in Fig. 7 overall show a behavior in the same line that the 

one observed for nano-emulsions: (i) a prolonged circulation in blood pool, (ii) liver and spleen 

uptakes, and (iii) a gradual kidneys elimination. However, a very significant difference arose 

between the nano-emulsions with and without PMAO. 

 

 
 
Figure 7: In vivo micro-CT imaging, longitudinal studies of the biodistribution of O-TIB nano-emulsions after i.v. 

administration in mice. Nano-emulsions without PMAO (TIPhO NE) and with PMAO 1.5 wt.% in oil (TIPhO-

PMAO NE) were compared; n = 3 for each type of nano-emulsion. (left) Quantitative analysis of the X-ray 

attenuations values, the ROIs were placed in heart, liver, spleen and kidneys.  (right) Maximum intensity projection 

at representative times: coronal sections of mice post-injection and 6 hours after injection (showing heart and liver), 

and transverse sections 6 hours after injection (showing spleen). Arrows on the graphs indicate the correspondences 

for 6 hours. 
 

The different experimental curves, i.e. blood elimination, liver / spleen accumulation, and 

liver / spleen elimination were fitted with the following classical mono-compartmental 

exponential Eq. 2, 3 and 4, respectively: 
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∆HU ! = ∆HU !! ×!
!!!!                  (2) 

∆HU ! = ∆HU !! + ∆HU × 1− !
!!!!                 (3) 

∆HU ! = ∆HU ! ×!
!!! !!!

                  (4) 

 

where t0 is the initial time (injection time), k1, k2 and k3 are the blood elimination rate, 

liver / spleen accumulation rate, and liver / spleen elimination rate, respectively. ΔHU  is the 

contrast enhancement at the end of the accumulation process (for t trending to infinite), and t' is 

the time when the elimination in liver or spleen begins. The values of these parameters are 

reported in Table 1, where ΔHUmax = ΔHU(t0) + ΔHU . Maximum intensity projections are 

reported in Fig. 7 (left) showing mice sections (coronal and transverse) post-administration and 6 

hours after injection, as representative times. Regarding the blood clearance, as observed in vitro 

(Fig. 6), it appears that the initial values of the contrast enhancement ΔHU(t0) slightly differ from 

425 HU to 373 HU for blank and modified nano-emulsions, respectively. This difference has not 

a real importance for their imaging properties since both values are very high. However, the 

kinetics reveals the first difference between the curves, with a t1/2 dropping from 8.2 h to 6.0 h 

with the presence of PMAO. This is confirmed by the blood elimination rates k1 that are 

increased from 0.084 h
–1

 to 0.116 h
–1

. On the other hand, while for the blank nano-emulsion, the 

liver accumulation rate k2 of the is equal to 0.140 h
–1

 and there is no accumulation in spleen, the 

ones corresponding to the modified nano-emulsions are much higher, 0.520 h
–1

 and 0.523 h
–1

 for 

liver and spleen, respectively. This corroborates the premature blood clearance seen above, and 

clearly discloses the impact of the droplet surface modification on the pharmacokinetics. 

Consequences are visible on the values of t', when, without polymer, the maximum signal is 

reached in liver at 24 h, while with polymer it is 3 h in liver and 6 h in spleen. The fact that in 

one case the droplets accumulate in spleen and in the other case there is no accumulation is 

likewise an important clue on the impact of the surface charge on the behavior in vivo. Finally, 

unlike the accumulation rates in liver or spleen, the kinetics of elimination revealed by k3 is very 

similar whatever the organ concerned. 
 

Table 1: Pharmacokinetics parameters for iodinated nano-emulsions without PMAO (Blank NE) 

and with PMAO 1.5 wt.% in oil (Modified NE). 

 

     TIPhO NE  TIPhO-PMAO NE 

 Blood Liver Spleen  Blood Liver Spleen 

ΔHU(t0) (HU) 425 89 103  373 82 92 

k1 (h
-1

) 0.084 – –  0.116 – – 

t1/2 (h) 8.2 – –  6.0 – – 

ΔHU(t1/2) (HU) 213 – –  185 – – 

ΔHUmax (HU) – 215 –  – 249 197 

k2 (h
-1

) – 0.140 –  – 0.520 0.523 

t' (h) – 24 –  – 3 6 

k3 (h
-1

) – 0.0083 0.0172  – 0.0080 0.0071 

        
 

In the same line than the results observed above for cellular uptake, the surface modification of 

the droplets has a significant and important impact on both the pharmacokinetics and 

biodistribution. It is noteworthy that TIPhO-PMAO NE displayed an enhanced uptake by spleen 

compared to TIPhO NE. This difference can be attributed to different pattern of recognition 

towards the immune system. Such a significant difference in spleen uptake was previously 

reported [11] and attributed to the specific recognition by the macrophages, trapping the nano-
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carriers in the spleen for elimination. In the present study, the singular difference of 

accumulation in spleen and liver are likely due to a similar reason, the modification of the 

surface composition and charge increases their recognition and allows a modification of their 

final destination, 4 and 8 times faster than blank nano-emulsions (values of t'), for liver and 

spleen, respectively. This evidently explains the shift of the blood clearance half-lives observed. 

This difference is illustrated with the two-dimensional projections of the intensity (Fig. 7), where 

the image treatment is strictly the same between all pictures to allow a visual comparison of the 

X-ray attenuation. The coronal section post-injection showed in both cases an important contrast 

in heart, the ventricles were clearly visible along with the main veins and arteries. The contrasted 

points in liver were the organ vascularization. After 6 hours, the difference between neutral and 

negatively charged droplets was visible; the contrast in liver rose slowly in the first case while it 

is pronounced in the second case to the detriment of the blood. Finally, the transverse section 

revealed the contrast in spleen, only visible with the modified nano-emulsions. 

 

Besides the novelty of the chemical concept for bringing to the surface of the nano-emulsion 

droplets a number of reacting groups, this study shows that the modification of their surface 

composition and/or charge lead to significant impacts on both their cellular uptake and their 

behavior in vivo. Accordingly, we pointed out a very interesting question to be addressed when 

surface functionalization technologies are developed: what is the impact of the surface 

modification itself (necessary for ligand grafting) on the biodistribution and pharmacokinetics? 

Addressing this problem is relatively heavy, all the more so since the fate in vivo can be also 

changed after grafting of functional groups. For example, chemical reactions involving the 

carboxylate groups will reduce the global number of negative charge on the surface, and poten-

tially reduce the effect herein observed. On the other hand, it could be fundamental for a global 

optimization of the process, to understand the impact and compatibility of any surface 

modification with the aimed applications. 

 

4. Conclusion 

 

This study proposed to study the decoration of the surface of nano-emulsions with carboxylates. 

Since emulsion interfaces are dynamic, the chemical modification of such a system is by 

definition a challenge since the adsorbed functional species or ligands can potentially desorb, 

according to the adsorption / desorption equilibriums. This phenomenon actually limits the 

possible interfacial concentration and stability of potentially grafted entities. Herein we 

circumvent these limitations using a lipophilic polymer, PMAO, able to hydrolyze at the 

interface, giving rise to a strong anchorage and decoration of the droplets with numerous 

carboxylates available for further functionalization. The PMAO hydrolysis at oil / water interface 

was studied and disclosed by physico-chemical methods, surface tension and ζ potential 

measurements, and quantified by an adapted colorimetric methods. Once in contact with cells in 

culture, when native nano-emulsions droplets do not present interactions, the modified droplets 

exhibit strong interactions and, via endocytosis, end up inside the cells. This was correlated in 

vivo with the longitudinal study of the biodistribution, showing an enhanced liver and spleen 

uptake, up to reducing the half-life of blood clearance of two hours. In this work we establish the 

proof of concept of a new method for functionalizing lipid droplets, but as well, we point out that 

surface modification even at intermediate state without ligands, can have a significant impact on 

their behavior towards living systems. It is noteworthy to mention here that we overcame the 
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limitations of lipid functionalization before [X], as we successfully modified lipid nanodroplets 

with amino groups anchored on their surface thanks to aminosilane molecule APTES which is 

completely different method than the current protocol, and followed be their functionalization 

with dye model ligand obtaining 41% grafting efficiency. 
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1. The goal: 

This point aims to design positively charged nano-emulsions in order to study and compare them 

with the neutral and negative charge nanoemulsions in function their physico-chemical properties 

as well an in in vitro cellular internalization experiments. 

 

2. General method of preparation: 

 

According to the procedure described above in chapter 2.2, two negatively charged 

nanoemulsions were fabricated, coated by PMAO polymeric shell (0.5, 1 wt.% of PMAO) 

containing carboxylic groups on their surface. Different volumes of chitosan (low Mwt = 50,000-

190,000 Da) of concentration (40mg/mL) then were added to the prepared NE, and homogenized 

by magnetic stirring for 30 minutes at room temperature. The chitosan bearing amino groups 

(positive charge) deposited on the carboxylic groups via electrostatic forces, forming finally 

external shell (positively charged) on the droplet surface.  

 

3. Results and discussion: 

 

3.1. Hydrodynamic diameter 

 

Dynamic light scattering (DLS) determined the hydrodynamic diameter of the double-layered 

nanoemulsions. Two nano-emulsions were prepared beforehand based on the carboxylic polymer, 

0.5 wt.% and 1 wt.% PMAO, and then various amounts of chitosan solution were added. The 

results demonstrated a significant difference of the size before and after creating the chitosan 

layer. Globally, both size and PDI increased as describes in Figure 1. 
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Figure 1: DLS measurements for various concentrations of chitosan deposited to NE1 of 0.5 wt.% PMAO (black 

column) and NE2 of 1 wt.% PMAO (red column). 

 

3.2. Zeta potential 

 

Surface charge is considered one of the important parameters affecting the biological behavior of 

the nanoparticles. Zeta potential (mV) of a series of the formulated nanoemulsions were 

determined by zetasizer instrument. The results are clearly illustrated in Figure 2 showing almost 

gradual increasing of the surface charge according to the amounts added of chitosan solution. 

Meanwhile, the two NEs of 0.5%, 1% of PMAO have comparable charge values in low 

concentrations of chitosan, and completely varied at higher chitosan concentrations that is to say 

at 1% PMAO of NE can interact with higher amount of amino groups of chitosan than 0.5% 

PMAO.  
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Figure 2: Measurements of zeta potentials by zetasizer to different nanoemulsions: NE1, composed of several 

concentrations of chitosan layer deposited to 0.5 wt.% of PMAO (black column) and NE2; corresponds to the 

amounts of chitosan deposited to 1wt.% of PMAO (red column). 

 

 

3.3. Cellular uptake experiments 

 

In order to investigate the positive charge NEs to penetrate the HeLa cell, we performed the 

cellular uptake study as exactly explained above in chapter 2.2. The results of the NEs coated by 

chitosan polymer behave a negative response towards the cell penetration. In Figure 3, the 

confocal microscopic images of the two NEs showed that there is no penetration of the NEs (red 

spots) into the nucleus or the cell membrane and still stick to the glass (black color). 
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Figure 3: Confocal microscope images of in vitro cellular uptake experiments of the positive charge nanoemulsions 

against HeLa cell. (A): 0.5 wt.% of PMAO nanoemulsions coated with chitosan layer. (B): 1 wt.% of PMAO 

nanoemulsion coated with chitosan layer. Blue color: nucleus, green color: cell membrane, red color: nanoemulsion, 

and black color: glass. 

 

 

 

4. Conclusion 

To conclude, the three different nanoemulsions (positive, negative, neutral) were fabricated to 

examine the effect of the surface charge of the particles on the in vitro uptaking to the cells and 

thus the in vivo biodistribution and the cytotoxicity profiles. The given results ensured that the 

highly negative particles internalize the cells through endocytosis, positively charged ones tend to 

stick to the glass, and the non charged particles do not interact with cells and glass. 
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Chapter 2.3 : Functionalization of nano-emulsions with an amino-

silica shell at the oil–water interface 
 

We succeeded to functionalize the nano-emulsion droplets by silica shell terminated by active 

groups (NH2). Aiming to generate new promising candidate to conjugate with some ligands to 

actively target the desired lesions or cells. We proposed new strategy to formulate the nano-

emulsions constitutes of medium chain triglycerides (Labrafac WL
®

) oil mixed well with the 

lipophilic silica precursor aminopropyltriexothysilane (APTES), then homogenized with 

Cremophore ELP
®

 and water. Then, APTES hydrolysis was mediated by ultrasound, inducing the 

silane monomer polycondensation localized on the droplets’ surface forming rigid silica coating 

containing amino groups in the oil/water interface. DLS and TEM instruments assessed the size 

and the morphology of the nano-emulsion. The available amino groups that present on the surface 

were quantified by means of fluorescamine dye method, using spectral tools (spectrophotometry 

and spectrofluorometry) obtaining finally a large number of reactive sites per capsule (up to 

9x10
4
, ∼2 amino groups per nm

2
). The last step was related to the grafting of a model ligand 

through reaction of an activated carboxylic acid (coumarin blue dye) on the amine functions exist 

onto the nanocapsule surface. The grafting efficiency was around 41% and the conjugated 

molecules were characterized by several spectroscopic and microscopic techniques. 
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Functionalization of nano-emulsions with an
amino-silica shell at the oil–water interface†

Mohamed F. Attia,abc Nicolas Anton,*ab Redouane Bouchaala,ade Pascal Didier,ad

Youri Arntz,ad Nadia Messaddeq,f Andrey S. Klymchenko,ad Yves Mélyad

and Thierry F. Vandammeab

Nano-emulsions are very promising nano-carriers with high potential for loading lipophilic drugs. However,

the surface of oil nano-droplets is a dynamic oil/water interface stabilized by surfactants, and its chemical

modification to graft ligands is highly challenging. In this study we developed a new protocol for

modification of the nano-droplets surface through a silica shell terminated by amine functions. It

enabled preparation of nanocapsules of 65, 85 and 120 nm diameters with a surface coverage of ca. 2

amino groups per nm2. The nanocapsule surface was then functionalized (41% efficiency) by a model

fluorescent ligand (coumarin blue) with a carboxylic function. The evidence for the successful grafting

was provided by spectrofluorometry, Förster resonance energy transfer, atomic force microscopy

coupled with fluorescence imaging and fluorescence correlation spectroscopy. This simple protocol for

surface functionalization of the liquid/liquid interface of lipid droplets may constitute a real advance

regarding potential applications that need efficient decoration of droplets with ligands.

Introduction

Nanomedicines for therapeutics and diagnosis purposes always

have a common aim: bringing the drugs to the specic target.

Targets are, for instance, organs, lymph nodes, cancer tumors,

and the accumulation mechanisms rely on the targets and can

follow passive or active targeting. In cases of liver, spleen, or in

some case tumor targeting, passive accumulation mechanisms

can be sufficient to bring to the desired site a signicant

amount of active molecules. These passive mechanisms are

driven by the uptake and metabolization of the nanoparticle

systems that are undertaken by the liver and/or the spleen,

depending on the chemical nature of the carrier.1 In case of

tumors, the passive accumulation results from the enhanced

permeation and retention effect (EPR)2 that is related to the

half-life of the nanomedicines in the bloodstream. On the other

hand, the selective accumulation in targets can also be

improved by an active mechanism, involving ligand/receptor

interactions.3 This approach also depends on the circulation

time in blood of the nanoparticles (NPs), in order to ensure

efficient ligand/receptor interactions. The higher the half-life,

the better the chance of their interactions. Ligands graed

onto the NPs surface recognize the receptors and, as a result,

NPs concentrate their active principles at the targeted site.

Many ligands have already been proven to be effective for cancer

active targeting and they can be graed onto the surface at high

concentrations. Typical examples are cyclic pentapeptides

c(RGD) that, when graed on the surface of polymeric PLGA–

PEG NPs (poly(D,L-lactic-co-glycolic acid)-block-polyethylene

glycol), showed increasing in vivo accumulation in cancer cells.4

The co-encapsulation of anticancer active molecules results in

specic treatment of the tumor. Other peptides like bombesin

graed onto gold NPs have shown an in vitro and in vivo cancer

cell specicity allowing detection of tumors cells by X-ray

imaging owing to the gold NPs accumulation.5 E-selectin

peptides graed on liposome surface,6 or 2-deoxy-D-glucose

onto gold NPs7 have also shown interesting accumulation in

cancer cells due to their enhanced glucose consumption.

Specic targeting of pancreatic ductal adenocarcinoma can be

performed through plectin-1 targeted peptides (PTP) at the

surface of hybrid iron oxide/polymeric NPs.8 Another approach

relies on the use of specic antibodies targeting cancer cells

receptors, like anti-Her2 (ref. 9) or anti-CD4.10 Different other

types of ligands could also be efficient for active targeting of
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tumors such as folic acid for which receptors are overexpressed

in gastric cancer cells11 or cationic polymers that target sialic

acid overexpressed on colonic malignant tissues.12

These examples clearly emphasized that specic targeting is

efficient only if the surface concentration is high enough to

provide a signicant response or contrast in vivo. Active tar-

geting is generally performed with polymeric or inorganic

(particularly gold) NPs, because the surface chemistry per-

formed on these systems is facile and efficient, providing a high

number of available functional groups on the NP surface, and a

high stability aer ligand graing. In the case of polymeric NPs,

the functional groups (like carboxylic acids3c,4,13) are part of the

polymer constituting the NP matrix. Therefore a large number

of sites are available for ligands, which aer graing are

strongly anchored onto the NP surface. Functionalization of

gold NPs is generally performed through strong thiol/gold

interactions in order to decorate the gold NP by thiol-

polyethylene glycol-COOH molecules.10,14 In this case also, the

reactive groups are strongly anchored to the NP core, presenting

a high number of available reactive groups at the interface.

Generally, the simple and efficient surface functionalization is

one of the main advantages of polymeric15 and inorganic NPs

for active targeting strategies. In contrast, one of their main

drawbacks is their limited capability in encapsulating active

molecules, drugs or contrast agents, into the polymeric matrix

or within the shell of inorganic NPs.

Other important family of nanomedicines is lipid nano-

droplets, so-called nano-emulsions or nanocapsules. They are

kinetically stable class of emulsions, in contrast to micro-

emulsions that are thermodynamically stable.16 Nano-

emulsions can be easily formulated and they enable high

loading levels of guest molecules in their core. We recently

obtained17 lipid nano-emulsions encapsulating in their lipid

core, uorescent probes with concentrations as high as 8 wt%,

opening new possibilities for single-particle tracking in vivo.17b

In addition, we formulated nano-emulsions as lipid reservoirs

containing more than 50 wt% of iodine, and thus highly effi-

cient for X-ray imaging.1,18 In addition to iodine, we co-

solubilized in the same droplets signicant amounts of a uo-

rescent dye, which allowed monitoring their cellular uptake.1

Nano-emulsions are also prospective for co-encapsulating drugs

and contrast agents, and following their actual dosage in real

time by imaging. In contrast, the active targeting of nano-

emulsions is not presently well developed, due the technical

difficulties related to the structure of the nano-emulsions.

Indeed, oil droplets are stabilized by a monolayer of nonionic

surfactants, so that there is no reactive groups for conjugation

with ligands, and no possibilities for covalent anchoring of

reactive chemical species as the liquid/liquid interface is a

dynamic medium. Strategies such as post-insertion at the oil/

water interface of reactive function-bearing surfactants, like

DSPE-PEG 2000-maleimide (1,2-distearoyl-sn-glycero-3-phos-

phoethanolamine-N-[maleimide (polyethylene glycol)-2000])2b,19

were developed, but the obtained surface modication is still

largely below that of polymeric or inorganic NPs. The DSPE-PEG

2000-maleimide molecules are inserted in the surfactant

monolayer, by incubating the lipid nano-droplets with a

micellar solution of these molecules. However, in this approach

the interfacial concentration is not controlled and is signi-

cantly lower compared to polymeric or inorganic NPs. In addi-

tion, the interfacial adsorption is denitively weaker than

covalent bonds, and can even be reversible leading to ligand

release into the biological medium.

In the present study, we propose a new and simple method to

functionalize lipid nano-droplets. The idea is rst to formulate

nano-emulsions, and second to build amino-silica shell at the

droplet interface. As a result, covalent graing of ligands to the

lipid nanocarriers becomes possible. The silica precursor, (3-

aminopropyl)triethoxysilane (APTES), beforehand solubilized in

the oil core of the nano-emulsion droplets, reacted by ultra-

sounds with the aqueous phase at the droplets interface to

generate the silica shell specically at the interface. A signi-

cant part of the APTES0 NH2 groups nally appears decorating

the nanocapsules, oriented towards the aqueous bulk phase.

We quantied the reactive NH2 groups by using the

uorescamine-based method, and further characterized the

physicochemical properties of the functional nanocapsules by

dynamic light scattering (DLS), transmission electron micros-

copy (TEM), and atomic force microscopy coupled with uo-

rescence microscopy (AFM-Fluo). Moreover, as a proof of

concept, we graed a uorescent model ligand presenting

activated COOH functions (coumarin blue dye) that react with

the amino groups onto the capsules. Thus, we describe a robust

approach to cover lipid droplets with a solid silica shell that

enables their covalent functionalization.

Experimental section
Materials

The oil phase used in the preparation of nano-emulsions was

exclusively Labrafac® WL 1349 (Gattefossé S.A., Saint-Priest,

France), a mixture of capric and caprylic acid triglycerides as a

model of parenteral-grade oil. Non-ionic surfactant (Kolliphor

ELP®) from BASF (Ludwigshafen, Germany) was a kind gi

from Laserson, Etampes, France. Kolliphor ELP (formerly

named “Cremophor ELP”) is a parenteral-grade non-ionic

surfactant made by reacting ethylene oxide to castor seed oil

at a molar ratio of 35.20 3-Aminopropyltriethoxy silane (APTES),

uorescamine, ethanolamine, 7-(diethylamino) coumarin-3-

carboxylic acid N-succinimidyl ester (activated coumarin blue),

Nile red (NIR), dry dioxane, dry dimethylformamide (DMF), and

dimethylsulfoxide (DMSO) were purchased from Sigma. All

chemicals used were of analytical grade and used without

modication. Fetal bovine serum (FBS) was obtained from PAN

Biotech (Aidenbach, Germany).

Methods

Formulation of amino-decorated lipid nano-emulsions.

First, the silica monomer (APTES) is dissolved in the oil at

different concentrations from 0.05 M to 0.5 M. This {oil +

APTES} phase is then homogenized (vortex) 3 minutes at room

temperature to obtain a transparent sample. It is then mixed

with the non-ionic surfactant at different surfactant-to-oil

74354 | RSC Adv., 2015, 5, 74353–74361 This journal is © The Royal Society of Chemistry 2015
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weight ratio, SOR ¼ 40%, 50% and 60%, i.e. respectively {wsurf.

¼ 0.32 g/woil. ¼ 0.48 g}, {wsurf. ¼ 0.40 g/woil. ¼ 0.40 g} and {wsurf.

¼ 0.48 g/woil. ¼ 0.32 g}. This mixture is homogenized (vortex)

during one minute and heated at 60 "C for only one minute to

avoid premature reaction of APTES. The mixture is then

homogenized for 10 seconds, and nally mixed with the water

phase (1.2 mL, to have 60 wt% of water in the nal nano-

emulsion), and homogenized (vortex) for 5 minutes. The

suspension of nano-emulsion droplets is placed in a sonication

bath (Thermo Scientic, T310/H) at 35 kHz during four

minutes, and then homogenized (vortex) one minute, and this

procedure is repeated 6 times. The result is a hydrolysis fol-

lowed by a condensation of APTES, building the amino-

functionalized silica capsule at the oil/water interface.

Quantication of primary amines available on the nano-

capsules. The uorescamine-based method is a common

procedure used for the quantication of primary amines in

proteins or peptides. We adapted it for the nano-emulsion

system. Before reaction with primary amines, the uoresc-

amine is not uorescent, but aer reaction with primary amines

uorescamine appear yellow and show uorescence properties

with absorption/emission around 288 nm/490 nm, respectively.

Stock solution of uorescamine (10 mM in anhydrous dioxane)

was mixed with nano-emulsions and different APTES concen-

trations. The condensation reaction between uorescamine and

primary amines is very fast, being typically completed within

seconds, so that the samples are mixed (vortex) for only one

minute. Fluorescence intensities of the samples (diluted 30

times) were measured immediately aer reaction by uores-

cence spectroscopy. Each experiment was done in triplicate.

Graing of activated coumarin blue (7-(diethylamino)

coumarin-3-carboxylic acid N-succinimidyl ester dye) on

primary amines decorating the nanocapsules. In this step, our

aim was to show that activated coumarin blue that reacted with

the available NH2 groups at the surface of the nanocapsules as

well as to quantify the graing efficiency. To this end, we used

the quantication data of available NH2 groups given by the

uorescamine method described above, and we added in the

bulk phase the desired amount of activated coumarin blue able

to react with NH2. Coumarin is a dye with absorption/emission

at 394/473 nm, respectively. A stoichiometric ratio (1 : 1) was

tested, corresponding to 25 mL of the stock solution of activated

coumarin blue (32 mM in dry dimethyl formamide) diluted in 1

mL of nano-emulsions having a concentration of available

primary amines at 0.8 mM. The solution was then incubated for

24 hours under gentle stirring. Then, the sample was dialyzed

through a 12 kDa membrane (Spectra/Por®, Spectrum Europe

B.V., Breda, the Netherlands) for another 48 h, to ensure

complete removal of excess unreacted dye (water changed three

times). Finally, samples were characterized via uorescence

spectroscopy (see above), uorescence correlation spectroscopy

(FCS), single-particle measurement by TIRF microscopy, and

atomic force microscopy coupled with uorescence microscopy

(AFM-Fluo).

Physicochemical characterization of nano-emulsions

Dynamic light scattering, zeta potential measurements. Size

distributions and polydispersity indices (PDI) were measured by

DLS, along with zeta potentials, with a NanoZS Malvern appa-

ratus (Malvern, Orsay, France). The helium/neon laser, 4 mW,

was operated at 633 nm, with the scatter angle xed at 173" and

the temperature maintained at 25 "C. DLS data were analyzed

using a cumulant-based method.

Transmission electron microscopy. The silica shell formed

gives rise to a signicant contrast in TEM. Therefore, samples

were used without any staining agent and were diluted (1/100)

with Milli-Q water. A drop of the suspension was placed on a

carbon grid (carbon type-A, 300 mesh, copper, Ted Pella Inc.

Redding, PA) and dried at 40 "C. Observations were carried out

using a Philips Morgagni 268D electron microscope.

Fluorescence spectroscopy. Absorption and uorescence

spectra were recorded on a Cary 4000 spectrophotometer (Var-

ian) and a Fluorolog (Jobin Yvon, Horiba) spectrouorometer,

respectively. Fluorescence emission spectra were recorded at

room temperature with 365, 405 and 552 nm excitation wave-

lengths for uorescamine-, coumarin blue-, and Nile red-loaded

nanocapsules respectively. All uorescence measurements were

done using solutions with absorbance #0.1. Förster resonance

energy transfer (FRET) experiments were carried on nano-

capsules decorated with coumarin blue as a donor. The acceptor

dye Nile red was inserted into the oil core of the nanocapsules.

FRET experiments were performed using the following prepa-

ration protocol: to 1 mL of MilliQ water we added 20 mL of stock

solution of Nile red (526 mM in DMSO), and 7.5 mL of stock

solution of silica-covered nano-emulsion decorated with

coumarin (aer dialysis, concentration was 600 mM). Control

measurements were done with: (i) Nile red-loaded nanocapsules

with silica shell but without coumarin graing, and (ii) nano-

capsules decorated with coumarin that did not contain Nile red.

Fluorescence correlation spectroscopy (FCS). FCS measure-

ments were done on a two-photon platform including an

Olympus IX70 inverted microscope.21 Two-photon excitation at

800 nm (15 mW laser output power) was provided by an Insight

Deepsee femtosecond laser (Spectra-Physics). The measure-

ments were performed in a 96 well plate, using a 200 mL volume

per well. The focal spot was set about 20 mmabove the bottom of

the plate. Following the assumption that the NPs undergo a

Gaussian diffusion in the two-photon excitation volume, the

correlation function G(s), calculated from the uorescence

uctuations was tted according to Thompson:22

GðsÞ ¼
1

N

!

1þ
s

sd

"&1!

1þ
1

s2

s

sd

"&
1
2

where N is the mean number of uorescent species within the

two-photon excitation volume, sd is the diffusion time and s is

the ratio between the axial and lateral radii of the excitation

volume. The NPs were diluted 200-fold from the originally

prepared nano-emulsion. Using 6-carboxytetramethylrhod-

amine (TMR from Sigma-Aldrich) in water as a reference (DTMR

¼ 421 mm2 s&1),23 the diffusion coefficient, Dexp, of the nano-

particle was calculated by: Dexp ¼ sd(capsules)/sd(TMR) ' DTMR,

where sd(capsules) and sd(TMR) are the measured correlation times

for the nanocapsules and TMR, respectively. The hydrodynamic

diameter d of the nanocapsules was calculated with the Stokes–

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 74353–74361 | 74355
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Einstein equation: d ¼ (2kBT)/(6phDexp), where kB is the Boltz-

mann constant, T is the absolute temperature (293 K) and h is

the viscosity of the bulk (1 mPa s).

Atomic force microscopy coupled with uorescence microscopy.

The AFM/uorescence microscope is a home-made association

of an AFM composed of a SMENA Head driven by NTEGRA

electronics (NT-MDT, Ru) combined with a wide-eld uores-

cence inverted microscope (Olympus IX-71). The uorescence

microscope is working in TIRF mode (Total Internal Reection

Fluorescence) with an oil immersion objective (NA ¼ 1.49,

100'). A DPPS (cobolt) CW laser emitting at 488 nm was used to

excite the NPs with a power of 3 W cm&2. Fluorescence imaging

was performed using an EMCCD camera IXON 897 (ANDOR,

UK). AFM images were acquired in the tapping mode, using a

NSG03 (NT-MDT, RU) cantilever tip, with a spring constant of

0.9 N m&1, in liquid environment.

Results and discussion

Nano-emulsions present many advantages such as high

encapsulation efficiency,17 stealth properties in the blood

pool,1,18 and also facile formulation.16,24 Therefore, the challenge

in the functionalization of oil droplets relies in the post-

fabrication of a functional shell without affecting all these

points. Several examples in the literature have shown the

fabrication of a silica shell at the oil/water interface of emulsion

droplets using TEOS (tetraethyl orthosilicate) as a silica

precursor.25 Here, we replaced TEOS for its derivative APTES

bearing a primary amine as reactive group with the aim of

building a silica shell decorated with NH2 functions. As sche-

matically illustrated in Fig. 1, APTES is introduced in the oil

phase during the spontaneous nano-emulsication process, to

allow its spreading over all the population of forming droplets.

In general, the condensation of a silica precursor with TEOS

uses a low pH in bulk as a catalyst. However, alternative

methods using ultrasounds instead of chemical catalyst have

been developed,25a,26 giving rise to the same TEOS interfacial

condensation reaction. The advantage of the ultrasound

approach is the possibility to use physiological pH and salt

concentrations.

The obtained silica-treated nano-droplets, as imaged by TEM

(Fig. 2(a)) appear as spherical structures with a diameter around

100–120 nm. In contrast, the control without silica (Fig. 2(b))

shows large and light oil puddles on the support, indicating that

the droplets have merged during the drying process. Thus,

while the sample drying on the carbon greed destroys the parent

nano-droplets, the silica-treatment seems to strengthen the

droplet structure. This corroborates the hypothesis that a silica

framework or shell is built at the interface of the droplets. For

the higher magnications, we can note the malleability of the

interface when the nanocapsules are stuck together, indicating

that the nanocapsules are still deformable.

Next, we studied the size distribution, polydispersity, and

zeta potential of the obtained nano-emulsions, as well as the

impact of the silica concentration (APTES in oil) on these

parameters. Fig. 3(a) shows a representative size distribution for

the highest APTES concentration studied (0.5 M in oil). This

distribution is centered at 115 nm, in line with the size range

observed on the TEM micrographs, and with a polydispersity

index (PDI) of 0.16. In Fig. 3(b), we show the impact of the initial

APTES concentration in oil on the nano-emulsion properties.

Interestingly, the silica shell has no signicant inuence on the

size distribution and PDI. This suggests that when solubilized

in oil, APTES does not interfere with the spontaneous emulsi-

cation process.

The surface charge clearly decreases with increasing APTES

concentrations, from an almost neutral value without APTES

(around &3 mV), up to around &20 mV above 0.25 M. This

evolution of the surface properties likely reects the density of

silica at the water/oil interface, thus showing the gradual

formation of the shell. These data also suggest that the shell

covers the entire surface when [APTES]oil$ 0.25 M. Considering

the TEM pictures (Fig. 2) and the changes in the surface

potential (Fig. 3(b)), likely related to the modication of the

surface composition, we can conclude that the silica shell has

effectively formed at the oil–water interface. Complementary

studies on stability over time of the nanocapsules in FBS were

carried out and reported in ESI Fig. S1.† The results did not

reveal signicant changes in the size over time, but showed a

slight size increase for the higher dilution (1/100 and 1/1000),

which could mean a weak aggregation. However, in the condi-

tions of usual in vivo administration (e.g. 1/10 for X-ray

imaging1,18) no signicant changes were observed.

In this study, we used APTES instead of TEOS because it

bears a primary amine, in order to decorate the nanocapsules

formed aer the silica poly-condensation. However it is obvious

Fig. 1 General scheme describing the formulation of amino-functionalized nano-emulsion droplets.
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that a signicant part of the NH2 of the shell will be also

entrapped into the oil core. To quantify the amino groups

available for reaction at the nanocapsule interface, we used a

method based on uorescamine. This dye is routinely used in

primary amine quantication of peptides or proteins, because it

becomes uorescent only aer reaction with primary amines.

To elaborate the protocol to the nanocapsules, we used a model

water-soluble primary amine, ethanolamine. Different etha-

nolamine concentrations were mixed with increasing concen-

trations of uorescamine, and the uorescence intensity was

measured (see scheme in Fig. 4, top). These experiments

enabled us to calibrate the uorescamine assay with our

instrumental settings (ESI section†). It was found that for a

uorescamine concentration of 500 mM, the linearity region is

obtained for ethanolamine concentrations in the range between

0 and 500 mM.

This calibration was used to determine the apparent NH2

concentration in the suspension of NH2-decorated nano-

capsules. In order to be in the linear region, the nano-emulsions

were diluted to a maximum theoretical NH2 concentration of

500 mM and were mixed with 500 mM uorescamine. The

Fig. 2 (a) TEM pictures of nano-emulsion droplets after fabrication of
the silica shell with [APTES]oil ¼ 0.5 M. (b) Control experiment, similar
nano-emulsion formulation without silica shell.

Fig. 3 Size distribution and zeta potential of silica-NH2 coated nano-
emulsions. (a) Representative size distribution of the silica nano-
capsules suspension, for [APTES]oil ¼ 0.42 M obtained by DLS. (b)
Effect of the APTES concentration on the size of the nanocapsules
suspension (filled squares) and on their surface charge, measured
through the zeta potential (open squares).
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uorescamine reaction with the silica shell is schematically

reported in Fig. 4 (top), giving rise to uorescent nanocapsules.

Nanoparticles with silica shell gave strong uorescence,

whereas no uorescence was observed for blank nano-

emulsions without silica shell (Fig. 4, bottom). This result

conrmed the presence of reactive NH2 groups at the surface of

the nanocapsules, as well as their accessibility for reacting with

uorescamine.

In addition, this method allowed evaluating the impact of

the APTES (i.e. silica) concentration on the available NH2 groups

at the interface, shown in Fig. 5 for 3 different nanocapsule

diameters, 120, 85 and 65 nm. The surface of the nanocapsules

presents a very high coverage, up to 9 ' 104 available NH2

groups per particle of 120 nm (i.e. 2 groups per nm2), prepared

in the presence of 0.5 M APTES in oil. The obtained value

corresponds to around 50% of the amino groups introduced

with APTES in the formulation (ESI section†), indicating that

half of the amine functions are entrapped in the droplets while

the remaining half is available. As expected, the higher the silica

concentration, the higher the number of amine functions per

drop. Moreover, the larger is droplets size, the higher is the

number of reactive groups. Finally, the straight lines tting the

experimental points indicate that the silica concentration at the

interface is still growing and does not stabilize around

[APTES]oil ¼ 0.25 M as it was shown with the zeta potential (in

Fig. 3). This difference is probably because the zeta potential

only reects the surface coverage by the silica and once the

surface is fully covered, the zeta potential does not change. On

the other hand, increasing the silica concentration could

increase the thickness and/or compactness of the layer thus

increasing the total amount of amino groups.

In a next step, our objective was to gramodel ligands on the

available NH2 functions. As a proof of concept for the graing of

ligands bearing COOH function, we selected coumarin blue that

presents a N-hydroxysuccinimide activated acid. Aer reaction

for 24 h, the samples are dialyzed for another 24 h to remove the

free coumarin, and the emission of the samples is measured.

The results reported in Fig. 6(a), show that coumarin ligands are

graed on the silica shell and not simply adsorbed on the nano-

emulsion.

Surprisingly, the emission spectrum of coumarin blue is

strongly red-shied in comparison to the free dye, with a

maximum emission wavelength at 554 nm vs. 473 nm for the

free dye in water. A possible explanation is that the uorescence

properties of the dye are modied by their high local concen-

tration once they are graed onto the capsule surface. The light

absorption measurements at the maximum of the peaks, before

and aer dialysis allows us evaluating the proportions of dye

graed onto the nanocapsule, giving 41.5% graed. That is to

say around 3.7 ' 104 coumarin dyes are graed per particle.

Such a huge local accumulation can modify the dye emission

due to formation of ground or excited-state aggregates. To prove

this hypothesis, we recorded the excitation spectra of the dye-

labeled particles before dialysis (ESI†). When recorded at 554

and 465 nm, the excitation bands were both located around 400

nm, with some blue shied maximum for the former. These

spectra were close to the corresponding absorption spectrum as

well as to that of free coumarin dye in water. The small blue

shi of the species emitting at 554 nm suggests a ground-state

aggregation of the coumarin dyes at the particle surface. These

Fig. 4 (top) Schematic representation of the reaction of fluoresc-
amine with ethanolamine and with primary amines onto the nano-
capsules. (bottom) Emission spectra of fluorescamine (excited at 365
nm) mixed (full line) with NH2-silica nano-emulsions and (dashed line)
with blank nano-emulsions without silica shell.

Fig. 5 Quantification, according to the fluorescamine method, of the
available primary amine groups at the surface of the nanocapsules.
Three different sizes of nano-emulsions were obtained by changing
the SOR value as indicated. n ¼ 3.
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aggregates may present a strongly red-shied emission, as other

dye aggregates.27 In addition, quantum yields ratio between free

coumarin and graed on nanocapsules (aer dialysis) has been

calculated from the spectra, giving the graed dyes 5.3 times

brighter than free dye in solution. This corroborates the drastic

changes in the uorescence properties aer the surface

conjugation.

Then, the dialyzed suspensions of nanocapsules decorated

with coumarin, in which we have loaded the oil core with Nile

red were studied with Förster Resonance Energy Transfer

(FRET) experiments. Since the Nile red is homogeneously

distributed in all the nanocapsules, our aim here was to study

by FRET the co-localization of the two dyes in order to show that

coumarin is graed to all the nanocapsules. The control

experiment with only coumarin gives a signicant uorescence

peak. In the presence of Nile red as FRET acceptor, the

uorescence of coumarin is strongly inhibited giving rise to the

uorescence of the acceptor. Thus, the distance from coumarin

to the closest Nile red molecules in the oil phase appears to be

well below the Forster radius ((5 nm).

Moreover, another physical method, combined AFM and

uorescence microscopy, shows the co-localization of the

particles and the uorescence signal of coumarin (Fig. 8).

Indeed, the nanocapsules detected by AFM could be observed in

the uorescence images as bright spots, indicating that these

nanostructures were labeled with the dye. However, the uo-

rescence spots appeared much larger due to diffraction limited

resolution of uorescence microscopy. The AFM micrographs
Fig. 6 (a) Emission spectra of coumarin blue (excited at 405 nm)
grafted on the surface of NH2-silica nano-emulsions with [APTES]oil ¼
0.5 M after 24 h dialysis (full line) and of blank nano-emulsions without
silica shell (dashed line). (b) Normalized emission spectra of coumarin
blue grafted onto the surface of nanocapsules, with and without
dialysis, and compared to free coumarin blue. Comparison of the
spectra of the dye-labeled nanocapsules before and after dialysis
shows the disappearance of the shoulder of free dye around 480 nm.

Fig. 7 Emission spectra for FRET experiments and controls. The
studied systems are either nanocapsules only decorated with
coumarin blue (CM alone), or nanocapsules only loaded with Nile red
(NR alone), or finally nanocapsules decorated with coumarin blue and
loaded with Nile red (CM + NR); [APTES]oil ¼ 0.5 M.

Fig. 8 Combined AFM and fluorescence microscopy of nanocapsules
decorated with coumarin blue ([APTES]oil ¼ 0.5 M). Left: AFM micro-
graph with a 3D representation of the nanocapsules. Right: corre-
sponding fluorescence acquisition showing the match between AFM
and Fluorescence.
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evidence the spherical shape of the particles, in line with the

TEM image (Fig. 2). The uorescent dots correspond well to the

particles seen by AFM. Thus, AFM-Fluo further conrms that

dialyzed samples show signicant uorescence originated from

the nanocapsules.

To further conrm the successful surface modication of the

nanocapsules, we studied by uorescence correlation spec-

troscopy (FCS) the silica coated and non-coated nanocapsules

aer treatment with coumarin blue. FCS is a powerful tech-

nique to study uorescent nanoparticles because it can provide

simultaneously multiple parameters such as the correlation

time, the number of particle per volume and the photon count

rate, which provide access to the particle size, concentration

and brightness, respectively. Corresponding values are reported

in Table 1. Two powers of laser were adopted to compare

nanocapsules with graed dyes and free dyes, since on the one

hand free dye is not sensitive enough at 5 mW (does not

correlate) and on the other hand, we observed a strong

bleaching at the graed ones at 10 mW. It can be seen that the

graed particles have a signicantly higher correlation time

than free species, TMR of free dyes. This indicates a bigger size

calculated at 100.1 nm, in agreement with DLS and TEM data.

The same trend is observed with brightness, and to be compa-

rable we consider the value of the brightness over the one of

TMR as reference (Br/Br(TMR)), giving the graed ones around

633 times higher than free dye.

Conclusion

To summarize, the aim of this study was to propose a new

method for functionalizing nano-emulsion droplets, aer their

formulation. Lipophilic silica precursor (APTES) was added to

the oil before the formulation, and turned into silica shell aer

nano-droplet fabrication by sonochemistry that avoids addition

of catalyst in the bulk phase. In comparison with existing

methods to functionalize nano-droplets like post-insertion of

functionalized lipids, this novel procedure brings real advan-

tages: covalent graing of functional groups at the nano-droplet

surface i.e. strongly anchored on the silica nanocapsules, as well

as a large number of reactive sites per capsule (up to 9' 104,(2

amino groups per nm2). The functional silica shell fabrication is

simple, quick, and affects neither the formulation process nor

the droplets size. Amino-group quantication allowed under-

standing the impact of formulation parameters, like the droplet

size or APTES concentration, on the number of reactive NH2

groups decorating the resulting nanocapsules. Finally, the last

part of the study was focused on the graing of a model ligand

though the reaction of an activated carboxylic acid (coumarin

blue) on the amine functions available onto the nanocapsule

surface. We achieved a graing efficiency of around 41% and

characterized the conjugate by various spectroscopic and

microscopic methods, proving the concept of this new original

protocol for functionalizing oil droplets. Nano-emulsions are a

particularly interesting type of nano-carriers, able to solubilize a

large range of active molecules or contrast agents, and their

simple surface functionalization is a real step forward regarding

potential applications like active targeting in vivo.
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Chapter 3.1: Inorganic nanoparticles for micro CT imaging 
 

 

This review provides a state-of-the-art overview of an important application for inorganic 

nanoparticles in biomedical imaging. We focused mainly on X-ray imaging, but included a 

short comparison to magnetic and fluorescent modalities. X-ray imaging, which forms the 

basis for computer tomography, presents many advantages over other imaging modalities, in 

terms of structural and functional imaging, as well as the potential to target specific tissues. 

The general principles of the imaging techniques are reviewed, and the impact of the 

formulation processes of nanoparticles, their structures, chemical nature, and surface 

functionalization, as well as in vitro and in vivo behaviors are reviewed and discussed. This 

chapter summarizes all the latest technologies for targeting nanoparticles designed to improve 

imaging techniques and advance therapeutic efficacy. 
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1. Introduction 

 

This chapter presents a general overview of various inorganic nanomaterials, and their uses in 

biomedical imaging. The current state of all aspects of inorganic nanoparticles (NPs), 

especially for X-ray computer tomography (CT) imaging, their synthesis, the surface 

chemistry functionalization for receptor targeting, as well as in vitro and in vivo biomedical 

applications, will be reviewed in this chapter. We will first provide a general description of 

the entire diagnostic process that occurs through the combination of imaging modalities and 

contrast agents (CA) in order to eventually obtain the ideal visualization of the area of 

interest.  

A schematic representation (Figure 1) illustrates the principle of a microCT scanner. In brief, 

the idea of using tomography as a diagnostic tool in medicine was adopted soon after the 

discovery of X-rays by W. C. Roentgen in 1895. The first successful CT imaging device was 

built in 1972 by G.N. Hounsfield, who shared the Nobel Prize in medicine with A.M. 

Cormack in 1979 for the development of X-ray CT imaging and diagnostics. 

 

 
 
Figure 1: Schematic diagram of basic principles of computed assisted tomography. Reproduced with permission 

from (1), copyright 2012. Wiley, and with permission from (2), copyright 2012, Elsevier. 

 

X-rays are generated by means of electron beams accelerated by a high voltage within a 

vacuum tube, which collide with a heavy metal anode. The beams pass through the subject 

and undergo interactions with various molecules. In the pathway of the beam, as it passes 

through crossed fibers and tissues, some of the X-ray energy is absorbed, reflected, or 

scattered in different directions. The net quantity of X-rays, expressed by attenuation degree, 

relies on the thickness of the object, the density of the particular organs, and the number of 

electrons per atom of the element (atomic number). That is why the final beam is less intense 

than the incident electron beam and can be recorded via a detector. This affords non-

destructive 3D imaging of a variety of tissue types and organ systems, such as the 

gastrointestinal tract (GI), cardiovascular system, renal tract, lungs, cartilage, liver, bone, 

tumorous tissue, and others. Although X-ray attenuation is directly and qualitatively 
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visualized on CT images, quantitative information can also be extracted from them. To obtain 

such data, the attenuation coefficient is measured and expressed as Hounsfield units (HU). In 

order to compare different experiments, the attenuation values must be normalized. This is 

performed by imposing the values corresponding to air and water, i.e., -1000 HU and 0 HU, 

respectively. In contrast, mineralized tissues, such as bones, present an attenuation around 

1000 HU, but most soft tissues fall within 30-100 HU. CT scanners are calibrated with a 

reference to water. For a material with a linear X-ray attenuation coefficient (µ), the 

corresponding HU value is calculated by Equation 1: 

HU = [(µ - µwater) / (µ water)] X 1000 (eq. 1) 

 

where (µwater) is the linear X-ray attenuation coefficient of water. 
 

2. General nanoparticulate systems for imaging purposes 
 

During the past several decades, inorganic nanomaterials, including gold NPs (AuNPs), silver 

NPs (AgNPs), iron oxide NPs (IONPs), semiconductor quantum dots NPs (Qds), and others, 

have been developed as contrast-enhancer nanoprobes, commonly called nanoparticulate 

contrast agents (CA). These molecular imaging tools enable high-resolution scanning of bone 

structures due to a difference in the electron densities, but are very limited in imaging specific 

molecules. Using contrast materials is thus crucial for visualizing soft tissues and internal 

structures or organs. X-ray micro-computed tomography (microCT) (3) is one of many 

emerging imaging modalities used for medical diagnostic radiology in which contrast is 

enhanced through the administration of heavy-atom CA (e.g., AuNPs, AgNPs, iodine NPs) 

(4). Other imaging techniques, such as magnetic resonance imaging (MRI) (5, 6) commonly 

uses gadolinium  chelates (Gd3+ chelates) and IONPs, which have been approved as contrast 

media since the mid-1990s (7). In the case of fluorescent imaging, contrast efficiency is 

improved by organic dyes and QD CAs. Each technique is based on the principle that an 

emission signal is induced by an excitation source (i.e., beam of light, magnetic field, 

radiofrequency) to tissues or organs. The administration of CA changes the emission 

characteristics of a biological compartment due to their specific contrast properties or their 

specific interactions with their biological environment. Eventually, all interactions are 

recorded and processed to reconstruct 2D or 3D images. 

 

Despite the fact that MRI has revolutionized medical imaging in recent times, X-ray imaging 

is still one of the most employed techniques, accounting for over 80% of all diagnostic tests. 

It is needless to say that CAs are thus an essential part of radiology. Currently, two types of 

X-ray CAs are generally employed in medicine (8). These are based upon the use of orally 

administrated barium sulfate suspensions (predominantly used for GI imaging) and iodinated 

organic compounds (9-13) administered either orally or intravenously. At present, most 

available organic X-ray CAs involve the use of a single triiodobenzene moiety or two 

aromatic rings that are connected to each other by a covalent spacer (13-16). 

Historically, the first trial for scanning the body in the presence of contrast media based on 

iodine used lithium iodide and sodium iodide. These were among the first water-soluble 

imaging agents. However, due to the associated toxicity of the iodine concentrations 
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necessary for imaging, they are now considered unsuitable for most clinical applications. 

Small hydrophilic iodinated molecules are another type of iodinated-based CAs and were 

synthesized to have a low molecular weight (< 2000 Da) and iodinated aromatics to provide a 

higher stability that would lower toxicity, compared to iodinated aliphatic molecules. These 

small hydrophilic molecules are generally ionic molecules, and are mostly a negatively 

charged species. Even though they are widely used in the clinic, they exhibit numerous 

inherent disadvantages (17) due to their higher tendency to interact with biological structures, 

as well as because of their high intrinsic osmolality in aqueous formulations, which leads to 

renal toxicity and other physiological problems, such as bradycardia, vasodilation, and 

pulmonary hypertension. To overcome these limitations, non-ionic imaging media, such as 

iohexol, iopromide, iodixanol, ioxaglate iothamiate, and iopamidol, etc., are used (17, 18). It 

is assumed that they possess a lower osmolality and exhibit a lower incidence of adverse 

health effects (19, 20). Two novel, low-osmolality, two-ring iodinated CAs are osimenol and 

GE-145. Experimental results indicate an improvement in physical and pharmacological 

properties compared to current clinically approved CA(21-25). An additional class of 

iodinated CA are (1,2,3-trialkyl-2,4,6-triiodobenzene), used to image the GI tract, whereas 

phosphonate/peptide conjugated benzene derivatives are potentially suitable for targeted 

imaging agents(26, 27). Many research groups are examining ionic CA to provide qualitative 

and quantitative information on the functional state of the tissue, the extent of pathogens, or 

structural damage. For instance, anionic Ca2+ chelating CA are used to assess bone 

microdamage (28-30) and (CA4+) are employed as a cationic CA for cartilage tissue imaging 

(31-33). 

Overall, different kinds of nanoparticulate systems, mostly based on liposomes, nano-

emulsions, polymeric NPs dendrimers (DEs), inorganic NPs, and others, have been 

formulated for many reasons, such as their tunable morphology (size, shape) and their 

biocompatible properties. This is why nanocarriers are now widely used in medicinal 

applications, especially in the field known as nanomedicine (34). Their key advantages lie in 

their ability to carry a high payload of contrast-generating material, but they also have long 

blood circulation half-lives depending on the coating material. Multiple 

properties/components can be integrated into NPs with relative ease and can be easily 

modified in various ways to include targeting moieties, such as antibodies, proteins, peptides, 

or aptamers (35-38). However, new alternative inorganic NP-based X-ray contrast agents 

have been developed to improve contrast enhancement while mitigating the drawbacks of 

current CA. Due to the fascinating properties found in these inorganic NPs, such as the facile 

method of preparation, various protocols have been applied to control size and shape, which 

have a substantial impact on contrast, as well as targeting through surface functionalization. 

Inorganic NPs are promising candidates for potential use in the clinic to improve the 

diagnostic process. The intrinsic X-ray absorption coefficient of inorganic NPs (e.g., gold, 

silver, bismuth, platinum, gadolinium) surpasses most iodine-based CAs, giving rise to 

greater contrast and thereby reducing the radiation dose. This can make them more 

compatible and applicable to patients for whom conventional iodinated contrast media are 

contraindicated, because, for instance, of renal insufficiency or allergic responses (39). 
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3. Stringent requirements for ideal imaging probes 

 

In general, to generate an efficient end product that is potentially applicable in a clinical 

setting, several factors must be taken into account, notably related to validation in the 

laboratory (i.e., small animal testing), as well as industrial production (e.g., production scale-

up). The desirable properties of CAs are summarized in Table 1. 

 
Table 1: Marketing needs vs laboratory scale for CA commercialization and production 

 

Properties that support 

product marketing 

Characteristics needed during synthesis in the laboratory 

1. Safety for the patient Biocompatibility:  

• Non-toxicity and (if possible) biodegradability of the 

materials used in the CA formulation. 

• It is recommended that the molecules be coated with 

biocompatible polymers, such as a PEGylated shell, 

carbohydrates, etc., conferring stealth properties by avoiding 

NPs’ interactions with plasma proteins (opsonins) in order to 

delay their recognition by the reticuloendothelial system 

(RES), and thus, prolonging their circulation time in the 

bloodstream (boosting their half life time, t1/2). As a 

consequence, the anti-fooling (Jeff, “anti-fooling” correct?) 

corona shell prevents rapid clearance and gives sufficient 

time for NPs to bind with specific targets.  

• Appropriate pH, osmolality and viscosity. 

2. High efficacy Which is strongly dependent on  

• High water solubility 

• High concentration of the X-ray CA and/or active principle 

ingredient (API).  

• The pathway mechanism to inhibit degradation or release 

prior to reaching active sites. 

• Long blood circulation times, i.e., “blood-pool agents.” 

• Minimum amount of molecules to provide high efficiency.  

• Size (passive targeting versus the enhanced permeation 

retention (EPR) process or accumulation in specific tissues). 

NPs size are important in terms of excretion time—less than 

20 nm (rapid renal elimination), and 50-200 nm (delay 

elimination time). 

• Selectivity of surface-ligand functionalization by active 

targeting mechanism (ligand-receptor binding). 

3. Patient compliance (high 

dosing) 
• Decreased dose gives the same effect (e.g., once per day or 

once per week is better than three times daily) and this 

basically depends on the high concentration of the molecules 

of interest. 

• High “per dose” concentration is required. 

4. No side effects found Depends on  

• Biocompatibility 

• Biodegradability 

• Biodistribution 

• Complete removal from the body after function achieved. 
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• No interactions between NPs and other biomacromolecules 

and/or NPs metabolites or biodegraded products. 

5. No drug-drug interactions • Stable and inert toward combinations or interaction with 

other biomolecules (non-ionic molecules are favored over 

ionic molecules).  

6. Combination therapies • Formulation aimed at diagnostic imaging, medical treatment, 

or both (theranostics), by encapsulating more than one 

molecule of interest in the same NPs for multi-function 

purposes.  

7.Essence of natural 

molecules over synthetic 

molecules in toxicity 

• It is well established that natural biomolecules are more 

biocompatible and have high biological acceptability due to 

the homogeneity and the similarities in biological and 

physiological behaviors in biological systems. 

8.Affordability to the patient 

(cost-effectiveness) 

This is a result of  

• The ease of synthesis and preparation (in a few steps). 

• Eco-friendly reactions (solvent-less, green chemistry). 

• Using water as a solvent in chemical reactions. 

• Carrying out reactions at room temperature. 

 

To sum up a few key specifications required for the development of CAs: 

• Size of NPs 

• Biocompatibility and safety of NPs 

• Toxicity and injectability (chemical nature, pH, osmolality, viscosity) 

• Targeting (passive and/or active) 

• Stability (the interactions toward biomolecules, blood circulation time) 

• Surface ligand functionalization 

• Efficacy (concentration of CT CA and/or of active principles) 

• Few synthesis steps 

 

To fulfill these requirements, various materials and CA designs are currently being proposed 

and assessed in both the clinical and laboratory settings. In the following parts of this review, 

we summarize the literature and developments in the field of CA research over the past ten 

years. Specifically, we focus on advances in the fields of metal-based imaging agents, 

including those in the form of NPs. Before going into details about those inorganic 

nanoprobes, it is necessary to understand how such systems are formed and how their designs 

might affect their in vivo fate in biomedical applications. 

  

4. Biodistribution and pharmacokinetics of the developed CAs 

 

The most important aspects, which should be taken into account, are the physicochemical 

factors that largely affect the biodistribution and toxicity of NPs (40-42). It has been 

extensively demonstrated that particle size and surface charge affect the efficiency and the 

pathway of cellular uptake for liposomes (43), quantum dots (44), polymeric NPs (45, 46), 

AuNPs (47), and silica NPs (48) by influencing the adhesion of the particles and their 

interaction with cells (49). The first key parameter is size. Particularly because size can range 

from 10-200 nm, NPs are primarily accumulated in organs of the mononuclear phagocyte 
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system (MPS), especially the liver and spleen (50-52), while particles smaller than 10 nm are 

rapidly excreted through the kidneys (53, 54). 

 

The second major characteristic is the surface charge of the NPs, which is determined by the 

conjugated ligands on the NPs surface. For example, AuNPs coated with positively charged 

molecules, such as cetyl trimethylammonium bromide (CTAB) (55), show a high 

accumulation in all organs and exhibit severe cytotoxic effects (56, 57). However, AuNPs 

with negatively charged capping molecules, such as citrate (58), are prone to opsonization and 

accumulate in MPS organs, but they are much less toxic compared to positively charged 

AuNPs (56, 57). Neutral molecules, such as PEG (59), help to decrease opsonization by 

creating a charge-shielding layer, as well as steric hindrance to minimize adsorption of serum 

proteins (60, 61). The third aspect is the shape or morphology of the NPs, which affects 

largely in vitro cellular uptake and their in vivo journey (47, 62). 

Another factor is the composition of NPs, such as PLGA/mPEG copolymers, that affect 

colloidal stability, and thus, biodistribution. It has been proven that a high PEG/PLGA ratio 

induces long blood circulation times of PLGA–mPEG NPs (63). Surface ligand properties 

control the pharmacokinetics through ligand-receptor interactions (64-66). The chemical 

nature of the molecules also influences the accumulation of NPs into specific organs (67) 

through the EPR effect (passive targeting mechanism). Furthermore, free surfactant in the 

NPs suspensions has been shown (68) to play a significant role in tolerance and 

biodistribution. 

 

5. General steps in the formation of inorganic NPs 

 

Inorganic NPs can actually exhibit very specific properties, such as optical, magnetic, or 

electronic properties based on their composition, shape, and nanometric size. However, 

obtaining NPs remains quite complicated because so many parameters related to synthesis 

conditions, such as temperature, the nature of precursors, as well as concentration, pH, and 

stabilizers, are combined and affect the mechanism of NPs formation (Figure 2). LaMer (69) 

proposed the first mechanism of NP synthesis based on a three-step formation, including (i) a 

supersaturation of monomer in the bulk solution leading to (ii) a burst of nucleation providing 

seeds or nuclei, which then (iii) grow following Fick’s law of diffusion. Basically, after step 

(ii), monomers diffuse from the bulk solution to the nuclear surface and use the surface as a 

template in order to generate NPs. An initial model of these mechanisms was developed by 

Reiss and then by Lifshitz, Slyozov, and Wagner (LSW theory). A new approach was 

proposed by Finke and Watsky, which suggested that nucleation and growth were 

simultaneous processes. Nucleation was introduced as a slow step leading to an autocatalytic 

surface growth step. Regarding the size distribution, it should be pointed out that even tight 

control over the above-mentioned parameters cannot ensure the formation of monodisperse 

NPs due to a lack of understanding of the impact of each reactional condition. Furthermore, 

Ostwald ripening, digestive ripening, or coalescence and orientated attachment may occur and 

yield polydisperse or/and anisotropic NPs(70, 71). Most colloidal NPs are based on nucleation 

and growth steps, such as copper, metal oxides, or even semiconductor nanocrystals, but also 
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inorganic NPs for X-ray (XR) imaging, like gold and silver, which were widely studied by 

Rothenberg (70). 

 

 
 
Figure 2: General overview of the formation of inorganic NPs over the time of the reaction. 

 

6. AuNPs as a CT CA  

 

AuNPs are the most commonly used NPs-based agents for CT imaging.  AuNPs have 

promising applications in many fields, ranging from bioconjugated probes, optics, and 

electronics to sensors for photon-thermal energy converters and catalysis. AuNPs have been 

especially promising for myriad pioneering biomedical applications (72), such as 

photoacoustic imaging, photothermal ablation, and DNA detection (73, 74), as well as drug 

delivery systems (DDS) (75-77). They are generally regarded as biocompatible and are 

undergoing evaluation as therapeutic agents in a number of clinical trials. 

To present the key advantages of AuNPs for imaging purposes, it is necessary to study their 

interaction with the X-ray beam. Generally, materials attenuate the X-ray beam via the 

photoelectric effect, i.e., the generated X-ray photon collides with and transfers its energy to a 

K-shell electron, typically. The electron is then ejected from its shell and travels a short 

distance prior to losing its energy. For a given photon energy, the photoelectric effect scales 

with Z3 (Z being the atomic number, Figure 3). Interestingly, the photoelectric effect is highly 

influenced not only by the atomic number of elements, but also by the energy of both the 

electron shells and the generated X-ray photon. If the energy of the X-ray photon is less than 

that of the electron shell, a photoelectric interaction cannot take place. The X-ray energy must 

be higher than that of the electron shell. The K-edge of iodine (Z = 53) is 33.2 keV, thus 

iodine gives stronger contrast when scanned at 80 keV than 120 kV. However, the K-edge for 

gold (Z = 79) is 80.7 keV, i.e., it absorbs X-rays strongly in the 80–120 keV region, reducing 
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interference from bone and soft tissue absorption. Consequently, the gold molecule provides 

stronger contrast when scanned at 120 keV than a 80 keV mass X-ray absorption coefficient. 

This yields a higher mass X-ray absorption coefficient (5.16 cm2g-1 at 100 KeV) than iodine, 

for example (78). This means that gold provides about 2.7 times greater X-ray contrast per 

unit weight than iodine. 

 

 
 
Figure 3: (A) Mass attenuation coefficients of a variety of elements. (B) Photon energy distribution generated 

from the X-ray tube of a CT scanner run at 80 or 140 keV. Reproduced with permission from Ref. (79), 

copyright 2014, Wiley. 

 

Thus, evaluating the imaging performance in terms of signal-to-noise ratio (SNR) and 

contrast-to-noise ratio (CNR) allows an estimate of the minimum gold concentration required 

to obtain sufficient X-ray attenuation by human tissue in spectral CT imaging (80). These 

good attenuation properties enable the use of low doses of gold CA injection and therefore 

reduce the potential side effects for patients. Furthermore, the potential to functionalize their 

surfaces by simple chemical reactions offer many possibilities to translate these biocompatible 

AuNPs into an efficient, actively-targeted CA.  

 

6.1 Synthesis of AuNPs 

 

Nanotechnology is an interesting field, based on the formation of nanosized assemblies of 

organic and/or inorganic components using numerous methods of preparation to obtain the 

desired physical and chemical properties. All materials tend to be found in a stable state. For 

these nanomaterials to yield a metastable state, two successive processes are required: i) a 

reduction to form the NPs; and ii) stabilization using capping agents or surfactants in order to 

prevent the particles from agglomerating. This provides a sufficient electrostatic repulsion 

and/or steric barrier by adsorption on the surface of inorganic NPs. 

The general synthesis of AuNPs has been achieved by several methods that are mostly based 

on the reduction of the gold precursor, such as HAuCl4 with different kinds of reducers and/or 
stabilizers. The reducers can be either strong reducers, such as sodium borohydride, 

aldehydes, and amines, or mild reducers, including alcohol, trisodium citrate, and ascorbic 

acid. The size and the shape of the resulting AuNPs are significantly influenced by various 

parameters, such as the method (i.e., chemical or physical), the reagent concentrations (the 
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precursor and/or cappping agent), the reaction temperature, the reaction time, the solvent, and 

the addition rate of reactants. The wide variety in AuNPs shape (i.e., rods, clusters, stars, 

triangles, cubes, cuboids, cages, spheres) offers opportunities to yield novel optical properties 

and uncover mechanisms that control the growth step, which can produce anisotropic gold 

nano-structures (Figure 4). This variety of synthesis opportunities stimulates researchers to 

further investigate AuNPs. 

 

 
 

Figure 4: An overview of AuNPs shapes. Copied from Ref. (81), copyright 2014 (open access). 

 

There are three main methods to synthesize AuNPs: physical, chemical, and biological, using 

top-down approaches. The physical method utilizes dispersion techniques to directly shatter 

large gold particles into AuNPs and involves microwave irradiation (82), ultra-violet 

irradiation (8), sonochemical methods (83), laser ablation (84), photochemical and radical-

induced methods (85, 86), and thermolytic processes (87). The biological method uses fungi 

or bacteria as nanofactories (88, 89). 

Synthetic approaches for AuNPs are well developed, in terms of control over their size, 

morphology, and surface chemistry, based on established chemical methods (bottom-up 
methods). They have some advantages, such as superior uniformity and adjustability of 

particle diameter, and ability to control the shape. The chemical reduction method is a 

common technique employed to produce AuNPs for X-ray CT imaging using many reducing 

agents. Several synthetic pathways involving a chemical reduction have been proposed 

toward this end, such as: 

(i) Citrate reduction method (carried out in the aqueous phase), using either citrate salts as 

both a reducing and stabilizing agent (90) or citrate tannic acid as a stabilizer to control the 

size range within 7.5-8 pH and a temperature of 60 OC.  This allows the production of 

spherical AuNPs with a monodisperse size ranging from 3 to 17 nm (91, 92). 

(ii) Synthesis in an organic medium, such as toluene with sodium borohydride (NaBH4) in the 

presence of tetraoctylammonium bromide (TOAB) as a phase transfer reagent (93). 

(iii) Thiol compound-based AuNPs. This includes alkanethiolates in presence of NaBH4 
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which has been executed by Brust and Schiffrin to form alkanethiolate-protected AuNPs with 

a core size ranging from 2 to 5 nm (93). 

(iv) Amine compound-based NPs, Gomez et al. reported that Au (I) complexes could undergo 

decomposition with alkylamines and form amine-protected AuNPs (94). Osterloh et al. 
synthesized monodisperse amine-protected AuNPs and AgNPs using oleylamine ligand (95). 

The difference between amine chemistry-based synthesis vs. thiols is that amine ligands can 

serve as both reducing agents and capping ligands for NPs (this means amine-based AuNPs 

synthesis can often be described as a single-phase-reaction system), whereas, in the thiol 

chemistry-based synthesis, an additional reducing agent other than thiol ligands, usually 

NaBH4, needs to be added to the reaction. Since sodium borohydride is soluble in a polar 

solvent, such as water, and most thiol ligands are soluble in nonpolar organic solvents, such as 

toluene, thiol chemistry-based nanoparticle syntheses are thus conducted using a two-phase 

reaction system. Figure 5 illustrates the investigations of Lui et al. on the thermodynamic 

follow-up, the growth kinetics, and the mechanism of formation of ∼10 nm spherical 

oleylamine-stabilized AuNPs and how to control their size, in terms of time, during the 

nucleation process via uv-visible spectrophotometric measures (96). 

 

 
 
Figure 5: (a) An illustration of the AuNPs formation process using oleylamine as both a reducing and capping 

agent, (b) The composition of AuNPs formed, (c) TEM images of the intermediate product of gold nanoparticle 

growth collected at different reaction times (1, 10, 100, 180 min), (d) UV-visible spectra of the gold seeds 

solution measured between 32-212 minutes during the chemical reaction. Adapted from Liu Xiong et al. (96), 
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copyright 2007, American Scientific Publishers (ASP). 

 
(v) L-tryptophan as a reducing agent for ionic gold and polyethylene glycol was used to 

produce AuCl4
— ions to provide high stability and uniformity in size, shape, and particle 

distribution (97). 

(vi) “Green chemistry“ using either the methanol extract of medicinal plants (98) or amino 

acid derivatives of serrapeptase as reducing agents provides stable environment-friendly 

AuNPs (99). 

 

6.2  Chemical and biochemical properties 
6.2.1 Surface engineering of AuNPs, coating, and functionalization with ligands for active 

targeting 

 

Due to the inertness of AuNPs, in terms of reactivity, and their unique physical and chemical 

stability, they can be exploited in biomedicine as advanced tunable nanoplatforms. It is well 

known that NPs generally need to be coated, embedded, chelated, or encapsulated to be 

protected from the external environment, and driven to a selected zone, by organic or 

inorganic capping layers or within nanocarrier cores. Bifunctional ligands are mainly used to 

i) stabilize the NPs by bonding to their surface through coordination bonds between pairs of 

electrons of ligands to the metal ions and ii) highlight a chemical function capable of 

selectively interacting with the receptors of the cells of interest to the surrounding 

environment. The need to target specific biomolecules through active targeting is essential for 

delivering DNA, peptides, and proteins into desired locations. This leads us to briefly discuss 

the modification or functionalization of nanocarriers. Nano-emulsions or liposomes are hardly 

subject to further chemical conjugation on their surfaces due to their aqueous formulations. 

However, the stabilizing agent or the coating shell that decorates the inorganic NPs enhances 

the chemistry of their surfaces. 
The major reasons to modify AuNPs are i) to enhance the stability and water dispersion in 

order to prevent AuNPs from agglomeration and sedimentation during storage and usage, ii) 

to prolong vascular circulation (i.e., reduce their capture by the reticuloendothelial organs 

such as the liver, kidney, and spleen) so that the AuNPs can effectively reach the imaging 

target, and iii) to facilitate targeting characteristics by attaching targeting molecules, such as 

antibodies and folic acids (commonly overexpressed by cancerous cells) onto the surface of 

AuNPs to increase their accumulation at the lesion location. A greater accumulation at the 

target improves imaging by increasing the HU value. It is anticipated that the targeted 

delivery of AuNPs might significantly reduce the dosage of AuNPs with better specificity, 

enhance efficacy, and avoid adverse side effects and toxicity issues. Furthermore, the 

biomedical applications involving functionalized AuNPs (f-AuNPs) are used to formulate, for 

example, bioassays to detect human IgG in serum samples, chitosan-AuNPs for quantitative 

detection of glucose, the detection of E.coli via f-AuNPs with antibodies, or enzyme 

immobilization.  

The main challenge currently is to detect the location of tumors along with solutions for 

treatments (theranostics). Cancer cells overexpress specific biomolecules (hormones or 

receptors) on their surfaces. For instance, epidermal growth factor receptor (EGFR) helps in 
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the proliferation and survival of cancer cells, and the objective of f-AuNPs is to block these 

receptors, leading to cell death. Accordingly, several siRNA were used to block the 

expression of various genes: VEGF; UBB; and Hepatitis B Virus Surface Antigen (HBsAg). 

For VEGF, the AuNP-siVEGF was used against PC-3 cancer cells. A549 cells were used to 

validate the interference in UBB gene expression with AuNP-siUBB. In case of hepatitis B, 

HepG2.2.15 cells were treated with AuNP- siHBsAg. These results indicated that f-AuNPs are 

good candidates for DDS-based RNA delivery in anticancer or vaccine strategies, with 

reduced cytotoxicity when compared to classical PEI constructs, and exhibit good endosomal 

escape properties. 

 

The impact of surface functionalization on the toxicity of AuNPs is directly linked to the 

altered biodistribution of f-AuNPs compared to non-functionalized AuNPs. The majority of 
AuNPs administered in vivo accumulate in the liver due to a non-specific bioaccumulation 

that results from a passive targeting strategy. The active targeting process thus aims to reduce 

the accumulation of AuNPs in non-targeted organs. However, this goal has not been realized 

as yet, especially for the targeted delivery of AuNPs. Indeed, the highly concentrated doses of 

f-AuNPs saturate the active receptors or targeted substrate, with the excess amounts being 

spontaneously directed to the non-targeted organs.  Therefore, dosing studies are critical for 

determining the minimum dose required to enhance contrast without inducing cytotoxicity in 

a given application and model. Basic research must be performed to understand this process. 

The modification of AuNPs can be achieved by covalent conjugation of biomolecules (e.g., 

glycosides, antibodies, peptides, and oligonucleotides) using carbodiimide coupling, Michael 

addition, cycloaddition, and hydrazone ligation, etc., whereas, non-covalent interactions 

include electrostatic conjugation, metal-affinity coordination, and biotin–avidin interaction 

(Figure 6). Alternatively, encapsulation of the prepared AuNPs can be achieved in lipid 

nanodroplets (liposomes or DEs), decorated by silica coating or biopolymer coatings (Figure 

7). 
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Figure 6: Different chemical reactions on the surface of AuNPs. Reproduced with permission from Ref. (100), 

copyright 2013, Elsevier. 
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Figure 7: Several coating agents or ligands for AuNPs surface functionalizations. 

Reproduced with permission from (1), copyright 2012, Wiley. 
 

6.3 In vitro and in vivo studies (targeting): 

 
AuNPs can easily penetrate cell membranes, enter cells, and localize inside organelles, such 

as the endoplasmic reticulum and Golgi apparatus. The importance of such chemical and 

physical properties has been investigated to determine the pharmacokinetics, tumor uptake, 
toxicity, and biodistribution of the AuNPs. In Figure 8, selected studies illustrate the main 

differences in both in vitro experiments and in vivo testing of AuNPs. 
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Figure 8: Selected examples for in vivo micro CT imaging of AuNPs. (Upper middle) Reproduced with 

permission from (101), copyright 2015, Elsevier. (Upper right) Reproduced with permission from (102), 

copyright 2009, Wiley. (Bottom right) Reproduced with permission from (103), copyright 2012, Royal Society 

of Chemistry (RSC). (Bottom left) Reproduced with permission from (104), copyright 2012, Springer. (Upper 

left) Reproduced with permission from (105), copyright 2015, Wiley. 

 

Size effects 

AuNPs less than 3 nm in size are highly toxic due to irreversible binding to biomolecules 

(106). However, a size greater than 3 nm reveals low toxicity in vitro and in vivo (40, 107). A 

size of 10-20 nm exhibits the broadest biodistribution, helps to deliver a higher mass 

concentration with a lower number of particles, and improves contrast enhancement. HU 

values therefore depend on the mass concentration, but not on the number of AuNPs. A size 

greater than 6 nm is preferred to avoid renal filtration and toxicity. This is also less than the 

diameter of transvascular pores (∼100 nm) that undergo passive or active tumor targeting. 

 

Biodistribution studies suggest a size-dependent tissue infiltration (108). It has been reported 
that 4 nm and 13 nm of AuNPs were detected in the blood for 24 hours, but cleared by seven 

days. In contrast, 100 nm AuNPs were completely removed after 24 hours. Smaller sizes were 

observed in lymph nodes, with a slow elimination rate, unlike the larger size AuNP, which 

were rapidly taken up by the liver, spleen, and lymph nodes and leading to a faster elimination 

rate. Another study showed that AuNPs of 15 nm in diameter pass the blood brain barrier 
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(BBB) and localized in the brain (109). For much larger NPs (200 nm), biodistribution is 

completely different, with AuNPs distributed in the blood, stomach, and pancreas.  

 

Shape effects 

An in vivo study indicated that shape is a significant factor that may determine the AuNPs bio-

fate (110). PEGylated gold nanorods (NRs) and nanospheres were synthesized and showed a 

high accumulation in the liver and spleen in mice bearing an ovarian tumor. However, NRs 

were found to accumulate more than nanospheres in other organs. Also, NRs had a longer 

circulation time compared to nanospheres. 

 

Surface charge effects 

It should be noted that AuNPs with a cationic surface charge present a much higher toxicity 

than those with an anionic surface coating. This is due to the in vivo interaction with 

biomolecules that are almost negatively charged species. Therefore, the cellular uptake affects 

the toxicity, the biodistribution, and the elimination rate as well. 

 

Functionalized ligands effects 

It has been suggested that CTAB-AuNPs or biological molecules, such as lecithin (111), 

could significantly reduce cytotoxicity, as lecithin did not show significant toxicity (112, 

113). An in vivo study has also revealed a strong relationship between the nature of the 

AuNPs coating agent and their pharmacokinetics. For example, maltose-stabilized AuNPs 

were distributed in the lungs, whereas gum Arabic-stabilized AuNPs were distributed in the 

liver (114). 

 

Molecular weight of coating shell 
PEG-AuNPs designed with different PEG molecular weights indicated that high MW-PEG 

(long chains) stabilized the AuNPs and screened the surface charge better than low MW-PEG 

(short chains) (115). Decoration of AuNPs with PEGylated molecules enables conjugation 

with ligands and prevents the NPs from agglomeration. Moreover, the biodistribution of 

AuNPs is correlated to the polyethylene glycol used for functionalization and the injected 

dose (89). 

 

Concentration of administered AuNPs 

The concentration should be optimized to be less than the lethal dose and sufficiently high to 

induce a high X-ray absorption coefficient. 

 
Surface functionalization (f-AuNPs)  

Facile synthesis and molecular surface functionalization promote colloidal stability and make 

active targeting a significant advantage of AuNPs compared to other NPs. A variety of 

molecules can be conjugated to the surface of AuNPs, with thiol, disulfide, amine, 

carboxylate, and phosphine ligands commonly used to form linkages with AuNP surfaces. 

Therefore, it is useful for biolabeling, bioassay, clinical diagnosis, and therapy. 
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7 Gold-hybrid NPs 
 

As we mentioned earlier, improving the contrast enhancement basically relies on the delivery 

of the largest mass to the site of interest. However, large doses of exogenous contrast media 

may cause adverse side effects in vivo, including toxicity. Therefore, an appropriate dose must 

be determined in order to enhance contrast without inducing cytotoxicity. One of the main 

limitations of CT compared to other imaging modalities is the relatively high mass 

concentration of CA required for contrast-enhanced imaging. Millimolar concentrations are 

required for CT, while an optimum concentration for MRI CA is in the micromolar range 

(116, 117). 
 

The synthesis of multifunctional nanomaterials for biomedical applications is one of the most 

challenging issues. There is actually a real need to design AuNPs associated with other 

imaging agents, thus forming new hybrid NPs that can be valid not only for CT, but also for 

MRI and/or optical imaging. It is thought that dual- or multi-modal imaging techniques will 

improve imaging characteristics, which will overcome the drawbacks of low resolution and 

low sensitivity and the lack of molecular CT imaging compared to PET and MRI.  
 

Multimodal imaging facilitates the performance of pharmacokinetics studies, helps elucidate 

complex mechanisms of drug uptake, gives insight into processes that affect and influence 

tumor growth and behavior, and thus, allows clinicians to obtain comprehensive 

morphological and molecular profiles of the imaged tissues. This information will improve 

the accuracy of clinical diagnostics by combining the advantages of each single imaging 

technique. A variety of CT/MRI, CT/MRI/optical imaging, CT/SPECT, CT/SERS, and 

CT/MRI/fluorescent multimodal imaging agents have been reported in recent papers. Other 

types of multimodal CAs are also in development: SPECT/fluorescence (118); PET/NIRF 

used with ICG (119); QDs (120); PET/MRI (121, 122); and even four modalities 

incorporating MRI/PET/BREFT/ fluorescence (123). 

 

7.1  Gold-iron hybrid NPs 

 

Of particular interest is the combination of gold and magnetic NPs, especially IONPs, which 

confers on the resultant hybrid nanocomposites (NCs) a surface plasmon property for optical 

and X-ray attenuation properties on CT imaging due to the gold element and dark contrast for 

MRI imaging due to the IONPs. 

The rationale for the design of AuNPs associated with supraparamagnetic IONPs as a 

Fe3O4@Au core/shell NCs is shown in Figure 9. Constructing nanoparticles with more than 

two moieties is not only used for biomedical imaging, but also for photothermal therapy, 

controllled DDS, biosensors, protein separation, DNA detection, and immunoassays (124-

130). 
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Figure 9: Synthetic scheme for the preparation of PEG-coated Fe3O4@Au core/shell NCs. Reproduced with 

permission from (2), copyright 2012, Elsevier. 

 

The key advantage of using these NPs is to minimize patient exposure time to radiation and to 

produce very high resolution of soft tissues and biological compartments. One of the 

characteristics of the Fe3O4@Au core/shell NCs is that they can follow active targeting 

mechanisms by functionalizing the surface of the gold shell, undergoing the passive targeting, 

or following magnetic targeted drug delivery (MTD), by applying an external magnetic field 

on the location of interest to promote the IONPs NPs attraction near or within the desired 

target. Although the disadvantage of the formed NCs is the low water solubility, this can be 

improved either by NPs bioconjugation or by their entrapment in a coating layer, such as 

nanoemulsions, dendrimers (DE), or polymers (PEGylated chains for cytocompatibility). 

 

Fabrication of the Fe3O4@Au core/shell structure is achieved by initial synthesis of the core 

IONPs, which can be achieved through several processes, including co-precipitation, thermal 

decomposition, the reversed micelle technique, and the solvothermal method. Two standard 

types of Fe3O4@Au NCs were designed: i) a bi-layer based on a magnetic core and gold shell; 

or ii) a multi-layer composite structure consisting of a magnetic core, glue material (silica 

(131), polymers (132, 133) and others (134) and gold shell (Figure 10). The most common 

protocol for their synthesis is the formation of a gold shell directly onto the magnetic surface, 

which is prepared beforehand, and subsequently incorporating the IONPs into an HAuCl4 

solution, followed by adding a sodium citrate reducing agent for Au shell formation due to the 

ligand exchange of the iron by the coated gold layer. (Jeff, this whole paragraph is really 

confusing...really terrible) 
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Figure 10: Schematic representation of different approaches for the synthesis of Fe3O4@Au core/shell NPs. 

Reproduced with permission from (135), copyright 2015, Elsevier. 

 

Recently, Jingchao Li and coworkers (129) reported a facile one-pot synthesis of gold/iron 

NCs coated with a monomethylether of polyethylene glycol-modified polyethyleneimine 

polymer (mPEG-PEI-NH2) using NaBH4 as a reducing agent to obtain mPEG-PEI-NH2 

AuNPs, mixing all with iron (II) precursor to yield Fe3O4@Au-mPEG-PEI-NH2 NPs that 

showed hematocompatibility and non-toxicity in vitro. Such an assembly exhibited relatively 

high r2 relaxivity (146.07 mM-1 s-1) and good X-ray attenuation properties as well, which 

enables their utilization for the in vivo MR imaging of mouse liver and the in vivo CT imaging 

of rat liver and aorta. 

A similar study published by Hongdong Cai et al. (136) reported a unique folic acid (FA)-

modified DE-assisted approach to create Fe3O4/Au-FA NC particles with a tunable molar 

ratio of Au:Fe3O4 (2.02), which displays a relatively high r2 relaxivity (92.67 mM-1 s-1) and 

good X-ray attenuation value and provides biocompitability and low toxicity in the given 

concentration range. Interestingly, the Fe3O4/Au-FA NCs are specifically taken up by cancer 

cells that overexpress FA receptors via active targeting in order to be an efficient nanoprobe 

for targeted dual mode (CT/MRI) imaging of a xenograft tumor model. 

A further study developed a Au/Fe/Au plasmonic NPs loading methotrexate (MTX), a drug 

(137) that can be used for magnetic targeted chemo-photothermal treatment of arthritis. Their 

intravenous injection into CIA mice revealed MR images of NPs accumulation in the 

inflamed paws of mice after attraction to the targeted zone by external magnetic fields. NIR 

irradiation increased the temperature of the exposed area and accelerated the release rate of 

the drug from the NPs, allowing the chemo-photothermal treatment. Moreover, the 

combination of consecutive NIR irradiation and external magnetic field applications gave rise 

to higher therapeutic efficacy against conventional treatment. 
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7.2  Gold-gadolinium hybrid NPs 

 

Similarly, the formation of new hybrid nanosystems based on gadolinium is an essential for 

providing dual-function CA for CT/MR imaging modalities. Basically, gadolinium (III), 

which has seven unpaired electrons and a large magnetic moment, can significantly influence 

the water proton relaxation and so exhibits excellent MRI contrast. Gd3+ chelate-based NPs 

are of great interest due to their adapted biodistribution and passive uptake in the tumor as a 

result of the EPR process. Moreover, they can act as effective radiosensitizers under different 

types of irradiation (radiotherapy, neutron therapy, or hadron therapy).  

Various procedures have been followed to formulate gold-grafted gadolinium (Au-g-Gd) to be 

exploited either as a bimodal diagnostic agent and/or as a drug carrier. Gd3+ chelates are 

synthesized based on attaching such ligands to gadolinium metal via coordination bonds and 

donation of the lone pair of electrons from the ligand to the metal ion. Basically, many ligands 

might be used in Gd3+ chelates, i.e., alkyne-derived diethylenetriamine (DTTA), dithiolated 

diethylenetriamine-pentaacetic acid (DTDTPA), ethylenediaminetetra acid (EDTA), 1,4,7,10-

tetraazacyclododecane- 1,4,7,10-tetraacetic acid (DOTA), modified-polyacrylic acid (m-

PAA), etc. Two well-known strategies have been reported for yielding Gd/Au NCs: The first 

relies on Gd-coated Au (138), since the particles were obtained by encapsulating gold cores 

within a multilayered organic shell composed of Gd3+ chelates bonded to each other through 

disulfide bonds (S-S linkage), as presented in Figure 11. 

 

 
 
Figure 11: Synthetic pathway of Au-g-Gd NPs. Reproduced with permission from (138), copyright 2008, the 

American Chemical Society (ACS). 
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The contrast enhancement in MRI stems from the presence of the entrapped gadolinium ions 

in the organic shell, whereas the gold core provides a strong X-ray absorption. The second 

approach is Au-coated Gd, which has been reported by Wang et al. (139, 140), and forms the 

Gd3+ chelate template decorated by AuNPs seeds that combine the advantages of each 

element in bioimaging applications. 

 

A synthetic approach (141) was reported for the development of novel NCs with high 

relaxivities and a lower mass gold content, which is often distinct from the gold cluster 

compounds that contain a large amount of gold. The idea is to deposit the Gd-based 

macromolecular complex layer on AuNPs for stabilization and to improve the gold 

functionalization. These colloids exhibit high relaxivity and contrast enhancement when using 

0.15 wt.%, yielding an efficient dual modal CA for CT/MR imaging techniques. 

Xiangyang Shi’s research group (142) also synthesized FA-modified Au-dendrimeric NPs 

(FA-modified Au-DENPs) loaded with Gd3+ chelates instead of IONPs for dual-imaging 

purposes. The resultant Gd-Au DENPs-FA probes presented comparable results that displayed 

high X-ray attenuation intensity and reasonable r1 relaxivity. In addition, the relaxivity r2 of 

Gd-Au DENPs-FA was (87.892 mM-1s-1), which is 1.22 times higher than that of G5-Gd-FA 

(72.264 mM-1s-1), ensuring added value to the dual-function CAs. These properties made them 

ideally suited for CT/MR imaging of cancer cells in vitro and a xenograft tumor model in vivo 

via the FA receptor-mediated active targeting pathway. Accordingly, they succeeded in 

another study (143) in designing the Gd-Au DENPs-RGD by simply conjugating the 

terminated NH2 group of the DE with an RGD peptide. The in vitro results proved the 

negligible toxicity at an Au concentration up to 100 M. With the displayed X-ray 

attenuation property, the r1 was (2.643 mM-1s-1) and showed hemocompatibility, and this was 

also suited for targeted dual-modality CT/MR imaging of a xenograft tumor model 

overexpressing the v 3 integrin in vivo. 

Lijun Wang et al. (139) have emphasized that a Gd-doped, layered, double hydroxide 

(LDH)/Au NCs platform can be used as both an anticancer DDS and as a diagnostic agent. 

The LDH-Gd/Au NCs demonstrated high DOX loading capacity (264 mg drug/g of NCs) with 

an interesting pH-responsive release feature. Meanwhile, the NCs have been found to be 

better CT and MRI CAs during in vitro evaluation than the commercial CT agent, iobitridol, 

and the MRI agent, Magnevist. In vitro experiments showed negligible toxicity vs Hela cells 

and L929 cells. In vivo results revealed that NCs are taken up more by the spleen than the 

liver. In the same study, these investigators functionalized the NCs by coating them with 

heparin, resulting in outstanding CT/MRI contrast, and were used to image mice bearing 

tumors in vivo. 

 

7.2.1 Gold-silica nanosystems and other hybrids 

 

The element silicon (Si) is the second most abundant element in the earth’s crust. It has been 

found in the general form of silicon oxides or silicates, such as SiO2, TEOS, APTES, and their 

derivatives. It is highly reactive due to its tetravalent state. 
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Among inorganic NPs, silica NPs (SiNPs) are one of the most biocompatible nanoparticles  

approved by the FDA. They offer numerous advantages over inorganic NPs, such as well-

defined, tunable structures in shape and size. As demonstrated by our research group, forming 

an amino silica shell coating for nanodroplet nanoemulsions resulted in a tunable spherical 

shape against the non-coated silica shell, which was clearly demonstrated on TEM 

micrographs (144). These coatings can be easily prepared from inexpensive materials and 

simple functionalization due to the chemistry of siloxanes, or can even be loaded onto other 

materials. Silica nanostructures have high chemical stability, including resistance against 

enzymatic degradation (145, 146). Moreover, they do not interfere with magnetic radiation. 

The fluorescent silica NPs, known as “Cornell Dots,” were approved for the first time in 2011 

by the FDA, in a human clinical trial, as imaging agents for a human melanoma model (147). 

SiNPs were successfully applied for diagnostic and therapeutic purposes. The synthetic 

approaches successfully generated silica as a core (148), a shell (149), or in the interface 

between multilayered NCs (149, 150), depending on the characteristics needed and the 

specific applications. 

 

Several investigations have been performed to introduce silica-based NCs for in vivo and in 

vitro studies. L. Marques and co-workers (148) have synthesized new hybrid particles, poly 

(allylhydrochloride)/silica/gold (PHA/SiO2/AuNPs) functionalized with biotin as a biosensor 

for detecting streptavidin protein (SV). The generated 300 nm silica cores were decorated 

with AuNPs seeds on their surface. The key advantage of the proposed NCs is that it is easily 

tailored by changing ligands to allow the targeting of clinically relevant protein compounds. 

However, Kuo-Wei Hu et al. (150) presented hybrid NPs based on three moieties: 

Gd2O(CO3)2.H2O/silica/Au particles. Initially forming a Gd3+ chelate core shielded by a silica 

layer due to the condensation of the precursor TEOS and the reaction of APTES, the 

nanoconstruct was finally conjugated to the AuNPs, eventually obtaining the Gd/Si/Au NPs. 

The thickness of the formed Au shell substantially affected the MRI performance and the 

photothermal destruction of cancer cells. Decreasing the Au thickness (concentration) 

spontaneously induces higher MRI values, giving the optimum photothermal cancer 

destruction and vice versa. This is simply because the MRI effect is dependent on the Gd3+ 

chelate concentration, whereas the photothermal process is influenced by the Au 

concentration. 
 

8 Miscellaneous multifunctional CAs 
 
The importance of multifunctional CAs is to reduce procedural steps by gathering more than 

one type of information from a single NP. Therefore, organic fluorescent dyes, Qds, and other 

precursors might be incorporated into hybrid nanosystems and thereby impart additional 

properties to the material. Herein, we show such examples to explain this process. For 

instance, Wenjie Dong et al. (149) have developed a bimodal imaging agent, Au/Si/QDs, 

using a reverse microemulsion method to prepare Au@SiO2, followed by the formation of 

CdSe-ZS QDs on the surface and then coating again with modified silica (SiO2-PVP). This 

resulted in Au@SiO2-QDs/SiO2-PVP NCs that displayed high fluorescence intensity and good 
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X-ray absorption to be suitable as a bimodal imaging probe for CT/fluorescent imaging 

techniques. 

Another study (151) showed a simple route for the preparation of trimodal CA, called 

Fe3O4@dye-hybrid@Au NCs, as described in Figure 12. The in vitro cytotoxicity 

measurements of the NPs were assayed against different cell lines, including breast cancer 

MCF-7 and mouse fibroblast L929 cells, and low toxicity and high biocompatibility were 

observed. However, the evaluation of the PEG-Fe3O4@dye-hybrid@Au resulted in both high 

HU values and induced MRI contrast, allowing  visualization of the location of tumors with 

both CT and MRI in vivo.  

 

 
 

Figure 12: Schematic diagram of formulation process of Fe3O4@dye-hybride@Au NPs. Reprinted with 

permission from (151), copyright 2013, Wiley. 

 

A green and facile method (152) was designed to synthesize a multifunctional nanosystem 

(Fe3O4@C@Ag) of 200 nm diameter as a bimodal imaging probe and DOX-loaded 

Fe3O4@C@Ag as a DDS. The loading content was 997 mg/g. The in vitro cell viability tests 

revealed good biocompatibility. The obtained NCs were used in dual-mode imaging—two-

photon fluorescence (TPF) imaging and MRI due to the magnetism of Fe3O4 and the (SPR) of 

AgNPs.  

Constructing an optical bi-probe with both plasmonic and fluorescent components has been 

achieved by Wu et al. (153) via synthesis of AuNPs with a silica coating decorated with high 

brilliant CdSe/CdS/ZnS QDs. The silica layer was imbedded to minimize the spectral 

overlapping and to avoid FRET between AuNPs and QDs. The resulting NCs as 

(AuNRs@Si@QD@Si) were then modified with a PEG shell and transferrin conjugation 

(PEG-AuNR-QD-Tf), which provided low toxicity and efficient cancer cell targeting on A549 

cells in vitro. Both fluorescent and dark-field co-localization was achieved with high contrast. 

The last example is the combination of the trivalent lanthanide ions, which have luminescence 

and magnetic resonance imaging signal outputs with a tunable size, allowing the formulation 

of tailored nanoprobes ideally suited to the investigation of biological systems. In accordance 

with the aforementioned protocol of Gd/Au hybrid nanosystem synthesis, other lanthanide 

ions were incorporated with gold, which provided many new hybrid nanoplatforms. S. Bohic 

et al. (154) have developed four different nanosystems, including Au@Eu, Au@Ce, Pt@Eu, 

and Pt@Ce. Other nanoplatforms, such as Au@Eu3+/Tb3+, have been fabricated by Thomas 

and co-workers (155), as shown in Figure 13. 
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Figure 13: Design strategy for luminescence nanomaterials (Au/Eu3+/Tb3+) NPs. Reproduced with permission 

from Ref. (155), copyright 2006, the American Chemical Society (ACS). 

 

9 Silver-based CA 
 
In 1905, Collargol (a colloidal silver preparation) was used in urinary tract radiography (156). 

Later, other silver compounds, such as AgI and Ag2O, were used as contrast materials in 

retrograde pyelography (157). This procedure was quite useful in the diagnosis of dilation, 

kinking, and displacement of the renal pelvis and ureter, as well as in the detection of renal 

malformations and renal tumors. As recently as 1979, a silver iodide colloid was used as a 

model compound in an animal study in order to determine the suitability of metal NPs as 

hepatobiliary CAs for CT (158). However, the use of these silver agents was discontinued due 

to severe side effects and significant toxicity (159). AgNPs also showed excellent behavior in 

surface-enhanced Raman scattering for advanced Raman spectroscopy, which has the 

potential for a broad range of applications in clinical molecular imaging (160). Moreover, 

AgNPs displayed strong activities in anti-bacterial, anti-fungal, and anti-viral studies (161-

165). Various synthetic routes are currently used to develop stable AgNPs, including 

diagnostic biomedical optical imaging and other biomedical applications (166).
 

 AgNPs were 

fabricated in a HEPES buffer and exhibited potent cytoprotective and postinfection anti-HIV-

1 activities toward Hut/CCR5 cells (167). New synthetic protocols have been reported 

elsewhere (168-171). 

 

Recently, Zou et al. (172) have employed AgNPs as a CA for micro CT visualization of the 

middle and inner ear of the rat and the transportation pathway after transtympanic injection. 

They prepared AgNPs in various concentrations (1.85, 37.1, and 370.7 mM) before 

administration to rat middle ear cadaver heads. These were imaged using micro CT at several 

time points. The minimum concentration of AgNPs that gave reasonable contrast was 37.1 

mM, which was visible in the middle ear at 7 d post-administration. AgNPs at 370.7 mM 

generated signals in the middle ear, ossicular chain, round window membrane, oval window, 

scala tympani, and Eustachian tube at both four-hour and 24-hour time points, providing the 
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imaging evidence that AgNPs are able to access the inner ear in a dose-dependent manner 

after intratympanic administration. A study was performed by Adrian Chrastina and Jan E. 

Schnitzer (173) to investigate the biodistribution of AgNPs. They have developed a rapid 

method for radiolabeling of AgNPs with iodine-125 in order to track the in vivo tissue uptake 

of AgNPs after systemic administration using biodistribution analysis and (SPECT) imaging, 

and demonstrating uptake in the liver and spleen. Many studies indicated that AgNPs alone or 

associated with other inorganic metals, such as Gd or Au, are efficient delivery systems for 

both imaging agents and therapeutics (174-176). 

 

10 Bismuth-Based Agents 
 
Bismuth is also an appealing element upon which to base CT CAs. It is used as a viable 

alternative to AuNPs due to numerous advantages: i) a high atomic number (Z = 83), which 

results in good X-ray-attenuating properties (absorption K-edges = 91); ii) approximately 

1000-fold less expensive than gold elements; and iii) one of the most biocompatible elements 

among the heavy elements. However, its ionic form is toxic at 0.2 M (177). It is well known 

that metallothionine, a cysteine-rich protein abundant in the kidneys, exhibits a preferential 

affinity for Bi(III) species, and thus, enhances the clearance and urinary excretion of Bi(III) 

complexes (178). Moreover, Bi(III) complexes could be exploited as DDS, biosensors, 

injectable CT CAs, and even as photothermal therapy (PTT) agents in the biomedical area. 

Few challenges face the bismuth NPs with regard to size, morphology, or surface chemistry, 

compared to AuNPs. 

 

Several approaches for synthesizing BiNPs as CT CA have been reported, for instance, using 

the precursor bismuth nitrate pentahydrate, which is the source of the Bi(III) cation, to 

produce stable bismuth glyconanoparticles (BiGNPs) using an aerobic method in the 

prescience of sodium borohydride (NaBH4) for reduction. Rabin et al. were the first to report 

bismuth NPs as CT CAs (179). They prepared bismuth sulfide NPs by co-precipitation of 

bismuth citrate and sodium sulfide in the presence of 3-mercaptopropionic acid, acting as a 

surfactant. The NPs were further coated with polyvinylpyrrolidone (PVP), resulting in plate-

shaped NPs and showing negligible toxicity when tested on hepatocytes and macrophages 

below 20 mM of Bi. In vivo CT imaging was performed on mice, giving rise to a blood pool 

agent (t1/2 = 140 min) with a maximum enhancement of 557 HU. 

In recent years, bismuth-based nanomaterials, such as Bi2S3 NPs, Bi2S3 NRs, Bi2Se3 

nanoplates, and Bi2S3 nanodots, conveniently integrate a broad range of clinically relevant 

functionalities. A general protocol has been applied to synthesize oleic acid-coated bismuth 

sulfide NPs ((OA-Bi2O3) NPs). Subsequently, the hydrophobic oleate surface coating can be 

dispersed in organic solvents to facilitate their surface modification using a hydrophilic 

coating shell via a ligand exchange reaction like tween-20 (180), polyvinyl pyrrolidone 

(PVP), D- -Tocopherol Polyethylene Glycol 1000 Succinate (TPGS) (181), or PEG5000-

DSPE. 

In 2015, Yuliang Zhao and coworkers published two studies focusing on the establishment of 

Bi2S3 NRs in nanomedicine. The first study (180) was about precision cancer nanomedicine 
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based on Bi2S3 NPs. These authors successfully designed Bi2S3 NRs for multispectral 

optoacoustic tomography (MSOT)/X-ray CT-guided photothermal therapy (PTT). These 

characteristics made Bi2S3 NPs simultaneously act as “satellite” and “precision targeted 

weapon” for a visual guide to destroy tumors in vivo. A cell viability assay was carried out on 

4T1 cells, indicating biocompatible NPs with “no dead cells up to 300 µg/ml.” In vitro 

photothermal effects were tested on 4T1 cells with different concentrations of the Bi2O3 NRs, 

kept for 24 hours, and irradiated for eight minutes using an 808 nm laser. This afforded a high 

efficient destruction of tumor cells. In vivo X-ray imaging applied to mice bearing 4T1 tumors 

showed the difference before and after injection, highlighting all the vascular structures 

because of the good X-ray absorption (182) of Bi2S3 NRs. Finally, in vivo photothermal 

therapy was achieved by i.v injection of 20 mg kg-1 under 808 nm laser irradiation. The 

average weights of tumors were collected from the mice at the end of photothermal therapy, 

and revealed no obvious metastases in the Bi2S3 NRs + laser group by HE staining. A 

complete investigation was undertaken on BiNRs from the synthesis and finalized by the in 

vivo treatment of tumors, as described in Figure 14. 
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Figure 14: A) Schematic depiction of the structure of a Bi2O3-Tween20 NRs. (B) Cell viability of 4T1 cells after 

cultured with various concentrations of Bi2S3 NRs for 24 h. (C) In vitro photothermal effect. Live-dead staining 

of 4T1 cells. 4T1 cells were incubated with different concentrations of Bi2S3 NRs for 24 h and irradiated for 

eight minutes using an 808 nm laser (1W cm-2). (D) Representative photos of mice after different treatments 14 

days after treatment. (E) In vivo X-ray CT imaging in 4T1 tumor-bearing mice. CT images of mice before 

injection (a), five minutes post i.v. injection (b), and three hours post i.v. injection (c) with Bi2S3 NRs. Liver (L), 

spleen (S), and tumor (T). Figure adapted with permission from Jing Liu et al. (169) , copyright 2015, the 

American Chemical Society (ACS). 

 

The second study (181) demonstrated the development of multimodal CA based on 

Bi2S3@SiO2 NRs for the non-invasive visualization of the GI tract. Simple synthesis of Bi2S3 

was performed by the solvothermal method, followed by a functionalization step through D-

-Tocopherol Polyethylene Glycol 1000 Succinate (TPGS), inducing TPGS-Bi2S3 NRs. 

Coating with s thin silica layer improved biocompatibility, dispersion, and stability in the 
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harsh environment of the GI. The coating also reduced concern about the release of Bi ions. In 

vitro cytotoxicity studies performed on 16 HBE cells showed low toxicity and high 

biocompatibility. An in vitro evaluation of both CT and PAT demonstrated significant values. 

In vivo X-ray CT imaging of the GI in BALB/c nude mice after oral administration of 

Bi2S3@SiO2 NRs was obtained and the small intestine was clearly observed, as depicted in 

Figure 15. 

 

 
 

Figure 15: CT imaging of the GI in vivo. In vivo X-ray CT imaging of the GI in BALB/c nude mice at different 

intervals after oral administration of Bi2S3@SiO2 NRs. Reprinted with permission from (170),  copyright 2015, 

Royal Society of Chemistry (RSC). 

 

Recently, S Veintemillas-Verdaguer et al. (183) have developed a bismuth-labeled magnetic 

colloid through the combination of iron and bismuth in one entity, which could overcome the 

shortcomings of two imaging modalities and leverage the advantages of both, providing 

improved precision, feasibility, and efficacy of diagnosis. The resulting core/shell 

nanocrystals (SPIO@Bi) were created and a coating of m-PEG Silane was used as a stabilizer 

to form a highly crystalline 8 nm core of maghemite with a 1 nm shell of bismuth atoms. 

Cytotoxicity measurements were tested on Hela cells, and showed low toxicity. These NPs are 

used for CT and MRI. 

 

An example of the synthesis of the DE-stabilized bismuth sulfide NPs (Bi2S3 DESNPs) was 

reported by Yi Fang et al. (184), who proposed the formation of stable Bi2S3 DESNPs with an 

average size range of 5.2–5.7 nm. Their X-ray absorption coefficient measurements showed 

that the attenuation values were much higher than that of iodine-based CT CA at the same 

molar concentration of the active element (Bi against iodine). MTT and hemolysis assays for 

Bi
2
S

3 DESNPs possessed good cytocompatibility and a low hemolysis effect in a given 

concentration. Furthermore, it has been assumed that these NPs might have great potential as 

a highly efficient and unique CA due to the chemistry of DEs and their capability for further 

chemical coupling with various biological molecules. 

One of the fundamental criteria for the BiNPs are that it can serve as DDs, particularly for the 
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delivery of anticancer drugs to tumors, as being studied by Kathrin Bogusz et al. (185). These 

authors synthesized, for the first time, a theranostic system for the -Bi2O3 NPs that was 

covalently bound with MTX as a chemotherapeutic drug, which can target cancer cells 

through (3-aminopropyl) trimethoxysilane (APTMS) via a precipitation and coating method. 

The -Bi2O3-APTMS-MTX conjugate was of 50 nm in diameter, possessed efficient 

biocompatible particles, and showed excellent in vitro and in vivo results for imaging and 

improved 9L cancer cell internalization. 

 

11 Platinum-based NPs 
 

The element platinum (Pt) has good contrast due to its high atomic number, (Z≥78), but, to 

date, only a few studies have been done. Recently, Liang et al. (186) synthesized water-

soluble l-cysteine-coated FePt NPs (FePt-Cys NPs) as a dual MRI/CT imaging agent for the 

diagnosis of malignant gliomas through a co-reduction route. The MRI and CT imaging 

ability of FePt-Cys NPs was evaluated using different glioma cells (C6, SGH44, U251). 

CT/MR imaging was more sensitive than that of the commonly used iohexol, even if the r2 

value of FePt-Cys NPs was lower than that of FePt NPs coated with Fe2O3 and SiO2. 

 

The biocompatibility of the NPs was further evaluated using three different cell lines 

(ECV304, L929, and HEK293), and displayed excellent biocompatibility. Thus, these NPs are 

promising as a dual MRI/CT CA for the diagnosis of malignant brain gliomas. The key 

advantage of cysteine as a coating agent is that it prevents damage to brain tissues. Such 

modifications reduce the toxicity of dendrimer-entrapped metal NPs and suggest further 

biofunctionalization to produce multifunctional metal NPs for a range of biological sensing 

and therapeutics applications. These fabricated enzyme field-effect transistors, produced with 

dendrimer-encapsulated platinum NPs, provide a linear range of 0.25–2.0 mM, with a 

detection limit of ∼0.15 mM as a glucose biosensor (187). Platinum compounds are one of the 

more prominent examples of inorganic NPs used for therapeutic applications (e.g., cisplatin, 

carboplatin, oxaliplatin, etc.) in the treatment of cancer (188). 

 

12 MRI and optical imaging and their current inorganic NP-based CAs 
 

12.1 Inorganic NPs for MRI 

 

Basic principle of MRI devices 

 

It is well-known that magnetic fields can cross human tissues without causing any harmful 

adverse effects for subjects with no magnetizable materials (189, 190). The use of a magnetic 

field has been extended to biomedical applications, such as diagnostic and therapeutic 

domains (drug and gene delivery, hyperthermia cancer therapy, magnetic separation, etc.) 

(189-192). MRI is one of most developed techniques for diagnostic purposes. MR imaging is 

a non-invasive and non-ionizing imaging technique that provides 3D images of deep and soft 

tissues with high resolution, and is mostly used for the detection of tumors and metastases, 
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observation of the brain and the nervous system, or for the evaluation of cardiovascular 

functions (189, 190, 193, 194). Basically, the concept of MRI relies on the protons from 

water, proteins, or lipid membranes of human body tissues to respond to a magnetic field (Bo 

> 2 T) and a radiofrequency sequence (rf-pulses (5-100 MHz)) (Figure 16). According to the 

proton NMR principle, applying a magnetic field Bo leads magnetic moments or spins of 

protons to align along the B0 axis (z-axis). Then, rf-pulses are introduced to proton nuclei, 

which absorb the energy and make the net magnetization of each spin switch from the z-axis 

to the xy-plane. When rf-pulses are finally stopped, magnetic moments relax and precess at 

the Larmor frequency to re-align along B0 (189, 190, 192, 194). Relaxations are thus 

measured, and then submitted to a Fourier transform to provide the reconstruction of 3D 

images (190). 

 

 
 
Figure 16: Main steps involved during MRI at spin-scale (from alignment to B0, rf-pulses session to spin 

relaxation). 

 

Origin of MRI contrasts 

 

Relaxation is actually based on two phenomena: i) the longitudinal relaxation, commonly 

called T1 relaxation or T1-recovery, and “spin-lattice” relaxation due to the dissipation of the 

absorbed energy from rf-pulses to the surrounding tissues; and ii) the transversal relaxation, 

generally named T2 relaxation or T2-decay and “spin-spin” relaxation because of the loss of 

phase coherence by spin-spin interactions during spin precession. As implied, longitudinal 

and transversal relaxations are characterized by the times of relaxation, i.e., T1 and T2 (189, 

190, 192, 194, 195). T1 corresponds to the time to release 63% of longitudinal magnetization 

from spins to the surrounding media, generally as energy-like heat, (Jeff, “energy-like heat?”) 

whereas T2 is the time that transverse magnetization needs to decrease 37% (190). 

Furthermore, longitudinal and transversal relaxations are two parallel magnetic phenomena, 

and thus, provide their own type of contrast: T1-recovery and T2-decay have brightening 

(positive contrast) and darkening (negative contrast) effects, respectively (193). Regardless of 

the differences in contrast effects from T1-recovery and T2-delay, it should be noted that the 

MRI contrast is only related to the magnetic behavior of one element type (protons). 

However, T1 and T2 varies between organs. Indeed, because of differences between one 

tissue and another, the spins will not relax at the same time, since each tissue type is subject to 

different interactions. Moreover, many experimental parameters can also influence the proton 

relaxation rates (189, 194). 
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Contrast enhancement nanosystems 

 

Although contrast naturally occurs through T1- and T2-relaxations, the differentiation 

between tissues might need to be enhanced in order to increase the accuracy of diagnosis. By 

injecting a CA, a difference in the signal between two adjacent regions will be more easily 

detected and lead to a better understanding of images via a clearer visualization of tissues 

(190, 194). Currently, nanoparticulate CAs are used to alter the relaxation time of protons by 

reducing T1 and T2 (190, 192). MRI is highly sensitive and does not require a high dose of 

contrast media (few mmol/L or µmol/L of CA) to provide an efficient clarification of images 

without saturation. Generally, the efficiency of an MRI CA is expressed through longitudinal 

and transversal relaxivity, i.e., r1 and r2, respectively (mM-1s-1) (191, 194, 196). Such 

parameters are clearly defined as the increment of the relaxation rate of water protons for 1 

mmol/L of CA. Since MRI images rely on both T1 and T2 relaxations, two groups of CA are 

available for T1- and T2-weighted imaging. To determine whether a CA is more suitable for 

T1- or T2-weighted imaging, the r2/r1 ratio has to be evaluated. The higher the r2/r1 (>1-10), 

the more contrast in T2-imaging (194, 196). Both types of contrast involve magnetic NPs, 

which can accumulate in limited areas due to their nanometer scale (189). The most widely 

clinically used T1-contrast agent is based on the paramagnetic heavy metal ions, Gd3+ 

chelates. T2-contrast agents, conversely, have mostly relied on superparamagnetic IONPs, 

and, for two decades, have provided the best candidates for nanoparticulate and inorganic 

material that produces a negative MRI contrast (Jeff, this sentence doesn’t make sense...) 

(190, 194, 197). Nanoparticulate CA are formulated as a core-shell composed of three parts: i) 

the inner core (MRI signal); ii) the hydrophilic shell or nanocarrier for the biocompatibility 

and stability of the core; and iii) the targeting moieties attached to the coating (194). 

 

Gd
3+

 chelates 

 

Gadolinium-based T1-weighted CAs are paramagnetic NPs made of Gd3+ ions anchored into 

nanocarriers, such as liposomes, inorganic nanomaterials, carbon nanotubes, micelles, 

lipoproteins, perfluorocarbons, dendrimers, or microemulsions. Basically, to ensure the safe 

use of Gd3+, nanocarriers must provide enough anchoring sites to chelate these toxic heavy 

metal ions by stabilizing them kinetically and thermodynamically (190, 193, 194, 196). It has 

been assumed that Gd3+ leakage or release might provoke harmful adverse effects on humans. 

However, toxicity issues with Gd3+, such as macrophage death and replacement of calcium 

ions within the human body, have been noticed for many years, as Gd3+ complexes were the 

first generation of CA based on a nanoparticulate system for intravascular injection (190). 

Currently, Gd3+ chelates involved in clinical applications are based on gadolinium oxides 

(Gd2O3), gadolinium fluoride (GdF3), and gadolinium phosphate (GdPO4). Elements other 

than lanthanides may also provide good candidates, notably the transition metal elements 

(Mn2+, Fe3+, Cu2+…) or metal alloy NPs due to their large number of unpaired electrons, 

which provide paramagnetic ions suitable for T1-weighted MRI (194). Introduced at doses 

near 0.1 mmol/kg of body mass, Gd3+chelates have a non-selective extracellular 

biodistribution and are mainly used to improve the contrast of interstitial and intravascular 

body spaces, such as fluid compartments or lesions, before being excreted through renal 
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clearance. In addition, they easily interact with blood compartment cells, which make them 

unsuitable for long-term experiments like cell-tracking (190, 194). Contrary to Gd3+ chelates, 

the next generation of T1 CA, for instance, manganese oxide (MnO) NPs (such as Teslacan,® 

a commercial T1-weighted contrast agent), might be taken up by cells and can cross natural 

barriers  for brain, kidney, and liver imaging (194). To conclude, some requirements must be 

be fulfilled to use Gd3+ chelate NPs as a stable biocompatible T1-weighted CA (194). 

Specifically, Gd3+ chelate NPs must i) exhibit a low r2/r1 ratio (≤1 or 2) (and also a high r1/r2) 

to provide positive contrast, ii) be incorporated into a hydrophilic nanocarrier bearing 

bioactive materials for targeting purposes with an overall size smaller than 100 nm in order to 

iii) form stable Gd3+ chelates to reduce potential side effects, and iv) have a favorable 

pharmacokinetic profile (good biodistribution and bioaccumulation). A remaining challenge is 

cell uptake with medium- to long-term accumulation. Such behavior remains unresolved and 

prevents Gd3+ chelate NPs from use in experiments that require long-term positive contrast. 

 

Superparamagnetic IONPs (SPIONs)  

 

The first use of SPION for imaging purposes was for liver disease because of the selective 

and spontaneous uptake by Kupffer cells and a passive bioaccumulation within RES cells 

(192-194). For biomedical applications based on magnetic devices, the most widely used 

SPION nanocrystals are made of magnetite (Fe3O4) and maghemite (γ-Fe2O3) due to their 

high magnetism (189, 192, 194). They are both synthetized by two main pathways: the 

coprecipitation corresponding to the reduction of iron salt in alkaline aqueous solutions in the 

presence of ligands (macromolecules) to control the growth of NPs, and thermal 

decomposition depending on the high temperature decomposition of an organometallic 

complex in the presence of surfactant, leading to a lipophilic SPIONs. Although the latter 

method provides hydrophobic SPIONs, nanocrystals have high crystallinity and 

monodispersity, which leads to a homogeneous and strongly magnetic property. Otherwise, 

ligand exchange procedures can be carried out to turn a lipophilic surface into both 

hydrophilic and tailored. Indeed, SPIONs smaller than 50 nm, called ultra-small SPIONs, are 

not sequestered by RES and extravasate through the capillary system to reach small access 

areas such as lymph nodes. Consequently, the in vivo biodistribution and bioaccumulation of 

decorated SPIONs rely not only on surface chemistry, but are also size-dependent (196, 198). 

Magnetism is also size-dependent with bigger SPIONs and produces stronger effects. The 

major challenge of SPIONs for MRI is to find a compromise between the design of 

physicochemical properties (overall size, neutral or charged surface, stealthiness, type of 

shell, and/or bioactive ligand), magnetic properties, and pharmacokinetics to obtain a long-

circulating colloidal, biocompatible, and stealthy T2-weighted CA. To conclude, some 

requirements are required for translation from the bench to animal models and into clinical 

studies, Specifically, SPIONs must i) be produced in uniform and controllable range sizes 

with a high degree of crystallinity to ensure good magnetism for MRI, ii) form a stable and 

biocompatible colloidal dispersion, iii) have a predictable in vivo fate by focusing on the 

targeting strategy, and iv) show a low toxicity after intravenous injection and biodegradation 

(providing iron ions). 
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12.2 Quantum dots for optical imaging 

 

Quantum dots (Qds) are single inorganic nanocrystals ranging from 2 to 10 nm, and 

composed of semiconductor materials introduced in 1998 as nanodevices for cell labeling. 

However, quantum dots are currently used for fluorescent-based biomedical applications as 

diverse as molecular and cellular imaging, sensing, drug delivery, and targeting (199-203). 

Biomedical applications that rely on fluorescent phenomena generally involve nanomaterials 

(Qds) or substances (dyes, fluorophores) capable of absorbing energy from light radiation and 

to re-emitting a ray with a lower wavelength. 

 

To produce fluorescent phenomena using semiconductors, electrons must be excited by 

external radiation to pass through a small band gap from valence to conductive bands. A hole 

is thus created and forms an electron-hole pair linked by Coulombic force across the band 

gap. Then, light is emitted and corresponds to a fluorescent emission rather than producing 

heat to relax the excited electron and fill the created hole. In the specific case of Qds, 

absorption and emission are obviously composition- and size-dependent, since those two 

parameters affect fluorescence properties and semi-conductor-like behavior (199, 200, 202). 

First, the composition of Qds confers semiconductor properties based on the elements 

involved in its construction and their ability to form electron-hole pairs. Second, Qds are 

nanometer-scale devices and are commonly compared to an “artificial atom” or hydrogen-like 

system because their radius ranges around Bohr’s model atom radius. However, the 

comparison depends not only on the size factor, but also more precisely on its consequence 

for the spectroscopic aspects. It should be noted that in the Bohr model, the energy of the 

electronic level is quantized because of the nanosize and also confers a quantum confinement 

effect due to the closeness of electrons within the Bohr atom. The quantum confinement effect 

in Qds causes the emission of light from the electron-hole pair (called excitation) with a 

narrow and well-defined wavelength from the ultraviolet region of the spectrum (200, 203, 

204). Semiconductor nanocrystal-based Qds act as an atom with regard to the quantum 

confinement effect, but they have a crystalline nanostructure. Consequently, due to the 

confined nanospace within a semiconductor nanocrystal, colloidal Qds can exhibit tunable 

fluorescent properties by a change of size and/or composition. This double dependence 

renders Qds an innovative compact nanoprobe for fluorescent imaging.  

 

Although the nanosize is an asset for the optical and electronic properties, it also has a huge 

impact on biodistribution and bioaccumulation. Consequently, a compromise between the 

design that provides good physicochemical properties for biomedical applications and the 

overall size lead to a quantum confinement effect that must be investigated. In vivo and in 

vitro biomedical applications imply the use of water-soluble Qds with high biocompatibility 

and stealth properties to be stable in physiological media and to have a residence time within 

the blood-stream long enough to let the fluorescent colloids achieve their tasks. The fate of 

Qds in a biological environment is basically dictated by the nanosize and surface state 

(charge, zeta potential, and functionalization) (202). As a result, ligands, such as pegylated 

polymers, zwiterrionic molecules, thiolated, or amino- bifunctional ligands with polar end-of-

chain groups, render Qds transferable into an aqueous phase, but are generally attached in 
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order to stabilize and to extend the lifetime of Qds in biological conditions. Such organic 

shells are basically formed in situ, i.e., during the Qds synthesis, and can be linked to the 

quantum core by covalent bond, electrostatic bond, chelation, or adsorption. As for all 

nanoparticulate systems involved in in vivo biomedical applications, the stealth property is the 

key skill that Qds must exhibit. Indeed, to target the RES and tumors, a passive targeting 

strategy can simply be used because Qds will (i) be detected as foreign entities and will be 

taken-up by the liver, the spleen, and the lymph nodes, or (ii) extravasate through the leaky 

vascular system of the tumor (199, 201, 202). A specific biorecognition or active targeting is 

often needed in fields , such as molecular and cellular sensing, local imaging, and DDS, to 

enhance the selectivity of nanoprobes. The dose can be decreased through optimization of the 

fluorescent materials’ accumulation in a local and targeted area. By applying recognition 

strategies, bioconjugated Qds are able to selectively interact with biological structures at the 

cellular and molecular levels. The versatility of the Qds surface is basically improved and 

developed because of the high surface-to-volume ratio, which provides an incredible number 

of sites for the attachment of ligands and turning the Qds into biocompatible and multivalent 

fluorescent nanoprobes (200). 

 

However, tailoring the surface of Qds may lead to an increase in size. Indeed, but using a 

nanocarrier such as beads and copolymeric micelles based on surfactant or phospholipids, 

would provide much larger nanodevices, thus compromising the biodistribution of the final 

construct. The resulting final assembly may not be able to gain access to some size-limited 

areas, whereas the non-modified Qd may be capable of passively targeting these areas. 

Nanocarriers offer efficient protection for Qds’ fluorescent properties, a versatile surface for 

further vectorization purposes, and a dense structure onto which plasma proteins are not 

absorbed. In addition, changing the overall hydrodynamic diameter of assembling would 

drastically affect the biodistribution and the bioaccumulation. It is preferable that decorated 

fluorescent nanoprobes be as small as possible, not only for because they are subject to the 

quantum confinement effect, but also in order to cross natural barriers and penetrate deep 

tissues and organs. Contrary to fluorophore molecules, this point remains also one of the 

major challenges in the design of Qds because of their compact or rigid structure. In fact, 

fluorophores are basically in solution and may thus pass through vessel and/or extravasate 

more easily through tissues. Even though the chemistry of surface modification has been 

developed to improve vectorization and biocompatibility, investigations must find a balance 

with regard to the size and the surface of the functionalization of Qds to prevent them from 

fast excretion via renal clearance after opsonization, and enhance their permeation through 

tissues to reach their target.  

 

Apart from the biodistribution, the bioaccumulation and optimal time of residence within the 

blood stream or organs and cells must also be considered for biomedical applications that 

require entrapment of Qds. At some point, Qds must be excreted. Indeed, it seems that long-

term accumulation may provoke some adverse effects due to the unstable structure of Qds, 

such as the impairment of cellular functions and the intracellular oxidation of the Qds, which 

then cause a leakage of free semiconductor compounds, which means metal ions and free 

radicals. To date, the pharmacokinetics and toxicity of Qds and their metabolites remain 
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unclear. For this reason, colloidal semiconductor nanocrystals are still prohibited from clinical 

applications. Most Qds are made with elements from groups III-V, II-VI, and IV-VI of the 

periodic table, such as cadmium sulfide (CdS), cadmium selenide (CdSe), indium arsenide 

(InAs), or lead-based elements (Pb) or zinc (Zn). However, the current trend for Qds is to 

generate new types of semiconductor nanocrystals based on less toxic and more stable 

metallic assembling to be able to extend the use of Qds from in vitro to in vivo assays. For 

example, graphene, silicon, gold, or even diamonds Qds, have been proposed as innovative 

and adverse-effect-free nanomaterials. Some new types of Qds have also emerged with 

emissions in near infrared or a reduction in the need for external radiation, commonly called 

self-illuminated Qds. Basically, synthesis relies on a thermal decomposition in the non-polar 

organic phase of a metallic precursor, in the presence of stabilizers, to control the growth of 

crystals. Despite the reactional conditions, the size and the emission spectrum are variable, 

but Qds are generally monodispersed through this method. Aqueous phase preparation is also 

possible and provides water-soluble Qds without any further surface modifications, unlike the 

previous method, which requires a ligand exchange procedure to make the Qds surface 

suitable for biological media. Although attaching ligands aims to create an organic shell to 

stabilize and tailor Qds, an inorganic coating is a potential solution to overcome stability and 

toxicity issues. For instance, capping the Qd core with a silica, gold, or metal shell (quantum 

shell) prevents the Qds core from corrosion, leakage of toxic free metal ions, and free 

radicals, causing oxidative stress, and an intermittent fluorescence mostly caused by defects 

on their surface. When Qds are overcoated with an inorganic layer, ligands are grafted onto 

this overcapping through the same type of bond-forming nanocomposites on a quantum dot 

core in an inorganic-organic shield that protects the unstable and potentially harmful Qd core.  

 

Despite a lack of knowledge and understanding about the potential damage to biological 

entities, Qds keep providing an outstanding nanodevice for fluorescent imaging. For instance, 

in comparison to organic molecule-based fluorescent probes, Qds possess a well-defined and 

narrow window of emission spectra tunable by a change of crystal size, a large absorption 

spectra (allowing the excitation of several fluorescent colors), and a high photostability 

(resistance to light radiation), all of which renders them more efficient and suitable than dyes 

for biomedical applications. However, before reaching clinical translation, some issues must 

still be addressed: (i) a lack of understanding of the pharmacokinetics of Qds; (ii) insufficient 

knowledge about the adverse effects and toxicity of free compounds and/or of metabolites 

released by biodegradation; and (iii) the compromise between the size and physicochemical 

surface properties of the Qd core and also of the final core-shell assembly.  

 

13 Lesser known elements and derivatives-based inorganic nanoparticulate 

CAs 
 

13.1 Thorium: a well-known efficient, but carcinogenic, colloidal X-ray CA 

 

During the 1920s, thorium became the most popular heavy metal element for X-ray imaging. 

First introduced as a ThO2 emulsion design to be given as an oral CA for GI, ThO2 was used 

as an intravenous injectable suspension for imaging a wide range of organs,, such as liver and 
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spleen, for RES angiography, brain for cerebral arteriography, bladder and urethra for 

pyelography, and finally, for the placenta in the obstetric field. Commercially sold as 

Thorostat CA, it has been injected in about 10 millions patients in 30 years until the 1950s. 

Because of a lack of complete excretion, which caused long-term bioaccumulation in RES 

organs, patients who had been injected were exposed to Th radioactivity. Many cases of liver 

disease, like cirrhosis and malign tumors, were reported. Additional studies pointed out later 

the acute toxicity and lethal effects of Thorostat. ThO2 was classified as a contraindicated CA 

and eventually no longer used (1, 11). 

 

13.2 Tantalum-based nanoparticulate and radiopaque CA 

 

Tantalum is a transition metal as efficient as gold, bismuth, barium, or iodinated compounds 

for X-ray imaging, but has been proven to be safer than other nanoparticulate CAs. Basically 

used in a pentoxide tantalum Ta2O5 form, studies assumed that this nanoparticulate metal 

oxide was biocompatible, water-soluble, and chemically stable. Although the design of those 

NPs still needs improvement with regard to efficient targeting properties, the lymph nodes 

and liver were imaged by passive targeting, which exhibited good selectivity toward the RES 

with good X-ray attenuation, as shown by Oh et al. (205). Cartilage was also imaged by active 

targeting applied through a charge-surface modification method that involved quarternary 

ammonium ligands, as shown by Freedman et al. (1, 105, 206, 207). However, Ta powder has 

also been used as a pure powder. Indeed, its good radiopaque properties enabled the use of 

tantalum powder for tracheobronchial imaging via trachea airway administration in the 1970s. 

The main advantage of Ta powder is its high density, which produces images with small 

amounts of tantalum. Nevertheless, this route of administration promoted the incomplete 

cleaning of tantalum by coughing from the lower respiratory tract, and some TA powder was 

retained in the bronchioles. Some cases of pneumonia were indeed observed after Tantalum-

based CA administration, which limited clinical development through the airway 

administration route. Intravenous and oral administrations were then developed to reach the 

liver, spleen, and GI organs for X-ray imaging, with an aqueous suspension of Ta powder for 

contrast enhancement (1, 11). 

 

13.3 Europium chelate-based NPs for magnetic and optical bioimaging 

 

Gd3+, Europium, or EuIII belong to the lanthanide elements and exhibit paramagnetic 

properties. Based on their properties, EuIII chelates formed a new class of MRI CAs called 

paramagnetic CEST (PARACEST) CAs. These CAs provide information about not only 

tissues, but also about the chemical structure of the molecules that comprise those tissues and 

organs. This advanced category of paramagnetic complexes is actually a useful tool in NMR 

to study complex molecular structures and their proton interactions (208). Although Gd3+ 

must be chelated for safety reasons, EuIII is basically chelated to enhance its properties as a 

CA. EuIII complexes can also be used for optical imaging, as they are photon-sensitive 

because they emit red-light after being exposed to a 400 nm photon. Ligands involved in the 

complex structure are mostly chromophore molecules able to transfer photon energy to the 
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entrapped paramagnetic core. Decades ago, there was great interest in nanoparticulate EuIII 

chelates. Three main advantages render Europium NPs substantially more attractive than 

“free” lanthanide complexes, for several reasons. i) A high payload of complexes can be 

encapsulated within the nanoparticulate matrix, which ii) photostabilizes the complex and 

enhances the luminescence effect because of confinement and high concentration, and iii) 

provides a high surface-to-volume ratio available for functionalization and bonding with 

biomolecules (active targeting) (209). Two synthesis pathways have been reported in the 

literature: precipitation and copolymerization in microemulsion systems. For instance, Ye et 

al. (210) prepared a 29 to 37 nm optical contrast nano-labeled probes to depict the hepatitis B 

antigen based on EuIII chelates anchored within a silica matrix obtained by hydrolysis of 

tetraethylorthosilicate (TEOS) in the presence of Eu3+ chelates and streptavidin as a labeling 

agent in microemulsion media. Wang et al. (211) also introduced a 200 nm Eu3+ complex 

synthesis by precipitation of EuCl3 as an Eu3+ precursor in buffer aqueous solution and 

stabilizing ligands for luminescent purposes. In 2010, Peng et al. (212) proposed an 

innovative nanosensor based on europium chelates for fluorescent imaging, Meanwhile, 

Winter et al. (213) synthesized an Eu3+-based PARACEST CA in perfluorocarbon NPs by 

microfluidic polymerization for fibrin detection in the diagnosis of cardiovascular disease.  

 

13.4 Ytterbium lanthanide element for X-ray, optical imaging, and MRI 

 

Ytterbium lanthanide and its hybrid and/or doped forms have been introduced in the literature 

as promising inorganic NPs compared to other lanthanide or rare earth elements. Mostly 

applied for optical imaging, ytterbium provides good radiopacity for in vivo X-ray imaging of 

the heart, liver, spleen, lymph nodes, and vessels, and can offer even more contrast by 

incorporating doping agents, such as erbium, gadolinium, or barium to ytterbium oxide 

(Yb2O3) or fluorine ytterbium (YbF3). Generally, ytterbium oxides, hybrids, and doped forms 

are created by alkaline homogeneous precipitation or by thermal decomposition with fatty 

acid ligands (105, 207, 214). Multimodal imaging couples X-ray and optical modalities, as in 

Tian et al. (215). This concept quite often involves ytterbium, a rare earth element that, due to 

an upconversion effect, renders it suitable for fluorescent imaging. (Jeff, as meant?) For 

example, photon excitation of Yb initiates a fluorescent element, such as Eu3+, to emit light in 

the NIR region by exciting photon light energy much lower than Eu3+ probes usually need. In 

case of biological assays, this proves to be an asset, since it reduces cell and DNA damage. 

Many authors base bioimaging on that effect, and therefore, combine fluorescent probes with 

Yb (182, 216). Ytterbium element-based CA has also been reported to be efficient as a 

PARACEST CA, such as in case of cell labeling and cell tracking. 

 

14 Conclusion 
 

X-ray computed tomography (CT), with its many advantages, has become a low-cost, 

frequently used technology.  Indeed, these inherent advantages have led to X-ray CT being 

the most widely used and available diagnostic imaging tool. However, there are still more 

potential applications, as its use is currently limited due to the rapid clearance and toxicity of 

available contrast agents that are currently mostly based on small iodinated molecules. In this 
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context, the next generation of contrast agents will offer great innovations with materials that 

possess targeting properties, long retention times, and multimodal characteristics. This review 

summarized the latest advances that fulfill these new objectives through flexible platforms 

constructed with different inorganic materials, and functionalizable with a large panel of 

targeting moieties. There is, as yet, no ideal contrast agent, but the large variety of inorganic 

nanoparticulate systems described highlights the challenge in balancing the inherent 

advantages and drawbacks when designing these novel compounds. Inorganic nanoparticles 

are still in the development phase and remain mostly limited to in vitro experiments or 

preliminary animal studies that aim to establish in vivo feasibility. Toxicological studies 

remain the mainstay in the development of inorganic nanoparticles. However, it is realistic to 

predict that careful studies of surface functionalization will result in efficient solutions to 

address this major remaining hurdle and thus provide exciting solutions for novel diagnostic 

and theranostic probes. 
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Chapter 3.2 : One-step synthesis of iron oxide polypyrrole 

nanoparticles encapsulating ketoprofen as model of hydrophobic 

drug 
 

We reported one-pot synthesis of a novel multifunction nanocomposite (NC) composed of 

polypyrrole/iron oxide NPs and incorporating the ketoprofen as hydrophobic model drug, all 

coated with PEGylated shell. This has been achieved by in situ chemical oxidative 

polymerization method aiming to impart the resulting nanocarrier real advantages like increasing 

the encapsulation efficiency of the ketoprofen, improving the drug water solubility thanks to the 

PEG chains of the Solutol HS15
®

 (surfactant) and conferring them a magnetic properties that 

came from the iron oxide particles. Potential physicochemical characterization was done on the 

constructed NCs such as FTIR, TGA, TEM and SEM to investigate the chemical structure, the 

size and the morphological shape. Three concentrations of the drug encapsulated 5, 10, and 20 

wt.%, which resulted in high encapsulation efficiencies 75%, 95%, and 98% respectively. In vitro 

release studies were evaluated for different concentration giving rise to complete drug release 

after approximately 2 hours. Magnetic relaxometry studies confirmed their possible applications 

as potential contrast agent in the field of magnetic resonance imaging (MRI). This schematic 

representation describes the proposed study. 
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A B S T R A C T

This study reports a novel one-step synthesis of hybrid iron oxide/polypyrrole multifunctional

nanoparticles encapsulating hydrophobic drug and decorated with polyethylene glycol. The overall

process is based on the in situ chemical oxidative polymerization of pyrrole along with the reduction of

ferric chloride (FeCl3) in the presence of ketoprofen as model drug and PEGylated surfactants. The final

product is a nanocomposite composed of polypyrrole and a mixture of FeO/Fe2O3. Different

concentrations of ketoprofen were encapsulated in the nanocomposite, and were characterized by

Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC). Encapsula-

tion efficiency of the final product was measured by absorption, which can reach up to 98%. The release

experiments confirmed complete drug release after about 3 h in PBS solution. Morphological

characterization of the nanocomposites was performed by electron microscopy (scanning and

transmission electron microscopy) which confirmed the spherical geometry and opaque nature of

nanoparticles with average particle size well below 50 nm. The final product is multifunctional system,

which could act both as a nanocarrier for drug molecules as well as a contrasting agent. Magnetic

relaxometry studies confirmed their possible applications as potential contrast agent in the field of

magnetic resonance imaging (MRI).

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nanotechnology involves manipulating properties and struc-

tures at the nanoscale level offering many advantages and

properties which otherwise are not possible at macroscopic level.

One such area is the combination of nanotechnology with medical

applications that has led to the emergence of a new field called

nanomedicine. Important tools for the development of nano-

medicine are the nano-carriers, which have received a special

attention over the past few years. These systems have opened new

ways to modify the biodistribution and pharmacokinetics of active

principle ingredients (API) by improving their bioavailability

and/or targeting specific sites at high concentrations while

minimizing the side effects. Polymeric nanoparticles are one such

organic strategy for nanomedicine which have high potential to

revolutionize modern medicine (Nasongkla et al., 2006; Khemtong

et al., 2009; Feng et al., 2010), liposomes (Ewesuedo and Ratain,

2003; Petros et al., 2008; Ferrara et al., 2009), dendrimers (Medina

and El-Sayed, 2009) and inorganic NPs (Liong et al., 2008; Morgan

et al., 2008; Kim et al., 2009) because of their numerous

advantages like their possible biocompatibility, biodegradability,

non-immunogenic properties, and their potential applications for

controlled drug release into targeted cancer cells or tumor tissues

(Haag and Kratz 2006). Some specific systems like polymer-drug
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conjugates can even increase the drug payloads, reduce the

systemic toxicity, prolong drug circulation time, and improve drug

solubility and targeting (Godwin et al., 2001; Ye et al., 2006). There

are many synthesis protocols for the preparation of polymer based

NPs, which can be broadly divided-up to (i) monomers polymeri-

zation in the form of nanoparticles, and (ii) nanoprecipitation of

preformed polymers. Polymeric nanoparticles based on intrinsic

conductive polymers (ICPs) such as polypyrrole, polyaniline,

polythiophene are often prepared by polymerization of their

monomers. Among these, polypyrrole possess many interesting

properties like good conductivity, bio-degradability, biocompati-

bility and possess no threat to the environment which makes it a

promising candidate for a wide range of applications. (Skotheim,

1986; Stupnisek-Lisac et al., 1992; Tarcha et al., 1992; Pope et al.,

1996; Faverolle et al., 1998; Skotheim et al., 1998; Leclerc, 1999;

Jager et al., 2001; Iroh and Su, 2002; Kros et al., 2002; An et al.,

2004; Kros et al., 2004; Wang et al., 2004; White and Slade, 2004;

Ramanathan et al., 2005; Reece et al., 2005; Sides and Martin,

2005; Wadhwa et al., 2006; Esrafilzadeh et al., 2013; Maity et al.,

2014). Another advantage lies in their facile synthesis through

various polymerization routes, e.g. from photosynthesis polymeri-

zation process (Yang and Lu, 2005; Hodko et al., 2009; Attia et al.,

2013), electrochemical polymerization pathway (Ashraf et al.,

1996; Li et al., 2005) to in situ chemical oxidative polymerization

reaction (Fujii et al., 2007; Müllera et al., 2011; Wang et al., 2013;

Ghadim et al., 2014) in the presence ferric chloride (FeCl3), ferric

nitrate (Fe(NO3)2), ammonium persulfate (NH4S2O8), sodium

persulfate (Na2S2O8) as oxidizing agents. These reactions involve

polymeric stabilizers or surfactants like polyvinylpyrolidone (PVP),

polyvinylalchol (PVA), sodium dodecyl sulfate (SDS), cetyltriam-

monuim bromide (CTAB).

The properties of polypyrrole NPs can be further enhanced by

making hybrid particles especially using the polymer for encapsu-

lation of metal or inorganic particles e.g. gold, silver, copper, and

iron inside the polymer core (Gangopadhyay and De, 2000; Martins

et al., 2006). Such hybrid nanocomposites have found a broad

range of applications as they often exhibit many new properties as

well as improved physical and chemical properties over their

single-component counterparts. Unfortunately, such hybrid mate-

rials are often met with some limitations like difficulty in process

design, PPy mechanical performance, and poor water solubility,

which limit their applications in biomedical fields and also

potential industrial scaling-up. In order to overcome these

limitations, many techniques have been developed based on the

dispersion of ICPs in a matrix composed of an insulation polymer,

which improves the process design and mechanical performance

along with the electrical, magnetic and optical properties of ICPs

(Wang and Fernandez, 1992; Vicentini et al., 2007).

In the present study we have proposed a novel nanocarrier

system based on polypyrrole nanocomposite, capable of encapsu-

lating ketoprofen as model drug. These nanoparticles were

synthetized by a one-step in situ polymerization reaction, coated

with a PEG chains, and are designed to show electromagnetic

properties. The PEG layer not only controlled the in vivo behavior

such as blood clearance (Soppimath et al., 2001) but also allow a

precise control on the final size and monodispersion feature of the

nanocarrier. This morphology of the nanoparticles as well as their

ability to encapsulate a model drug, and their release profile have

also been thoroughly investigated. Our main objectives in this

study are focused on the design, characterization and physico-

chemical evaluation of a new nanoparticulate system. The main

advantage is the simple one-pot synthesis protocol for the

preparation of multifunctional polymeric nanoparticles. In addi-

tion, the materials herein used have already been used in biological

application showing their biocompatibility (Alizadeh and Sha-

maeli 2014). The final material has been thoroughly characterized

to confirm the size, change in morphology with composition,

magnetic properties, as well as encapsulation and release profile of

a model lipophilic drug (ketoprofen).

2. Experimental part

2.1. Reagents and materials

Prior to synthesis pyrrole (Aldrich) was distilled twice under

reduced pressure, and was refrigerated in dark at low temperature

in an inert environment. Iron (III) chloride hexahydrate

(FeCl3"6H2O, Aldrich) was used as an oxidant/dopant species

and was employed without further purification. Ketoprofen as a

hydrophobic drug model was purchased from Sigma–Aldrich.

Kolliphor1 HS 15 is a mixture of free PEG 660 and PEG 660

hydroxystearate (PEG 660 12-hydroxystearate, MW 870 Da) (BASF,

Ludwigshafen, Germany). Distilled water and methanol were used

as solvents, stock solution of phosphate buffer saline (PBS) pH 7.4

prepared by using double distillated water. Dialysis tubing

(12,000–14,000 molecular weight cutoff) were obtained from

Sigma Aldrich, USA. 0.45 mm syringe filters were purchased from

Fisher (Germany).

2.2. Preparation of ketoprofen doped iron/PPy-PEG nanocomposites as

drug delivery system

The drug-loaded nanocomposites (NCs) were synthesized

according to the concept of in situ chemical oxidative polymeriza-

tion, based on a modified reported method (Škodová et al., 2013).

As illustrated in Fig.1, FeCl3"6H2O was used as an oxidant to initiate

the polymerization process, and the ferric ion(+III) was reduced

during the chemical reaction (redox reaction) forming FeO and

Fe2O3 in nanometric sizes that were embedded in the polymer

matrix (Zong et al., 2015). Nonionic hydrophilic PEGylated

surfactant (Kolliphor1 HS 15) was introduced during the synthesis

as emulsifier and stabilizer. In a typical procedure, an aqueous and

organic phase have been prepared separately, (i) The surfactant

(Kolliphor1 HS 15) was added in the 55 mL aqueous phase (milliQ

water) corresponding to 0, 5, 10, 20, 30, 40, 50 wt.% of the total

amount of NCs under vigorous stirring. This was followed by

addition of (2.8 mmoles, 1 equv.) of ferric chloride. (ii) The organic

phase (methanol) was prepared by dissolving pyrrole monomer

(11.2 mmoles, 4 equiv.), in 3 mL of methanol followed by addition of

different amounts of ketoprofen (K) (5, 10, 20 wt.% of Ket/total NC

ratio). After complete homogenization, the organic phase was

added drop wise into the aqueous phase under vigorous stirring at

1000 rpm. The complete polymerization took about 12 h at room

temperature, gradually getting converted into nanocomposites

displaying a black aspect. The particles was then collected by

centrifugation and the resulting nanoparticles were thoroughly

washed three times with deionized water to remove any

hydrophilic remnants, one time with ethanol, and finally with

acetone to remove excess of free ketoprofen and free pyrrole

monomer. The precipitate was finally dried under vacuum for 24 h.

Fig. 1. Chemical equations for oxidation-reduction process during the polymeriza-

tion of polypyrrole inducing iron oxide NPs imbedded into the NCs.
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2.3. Infrared spectroscopy (IR)

FTIR is an important technique which is used to identify the

various vibrational modes of the groups present in the molecules,

their properties and their relationship with the molecular

structure through the vibrational, transitional, and rotational

motions of the atoms revealing characteristic frequencies, leading

to frequency shifts and splitting in absorption peaks that

corresponding to specific function groups via (Nicolet 380 FT-IR

Spectrometer). The spectra were recorded for pure ketoprofen,

drug-free nanocomposite and drug-loaded nanoparticles and

sixty-four scans were signal-averaged in the range from 4000 to

500 cm!1 at a resolution of 4 cm!1 (Lee et al., 2003; Ranjha et al.,

2009).

2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was conducted on TA

DSC Q200. The samples were equilibrated at 20 #C for 30 min.

Indium standard was used to calibrate the DSC temperature and

enthalpy scale. The powder samples were hermetically sealed in

aluminum pans and heated at a constant rate of 10 #C/min, over a

temperature range of 20–170 #C. Inert atmosphere was maintained

by purging nitrogen at the flow rate of 15.8 mL/min, linear velocity

35 cm/sec and pressure 24.7 kPa.

2.5. Transmission electron microscopy (TEM)

The morphology and the particle diameter of the nanoparticles

were characterized by transmission electron microscopy. The

drug-nanocomposite gives significant contrast in TEM which was

due to high opacity of the polypyrrole polymer, and therefore no

staining agents were required. Dispersion solution was prepared

(1 mg NPs/mL), and then diluted by 10 with Milli-Q water. A drop of

the suspension was placed on carbon-coated copper grid (carbon

type-A, 300 mesh, copper, Ted Pella Inc. Redding, PA) on an

underlying tissue paper, leaving behind a thin colloidal film and

dried at 40 #C for 20 min. Results were obtained using a Philips

Morgagni 268D electron microscope.

2.6. Scanning electron microscopy (SEM)

The surface morphologies of the ketoprofen-loaded PPy/Iron

nanocomposites were observed by scanning electron microscopy

(SEM ! AIS !2100) with an accelerating voltage of approximate

1.5–20 kV. Gold coating was performed to prevent charge-up of

sample.

2.7. UV–vis absorption spectroscopy

UV–vis absorption spectra of the nanoparticle products were

recorded on sample solution using a Cary 4 spectrophotometer

(Varian) with a scan range of 200–500 nm at scanning rate 600 nm/

min and a 1 nm resolution. Sample cell used in the study was a 1 cm

quartz cuvette. All experimental data were corrected for PBS and

ethanol background absorption. In order to determine the

concentration of ketoprofen which revealed maximum absorption

band at 260 nm wavelengths.

2.8. Encapsulation efficiency (EE%)

20 mg of ketoprofen-loaded nanocomposite were incubated in

10 mL of phosphate buffer saline solution (PBS) of pH 7.4 for

complete extraction of the drug from nanoparticles into the

solution. Then, the solution was filtered through 0.45 mm syringe

filter. Filtrate was analyzed by spectrophotometryat 260 (UV-

2101PC SHIMADZU) for ketoprofen. Encapsulation efficiency of

respective drug was calculated by using the following equation

% Encapsulation Efficiency = (encapsulated drug amount/total drug

amount) $ 100

2.9. In vitro release study

The required amount of drug-loaded nanocomposite was taken

in a dialysis (MWCO: 12,000–14,000 g/mol). The dialysis tube,

containing 25 mg of ketoprofen-loaded polypyrrole nanocompo-

sites in 10 mL of PBS, then solution was introduced into the in vitro

release medium containing 100 mL of phosphate buffer saline (pH

7.4). The whole assemblies were kept at fixed temperature

(37 % 1) #C measured in the dialysis tubes and constant pH value

(pH = 7.4) during release and gently stirred magnetically. Sink

conditions were maintained by replacing 5 mL of the release

medium with fresh media at each sampling point. The amount of

drug released was estimated from the measurement of the residual

drug in the NPs at each sampling point by spectrophotometry

measurements at lmax = 260 nm of an aliquot taken inside the

dialysis bag. The drug concentration could be directly calculated

from the measured absorbance. The amount of drug released was

calculated from the amount of drug initially present in the NPs and

the amount of drug retained in the NPs at each sampling point.

Each experiment was carried out in triplicate, and average values

plotted.

2.10. MRI experiments

T1 and T2 relaxation times were measured with Bruker NMR

analyzer equipped with mq60 Minispec v. 2.71 Rev.09/NT software

(Billerica, MA, USA) operating at 1.41 T (60 MHz) and 37 #C. T1

relaxation times were measured using an inversion recovery pulse

sequence (t1_ir_mb) with the following parameters: 8 scans per

point 20 data items for fitting, single-exponential curve fitting,

phase cycling, 5 ms first pulse separation, and a recycle delay and

final pulse separation &5T1. T2 relaxation times were measured

using a Carr-Purcell-Meiboom- Gill (CPMG) pulse sequence

(t2_cp_mb) with the following parameters: 8 scans per item, bi

exponential curve fitting, Phase cycling, 5 ms pulse separation first,

15 s recycle delay, 1 ms 90–180# pulse separation (tau), 200 data

items for fitting. Relaxivities were determined by taking the slope

of a plot of 1/T1(s
!1) or 1/T2(s

!1) vs. iron oxide concentration (mM).

3. Results and discussion

The advantages of polypyrrole as described before motivated us

to investigate the potential of polypyrrole nanocomposite as an

efficient drug delivery carrier system. Ketoprofen was selected as a

model of hydrophobic drug, which displayed an efficient solubility

in the pyrrole monomer, we expect significant encapsulation

efficiency. The whole fabrication is schematically presented in

Fig. 2.

The stoichiometric ratio between the pyrrole monomer and

FeCl3 was thoroughly optimized and was around 4:1, which

produced particles of uniform morphology (Wang et al., 2013).

PEGylated surfactant was then introduced which acted as an

emulsifier and stabilizing agent by forming a coating layer around

nanoparticles. In this study, four nanocomposite platforms were

synthesized and studied: (i) pristine non-PEGylated PPy NPs, (ii)

PPy-PEGylated NPs, (iii) ketoprofen-loaded PPy NCs, and (iv)

ketoprofen-loaded PPy-PEGylated NCs. The basic idea was to

exploit the attractive electrostatic interactions between polypyr-

role polymer (positive) and ketoprofen (negative) (as illustrated in
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Fig. 3), which should improve the drug encapsulation properties.

On the other hand, the PEGylated surfactants will stabilize the

developing nanoparticles through a simple homogeneous adsorp-

tion, and other kinds of bonds as drawn in Supplementary

information.

3.1. FTIR analysis

For a drug delivery system, it is very important to rule out any

possible strong interactions between polymer and drug and also

the influence of processing parameters on integrity of active

ingredients. FTIR is an excellent technique to detect spectral

changes that arise due to alteration in bonds. FTIR spectra (Fig. 4)

were recorded in the mid-infrared region (400–4500 cm!1) where

functional groups give characteristic IR absorption at specific

narrow frequency range. In current study FTIR spectra of pure

ketoprofen showed dimeric carboxylic acid carbonyl group

stretching peak at 1692 cm!1 and ketonic carbonyl stretching

peak at 1652 cm!1 (Khan et al., 2013). In control sample (b) bands

appearing at 1520 and 1434 cm!1 may be assigned to typical

polypyrrole ring vibrations. The peak appearing at 1126 cm!1 is

assigned to the N!!C stretching vibration and the bands at 833,

963 cm!1 confirms the presence of polymerized pyrrole (Xu et al.,

2011). Ketoprofen characteristic peaks were observed in all

formulations except one containing 5% ketoprofen, which we

believe was due to low loading of ketoprofen and limitations of the

instrument to detect. Due to absence of any new peaks it was clear

that there was no chemical interaction between ketoprofen or

crystalline form of drug with polypyrrole as the C¼O stretching of

the dimeric ketoprofen was clearly visible. This fact was also

evident from the literature (Banchero et al., 2013).

3.2. DSC characterization

We next performed DSC analysis for the sample. This technique

is a useful tool to analyze and predict compatibility between active

ingredients and excipients by rapidly evaluating appearance,

disappearance or shift of endothermic and exothermic peaks

(Mura et al.,1995). As shown in Fig. 5, DSC curve of pure ketoprofen

displays endothermic peak around 97 #C, which corresponds to

melting point of drug as indicated in literature (Banchero et al.,
Fig. 3. Schematic representation shows the possible ionic forces between the

ketoprofen drug and polypyrrole polymer.

Fig. 2. Schematic representation of the fabrication process and of the structures of the PPY nanocomposites, with and without nonionic surfactant as stabilizer. Bottom

picture show the macroscopic aspect of the respective suspensions, and general behavior when in close contact with a magnet.
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Fig. 4. FTIR spectra of free nanocomposite, free ketoprofen and ketoprofen-loaded nanoparticles: Ketoprofen alone (a), NCs as a control sample (0% ketoprofen) (b), 5 wt.%

ketoprofen/NCs (c), 10 wt.% ketoprofen/NCs (d), and 20 wt.% ketoprofen/NCs (e).

Fig. 5. DSC analysis of free drug, nanocomposites, drug-loaded nanocomposites in different ratios.
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2013; Khan et al., 2013). In all formulations of drug loaded particles

we observed the similar endothermic peak of ketoprofen. This

suggests that overall process of nanoparticle formation did not

affect the integrity of ketoprofen and is still in its crystalline form.

Moreover, it further confirms the results of FTIR that there is no

chemical interaction between drug and polymer.

3.3. Determination of the particle size and morphology of the NCs

The morphology of the system was thoroughly analyzed both by

TEM and SEM.

Fig. 6. TEM micrographs of the NCs of various compositions: (a) 10 wt.% ketoprofen, (b) 20 wt.% ketoprofen, (c) 5 wt.% PEGylated surfactant, (d) 40 wt.% PEGylated surfactant.

Fig. 7. SEM micrographs of the NCs of amounts of ketoprofen: (a) blank without ketoprofen, (b) 5 wt.% ketoprofen, (c) 10 wt.% ketoprofen, (d) 20 wt.% ketoprofen.
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3.3.1. TEM characterization

The optimized particles synthesized at PPy/FeCl3 stoichiometric

ratio at (4:1) was selected as they displayed best uniformity in the

size distribution and aspect. In addition, the PPy nanocomposites

are dense and do not require any specific staining agent. Particles

with different loadings of ketoprofen (10 wt.% and 20 wt.%) were

analyzed and are compared, in Fig. 6(a) and (b), respectively. The

micrographs display dark particles spherical in shape. For higher

drug loadings second light-gray layer like a fractal crystalline

network could also be observed which was, likely due to excess

ketoprofen, which crystalized under vacuum. Overall the amount

of drug loading does impact the NCs size, and were in close ranges

below 50 nm. On the other hand, the effect of PEGylated

surfactants have a significant influence on the size, giving the

smallest nanoparticles for 5 wt.% (c) and much larger for 40 wt.%

(d). In the synthesis of inorganic nanoparticles, surfactant is

generally used for controlling the growth and overall morphology

of particles. In our case also surfactant plays such a similar role due

to specific interactions with the growing polymer, and thus

reducing the NCs size (Fig. 6(a) and (b)). However at higher

concentrations of surfactants the nanoparticle size surprisingly

increased as can be seen in picture (d), which could be due to

interferences between the polymers and surfactant at such high

surfactant amount.

3.3.2. SEM images

The surface characteristics of PPy NPs were further analyzed by

SEM, as reported in Fig. 7. The micrographs revealed the granular

nature of the particles compatible with the TEM observations. The

particle size was not affected by the drug amount (for 5 wt.% and

10 wt.%), but was larger than blank particles. For high amount of

ketoprofen (20 wt.%) (Fig. 7(d)) we can see the recrystallization of

the free drug as observed in TEM above. This also proved that the

Fig. 8. Encapsulation efficiencies for drug loading composite particles. Three

concentrations of ketoprofen loaded at 0 wt.% of solutol (non-PEGylated NCs) (up).

Different concentrations of solutol (PEGylated surfactant) at constant drug/Pyrrole

23 wt.% (bottom) (n = 3).

Fig. 9. In vitro release profiles of three different formulations of non-PEGylated NCs

loading drug: 5 wt.%, 10 wt.%, 20 wt.% ketoprofen-loaded NPs (up). 0 wt.%, 5 wt.%

PEGylated surfactant at 10% ketoprofen (bottom). Measurements were carried out

in triplicates.
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NCs can efficiently encapsulate to a maximum of 10 wt.% of

ketoprofen.

3.4. Encapsulation efficiency of ketoprofen (EE)

The percent of the encapsulated drug into the NPs is considered

one of the critical parameters in the drug delivery system. Different

concentrations of ketoprofen and of PEGylated surfactants were

selected to prepare nanocomposites, and to study the optimal drug

EE. The results, reported in Fig. 8 (up) report the ketoprofen

encapsulation efficiency of non-PEGylated nanoparticles contain-

ing 5 wt.%, 10 wt.% and 20 wt.% of drug. Values of EE rapidly

increase up to close to 100% for 20 wt.% ketoprofen, meaning that

electrostatic interactions gradually predominate over counter-ions

as the drug concentration is sufficiently high. We also focused on

the effect of surfactants on the encapsulation efficiency, Ketopro-

fen amount was fixed at 23% of the pyrrole monomer to ensure a

maximum drug encapsulation, and the amount of PEGylated

surfactant was increased up to 50 wt.% respective to the whole

mass of NCs (the corresponding absorption spectra are reported in

Supplementary information section Fig. S2). The results, reported

in Fig. 8 (bottom) disclose a clear drop of the EE values up to 44% for

50 wt.% of surfactants. This observation can be explained by two

phenomena, (i) by a substantial interaction of the surfactants with

the polymer as explained in Supplementary information Fig. S1,

maybe a competition between hydrophobic and electrostatic

interactions, (ii) by a premature drug release in surfactant micelles

at the higher concentrations.

3.5. In vitro release study

As discussed before that drug release depends on several key

factors such as the size of the particles i.e. the surface area. Both

PEGylated and non-PEGylated NCs were studied. We first tested

non-PEGylated NPs with different amount of drug loadings (5 wt.%,

10 wt.% and 20 wt.% of the total NPs weight) as reported in Fig. 9

Fig. 10. (Top) Plot of the spin-spin transversal relaxation rate (1/T2/S!1) against concentration of iron oxide, and the variation of T2 signal with the amount of iron oxide

nanoparticles in the core. (Bottom) Plot of the spin-spin longitudinal relaxation rate (1/T1/S!1) against concentration of iron oxide and the variation of T1 relaxation time with

the amount of iron oxide nanoparticles in the core.
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top. The release profile of drug could be fitted by exponential curve.

It can be seen from the curves that the realease of drug was

practically independent of drug loadings and displayed character-

istic times of the exponential fits of 35.0 min, 39.4 min and

60.1 min for 5%, 10% and 20%, respectively. The very slight shift of

the 20% curve may be simply explained by the constant diffusion

coefficient of the drug that delays the time to reach 100%

cumulative relase when the global concentration is increased.

On the other hand, the influence of the PEGylated surfactant

displayed difference in kinetics (Fig. 9 bottom), with caracteristic

times of the exponential fits of 39.6 min and 83.4 min for 0% and 5%

PEG, respectively. This difference was probably due to change in

size as observed in TEM images; the higher the PEG concentration,

the larger the NCs and hence less overall surface area thus lowering

the drug release. The simple one-pot synthesis of these nano-

composites was due to the polymerization of pyrrole monomer in

presence of ferric chloride. This results in formation of nano-

particles with intrinsic magnetic properties due to formation of

iron oxides. The magnetic particles have a wide variery of

applications in the field of nanomedicine for example the release

profile of a magnetic nanocarrier system can be modified by

applying magnetic field (Uva et al., 2014). Further the magnetic

properties can also be expolited for MRI imaging. Iron oxide is an

important MRI contrasting agents which can be helpful in tracking

the drugs if administrated intravenously. However in vivo analysis

is required to study this aspect completely.

In addition, it is noteworthy to mention that ketoprofen is

partially soluble in PBS and globally induces a release within two

hours proving that a lipophilic drug cannot only be encapsulated

and confined within the nanocarrier system but is also completely

released. All these features are needed for an efficient drug delivery

system. The results were also consistent with similar types of drug

delivery systems reported in literature (Alizadeh and Shamaeli,

2014).

3.6. Property of encapsulated iron oxide nanoparticles for MRI contrast

agents

These experiments were based on the nano-confinement

capabilities of the polymeric particles. As discussed earlier these

particles could be easily loaded with drug molecules; however, it

was also possible to encapsulate small nanoparticles of few

nanometers inside the nanocarrier system. The polypyrrole

polymer was preloaded with iron oxide (FeO/Fe2O3) nanoparticles

together with drug molecules as previously confirmed in TEM and

SEM micrographs. Iron oxide nanoparticles are often called T2
agents as they possess inherent magnetic properties, which

shorten the relaxation times of the surrounding protons (Morales

et al., 2009). Both T1 and T2 relaxation times were measured for

samples loaded with different amounts of iron oxide nanoparticles

see results in Fig. 10. Relaxivities r1 and r2were calculated from the

slopes of the plot of 1/T2(s
!1), 1/T1(s

!1) vs. concentration of iron

oxide and were found to be 0.009 and 0.24 respectively. The ratio

r2/r1 was calculated which indicates the relaxometric properties of

the contrasting agent. In general, for paramagnetic materials r2/r1
varies between 1 and 2 while for the superparamagnetic colloids it

can be as large as 50 (Hatakeyama et al., 2011). In our case r2/r1was

fairly high and was calculated to be 26.6. The ratio r2/r1 indicates

the effectiveness of the contrast, and was similar to the value

reported for the iron oxide nanoparticles synthesized by other

methods. This high value of the ratio r2/r1 can be also considered as

an indicator of the clustering between particles. It is to be noted

that the magnetic properties in the nanocarrier system were

developed due to formation of iron oxides during the polymeriza-

tion reaction. The model drug ketoprofen had no effect on the

magnetic properties or any other applications. Ketoprofen was only

chosen as model lipophilic drug to study the encapsulation and

release profile and was not aimed for a systemic effect. Moreover it

is worth mentioning that the targeting properties depend only on

the nanocarrier system and not on the encapsulated drugs. In fact

the presence of iron oxides in the nanocarrier system was an added

advantage, as the particles became MRI active.

4. Conclusion

In summary, this study proposes a one-step synthesis of a novel

multifunction drug nanocarrier system based on iron/polypyrrole

nanocomposites decorated by PEGylated coating. A hydrophobic

drug model, ketoprofen, was encapsulated along with the in situ

chemical oxidative polymerization of pyrrole monomer by using

ferric chloride hexahydrate as an oxidizing agent, and partially

dopant species. For non-PEGylated NPs the drug-loading efficien-

cies reaches up to 98% for 20 wt.% ketoprofen. The PPy, polymer

which is widely used for tissue engineering applications, (George

et al., 2005; Fonner et al., 2008; Oh et al., 2010; Yang et al., 2012)

also offers a number of additional functionalities, for example its

hydrophobic structure with delocalized p-electrons, allows

binding with aromatic drug molecules such as ketoprofen (ionic

interaction) and giving rise to high payload capacity of the drug.

This process opens new insights for surface modification of

polypyrrole nanocomposites by PEGylated molecules terminated

with active function groups that can modulate the surface charge

or further bio-conjugation.
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This PhD topic aimed to develop iodine-based nano-emulsions as new targeted X-ray contrast 

agents used for preclinical imaging. The main objectives of this subject are concluded in the 

following points: i) Generating nontoxic contrast agents with prolonged blood circulation (t1/2 = 

8-9 hours), so-called blood pool contrast agents (BPCAs). ii) Augmentation of their efficiency 

achieved by incorporating high concentrations of the radiopaque materials to deliver low amounts 

of the injected doses, providing low toxicity and improves the contrast enhancement of blood 

vessels, soft tissues and specific lesions. iii) As well as the efficiency enhanced either by active or 

passive targeting mechanisms to precisely deliver those nanoparticulate systems to the body site 

and avoiding the undesired bindings. iv) Engineering liver and spleen specific CAs via passive 

accumulation mechanism. v) Studying in depth the pharmacokinetics, the biodistribution and the 

toxicity profiles of different iodinated nano-emulsions in function of their physico-chemical 

parameters such as molecular structure, nanometric size, and surface charge. vi) Designing 

multifunctional nanoparticles in one-pot synthesis to afford the nanocomposite (NC) with many 

advantages like improving the hydrophilicity of the lipophilic loaded drugs, imparting the 

conductivity and the magnetic properties to the NCs rendering them excellent candidate for MRI 

applications. 

Various iodinated molecules i.e. lipids and vitamins were simply synthesized and then formulated 

as a part of the nano-emulsions core by using spontaneous emulsification methods. 

 

The first study investigated the significant impact of the chemical nature of the oily cores of the 

nano-emulsions on their biodistribution and pharmacokinetic. For that, two novel PEGylated 

nanodroplets nano-emulsions, 131 nm and 200 nm of sizes were formulated, their cores 

constituted of hexaiodinated monoglyceride (Capmul MCM C8) and hexaiodinated triglyceride 

(Castor oil) respectively. They were obtained at SOR = 60% for monoglyceride and SOR = 65% 

in case of castor oil and at constant SOWR = 40% for both emulsions. The X-ray attenuation 

values (HU) for both NEs revealed higher contrast than Fenestra  VC which determined by in 

vitro X-ray preclinical imaging, this is due to the high iodine concentration loaded in the nano-

emulsions. The cytotoxicity MTT experiments were proceded against HeLs cells, hepatocytes, 

and spleenocytes, showing negligible toxicity. The viscosity, the PH, and the osmolality of the 

formulations were adjusted to be suited to the biological medium before injection. They were 

intravenously injected to mice revealing remarkable contrast enhancement in heart indicated that 
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they circulated in the bloodstream and persisted up to half-lives of 8-9 hours. After blood 

elimination, they tended to passively accumulate mainly in liver in case of monoglycerides NEs 

and the castor oil is potentially accumulated into spleen. The mice scanned after 50 days and 

showed no contrast, meaning that they were entirely eliminated from the body. The in vitro 

results were coherent with in vivo data, because the uptaking of nano-emulsions including 

iodinated vitamin E were studied against two cell lines, hepatocytes (BNL-CL2) and 

macrophages (RAW264.7) displaying clear uptake of the monoglycerides to hepatocytes much 

higher than spleenocytes, however the triglycerides only uptaked by spleenocytes, in contrast the 

iodinated vitamin E showed high penetration only to the hepatocytes. The outcome of this study 

is that those new CAs can help us to deliver the molecules of interest very precisely to MPS 

systems like liver and spleen via passive targeting mechanism. 

 

The second purpose of the thesis focused on varying the size of the NPs and follows the 

biodistribution and the toxicity because it has been approved in the literature that the size plays an 

important role in this process. We covalently grafted the free OH group of the vitamin D3 with 

triiodobenzoic acid. The final iodine content in the triiodinated-cholecalceferol was around 43.6 

wt.%, and the stable nano-emulsions were obtained only if mixing with Labrafac oil to increase 

the homogeneity with the surfactant (Cremophore ELP®) affording monodisperesed particles 

suited for i.v. injection. Two different nano-emulsions prepared, NE1 of a size 55 nm that 

composed of SOR = 40%, and cholecalciferol/Labrafac oil (OR = 66%) at SOWR = 40%. In 

parallel, the size of the NE2 was around 100 nm due to varying only the OR% ratio that became 

33%. The iodine contents in both nano-emulsions were sufficient to provide high X-ray signals. 

In vitro experiments were carried out on two cell lines, namely hepatocytes (BNL-CL2) and 

macrophages (RAW264.7). Cell viability studies, cell uptake observations by confocal 

microscopy, and cellular uptake quantification by fluorimetry, displayed clear differences 

between the two formulations, as well as between the two types of cell lines. After i.v. injection 

of the two iodinated nano-emulsions in mice, CT scans provided the quantification of the 

pharmacokinetics and biodistributions. We finally approved that the size in the nano-emulsions 

has not a real impact on biodistributions, but has a strong influence on their toxicity, 

corresponding to the in vitro results. 
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The third objective was working on the surface chemistry of the nanoparticles which is a key 

factor impacting their biological pathways, because the external surface is the first part interact 

with the biological fluids. Due to many factors like NPs interaction with plasma proteins, surface 

ligand functionalization (active targeting) or even their uptake by RES system, all affect the in 

vivo journey of the delivered particles. Surface charge one of the physico-chemical parameters 

which has strong impact on the biodistribution and pharmacokinetics of the nanoparticulate 

systems. Considering the high lipophilicity properties of the oleic acid as oily core allows 

production efficient nano-emulsion coated with PEG molecules. But the resulted nano-emulsion 

presented viscous solution and high PDI properties led to be non-injectable suspension. Whereas, 

the iodinated oleate molecule obtained after modification of oleic acid tended to afford very 

interesting nano-emulsion with controlled size of around 60 nm and low PDI. The iodine content 

of the final CA solution was about 10%, which is too high to provide clear X-ray signals by CT 

scanner. Three different nano-emulsions were prepared i) neutral nanodroplets coated with PEG 

shell, ii) negative nano-emulsions by using poly(maleic anhydride-alt-1-octadecene) (PMAO 

C18) carboxylic polymer in the composition of the formulation and anchored carboxylic groups 

on the surface at the end of the process. iii) Fabrication of positive charge nanoemulsion through 

deposition of chitosan layer on the carboxylic groups. In vitro cellular uptake assessment 

performed on HeLa cells demonstrated low penetration of the neutral charge NEs, and the 

negative charge NEs were significantly internalized in the cells. However the positive chitosan 

NEs not interacted with the cells at all. The neutral and negative charge NEs were intravenously 

administrated to mice observing high contrast after injection immediately for both NEs and 

possessing prolonged blood circulation, but the difference in the charge affects largely on the 

toxicity.   

 

The fourth study aimed to allowing successful functionalization to the nanodroplet nanoemulsion 

by using silica shell coated the droplet surface and bearing amino groups for grafting ligands. The 

idea came from the active targeting mechanism and how they facilitate the selectivity of the 

nanoparticles to specific receptors. The formulation was prepared thanks to sono-chemistry 

within the spontaneous emulsification process in the presence of the silane candidate (APTES). 

Various spectroscopic and microscopic techniques exploited to characterize the functionalized 

nanocapsules and quantify of the NH2 groups. Next, they were grafted by a model fluorescent 
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ligand (activated coumarin blue dye) yielding 41% efficiency. This simple protocol opens the 

door to functionalize the lipid droplets that may exhibit a real advance regarding potential 

applications that need efficient decoration of droplets nano-emulsion with ligands. 

 

The last goal of this topic was concerned to develop multifunction polymeric nanocomposites by 

one-step synthesis via in situ chemical oxidative process. Taking the benefit of the simple and the 

numerous methods to polymerize the conductive polypyrrole polymer in order to encapsulate 

hydrophobic drugs (ketoprofen model) and having magnetic particles as well. The designed 

nanoparticles is constituted of encapsulated ketoprofen and iron oxide NPs into the polypyrrole 

polymer and decorated by polyethylene glycol chains. The purpose of this study was i) 

encapsulate lipophilic drugs with very high concentrations reached to 95% and 98%, ii) improve 

the biocompatibility and the hydrophilicity of the components that resulted from the PEG 

molecules, iii) adding iron oxide NPs to the NCs making them potentially used for magnetic 

resonance imaging applications. Gathering both therapeutic agent and imaging agent in one 

particle is of great importance to follow up the treatment progression by the imaging modality 

what so-called theranostics. 

To conclude, the successful one-step development of multifunctional nanocarrier containing drug, 

X-ray or MRI contrast agent and coated by neutral PEG shell, opens the door to utilize another 

PEGylated molecules ended by active groups such as OH, NH2, COOH, etc. This adds further 

advantage to the result nanocarrier to functionalize specific ligands and bioconjugate with such 

receptors, performing active targeting in vivo. 

 

Finally, since these synthesized iodine-containing nano-emulsions provide significant contrast for 

X-ray micro-CT imaging. Taking the benefit of the passive accumulation of the CAs to liver and 

spleen, they can be exploited not only for diagnosis of both organs, but also for treatment through 

co-administration of such spleen or liver specific anticancer drug along with the CA in single 

platform. This helps to evaluate its therapeutic efficacy over the time. 

 

Of particular interest is developing bimodal imaging agent for X-ray CT / fluorescence imaging. 

Nanoemulsions are promising candidate to achieve that, through loading of lipophilic fluorescent 

dye along with the iodinated molecules in the oily core of the nanodroplets. 
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One of our current research nowadays, for the first time, applying liver-targeted contrast agents as 

excellent imaging probe to study the evolution of the liver tumor in mice by using X-ray CT. We 

were able to inject the CA to tumor-bearing mice in order to follow the tumor evolution from zero 

time up to one month, demonstrating clear growth of the tumor over the time by X-ray scanner. 
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Abstract 

 

 X-ray imaging agents are essential in combination with X-ray computed tomography to improve contrast enhancement aiming at 

providing complete visualization of blood vessels and giving structural and functional information on lesions allowing the detection of a tumor. As 

well as it is fundamental tool to discriminate between healthy cells and pathogens. We successfully limit the problems presented in commercial X-

ray contrast agents like poor contrasting in Fenestra
®

 VC associated with short blood circulation time and to avoid rapid renal elimination from the 

body as found in Xenetix (Iobitriol). We developed nontoxic and blood pool iodine-containing nano-emulsion contrast agents serving in preclinical 

X-ray µ-CT imaging such as, α- Tocopherol (vitamin E), Cholecalciferol (vitamin D3), Castor oil, Capmul MCMC8 oil and oleic acid. Those 

formulated nanoemulsions were prepared by low energy spontaneous emulsification technique with slight modification for each platform.  They 

showed new specific features rendering them promising agents in in vivo experiments as improving the balance between the efficacy and the 

toxicity of targeted therapeutic interventions. We investigate the effect of size and the chemical composition of the nanoparticles on their 

biodistribution, pharmacokinetics and toxicity. They demonstrated that the chemical structures of the droplet’s cores have significant role in 

targeting for example vitamin E was mainly accumulated in liver and castor oil formulation was passively accumulated in spleen explaining the 

proof-of-concept of EPR effect. On the other hand, two different platform sizes of Cholecalciferol molecule revealing that no real impact on the 

pharmacokinetics and biodistribution but presented remarkable effect on the toxicity. Of particular interest is studying the effect of the surface 

charge of nanoparticles on their biodistribution, this is why oleic acid nano-emulsion was selected to proceed this study by presence of amphiphile 

polymer poly(maleic anhydride-alt-1-octadecene) (PMAO). The in vitro results and in vivo evaluations were completely coherent approving that the 

neutral charged NPs are less toxic compared to the negatively charged ones that were highly uptaked in the cells causing stress to the cells and 

thereby affecting the toxicity. As a result they are different in biodistribution and pharmacokinetics. In this context, for the first time, we were able 

to functionalize the nano-emulsion droplets with ligand molecules by covalent bonds. Likewise we designed nano-droplets and coated by silica shell 

ended by amino groups and then followed by formation of amide bonds with grafting to dye ligand model (coumarin blue dye). The quantification 

of amino groups was performed by using spectroscopic and microscopic techniques, with a grafting efficiency as high as 41%. This process 

improves the targeting properties of such chemotherapeutic agents to the location of interest following active targeting mechanism (ligand receptor 

strategy). One of our achieved objectives was to engineer multifunctional polymer-based NPs encapsulating hydrophobic drug model as DDs and 

iron oxide NPs as a theranostic model. To conclude, novel contrast agents and delivering systems were synthesized with outstanding physico-

chemical characteristics and suitable for in vivo medium with high efficacy and low toxicity. 

 

Keywords: Contrast agents, µ-CT imaging, passive targeting, active targeting, ligand surface functionalization, drug delivery, lipid, nano-emulsion, 

polymer, pharmacokinetics, biodistribution, toxicity. 

 

Résumé 

 
Les agents d’imagerie aux rayons X sont essentiels en combinaison avec la tomodensitométrie pour améliorer le contraste de manière à permettre la 

visualisation complète des vaisseaux sanguins et de fournir l'information structurelle et fonctionnelle de lésions permettant la détection d'une 

tumeur. Ces outils fondamentaux permettent également de faire la distinction entre les cellules et les agents pathogènes sains. Les agents de 

contraste aux rayons X commercialisés sont limités dans leur succès dans le cas du Fenestra® VC par le temps court de circulation dans le sang et 

celui qui est lié à l'élimination rénale rapide du corps comme dans le cas du Xenetix® (Iobitriol). Nous avons développé des agents de contraste à 

base d’α-tocophérol (vitamine E), de Cholécalciférol (vitamine D3), d'huile de ricin, de Capmul® MCMC8 et d’acide oléique qui sont tous dénués 

de toxicité, qui contiennent de l’iode sous forme de nano-émulsion et qui sont destinés à l’imagerie préclinique en µ-CT. Ces nano-émulsions 

formulées ont été préparées par la technique d’émulsification spontanée de basse énergie avec une légère modification pour chaque composé iodé. 

Ces formulations ont montré de nouvelles caractéristiques spécifiques les rendant prometteuses dans des expérimentations in vivo avec une 

augmentation du rapport de la toxicité et de celui des interventions thérapeutiques visées. Nous avons étudié l'effet de la taille et de la composition 

chimique des systèmes nanoparticulaires sur leur biodistribution, leur pharmacocinétique et leur toxicité. Ces études ont permis de mettre en 

évidence l’importance de la constitution chimique des agents iodés utilisés avec par exemple la vectorisation du foie dans le cas de la vitamine E et 

une accumulation passive dans la rate pour les formulations à base d'huile de ricin, faisant la preuve-de-concept de l'effet EPR. D'autre part, des 

formulations identiques ayant deux tailles de gouttelettes différentes et contenant du cholécalciférol indiquent qu’il n’y a pas de réels impacts sur la 

pharmacocinétique et la biodistribution mais présentaient une augmentation importante de la toxicité. Une autre étude a consisté a étudié l’effet des 

charges de surface des systèmes nanoparticulaires sur leur biodistribution, c’est pourquoi la nano-émulsion a été sélectionnée pour réaliser cette 

étude en présence d’un polymère amphiphile tel que le poly (anhydride-alt-1-octadecene maléique) (PMAO). Les résultats in vitro et les évaluations 

in vivo étaient tout à fait cohérents sachant que les systèmes nanoparticulaires neutres présentent moins de toxicité comparée à celles qui sont 

chargés négativement qui ont été capturés de manière plus importante dans les cellules causant un stress cellulaire et delà affectent la toxicité. Selon 

les résultats, elles présentent des biodistributions et des pharmacocinétiques différentes. Dans ce contexte, pour la première fois, nous avons pu 

fonctionnaliser les nanogouttes des nanoémulsions en fixant des ligands par des liaisons covalentes. Nous avons conçu des nanogouttes enrobées 

avec un enrobage de silice terminé par des groupements aminés et ainsi réalisé la formation de liaisons amides avec le greffage d’un colorant 

modèle (colorant bleu coumarine). La quantification des groupements aminés a été réalisée à l'aide de techniques spectroscopiques et 

microscopiques ainsi que la détermination de l'efficacité du greffage déterminé à 41%. Ce processus améliore les propriétés de vectorisation des 

agents chimio-thérapeutiques à la localisation qui présente un intérêt en suivant le mécanisme de vectorisation active (stratégie de réception du 

ligand). Un de nos objectifs réalisés était de concevoir des systèmes nanoparticulaires polymères multifonctionnels qui peuvent encapsuler des 

principes actifs hydrophobes modèles et des agents de contraste pour l’imagerie à rayons X, de sorte à construire des dispositifs théranostiques. Pour 

conclure, de nouveaux agents de contraste et des systèmes de délivrance ont été synthétisés ayant des caractéristiques physico-chimiques 

exceptionnelles et acceptables pour être utilisées in vivo avec une grande efficacité et une faible toxicité.  

 

Mots-clés: agents de contraste, imagerie µ-CT, vectorisation passive, vectorisation active, fonctionnalisation de surface avec ligand, libération de 

principe actif, lipide, nano-émulsion, polymère, pharmacocinétique, biodistribution, toxicité. 
 

 


