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RÉSUMÉ 

L'adénocarcinome canalaire pancréatique (PDAC), une forme de cancer particulièrement agressive avec 

un taux de survie à 5 ans inférieur à 10%, motive le besoin urgent de nouvelles approches thérapeutiques. 

Les traitements de première ligne ne sont pas efficaces pour des tumeurs avancées du PDAC. En effet, il 

se distingue des autres formes de cancer par son microenvironnement tumoral (TME) complexe qui joue 

un rôle prépondérant dans la résistance thérapeutique. Ainsi, notre recherche aborde comment concevoir 

et optimiser des nanoparticules (NPs) capables de combiner efficacement la thérapie photothermique 

avec la délivrance ciblée d'un agent de reprogrammation des macrophages, pour surmonter les barrières 

physiologiques et l'immunosuppression caractéristiques du PDAC.  

Cette thèse explore ǘƻǳǘ ŘΩŀōƻǊŘ ƭŜǎ progrès récents dans le développement pré-clinique de la thérapie 

photothermique et son état actuel en essais cliniques, afin de mieux appréhender les problématiques de 

ŎƻƴŎŜǇǘƛƻƴ ŘΩǳƴ ǘǊŀƛǘŜƳŜƴǘΦ !ƛƴǎƛΣ l'étude se concentre sur la conception de nanoparticules composites 

AuNRs@PLA-PEG, combinant les propriétés photothermique de nano-bâtonnets d'or (AuNRs) avec les 

capacités d'encapsulation et de libération contrôlée des nanoparticules polymériques PLA-PEG. Nous 

avons développé avec succès une méthode d'assemblage novatrice utilisant des peptides de type coiled-

coil permettant un contrôle précis de la structure et améliorant leur efficacité photothermique par 

rapport à des assemblages conventionnels. Les nanoparticules AuNRs@PLA-PEG ont été optimisées pour 

l'encapsulation de IPI-549, un inhibiteur de PI3K-ʴ Ŏƻƴƴǳ ǇƻǳǊ ǎŜǎ ǇǊƻǇǊƛŞǘŞǎ de reprogrammation 

phénotypique des macrophages. Les études de libération contrôlée ont démontré que ces NPs pouvaient 

libérer sur demande IPI-549, en réponse à une irradiation laser proche infrarouge. Nous avons développé 

des sphéroïdes multicellulaires combinant des cellules cancéreuses pancréatiques (KPC) et des 

macrophages anti-inflammatoires (M2), pour démontrer que la combinaison de la thérapie 

photothermique et de la délivrance de IPI-549 via les nanoparticules AuNRs@PLA-PEG conduisait à une 

repolarisation améliorée des macrophages M2 vers le phénotype pro-inflammatoire (M1) et à une 

inhibition de la croissance tumorale. Les cellules cancéreuses KPC ont montré une sensibilité plus élevée 

à l'hyperthermie par rapport aux macrophages. Les études d'efficacité à long terme ont démontré que les 

macrophages traités avec nos nanoparticules maintenaient leur état repolarisé même après une 

résurgence de cellules cancéreuses, suggérant un potentiel de réponse immunitaire antitumorale in vivo. 

En conclusion, cette thèse présente une nouvelle approche testée in vitro pour le traitement du PDAC, 

combinant nanotechnologie, thérapie photothermique et immunothérapie. 
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ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC), a particularly aggressive form of cancer with a 5-year survival 

rate below 10%, underscores the urgent need for new therapeutic approaches. First-line treatments are 

ineffective for advanced PDAC tumors. Indeed, it is distinguished from other forms of cancer by its 

complex tumor microenvironment (TME), which plays a predominant role in therapeutic resistance. Thus, 

our research addresses how to design and optimize nanoparticles (NPs) capable of effectively combining 

photothermal therapy with targeted delivery of a macrophage reprogramming agent, to overcome the 

physiological barriers and immunosuppression characteristic of PDAC. 

This thesis first explores recent progress in the preclinical development of photothermal therapy and its 

current status in clinical trials, to better understand the issues involved in designing a treatment. Thus, 

the study focuses on the design of composite AuNRs@PLA-PEG nanoparticles, combining the 

photothermal properties of gold nanorods (AuNRs) with the encapsulation and controlled release 

capabilities of PLA-PEG polymeric nanoparticles. We successfully developed an innovative assembly 

method using coiled-coil peptides, allowing precise control of the structure and improving their 

photothermal efficiency compared to conventional assemblies. AuNRs@PLA-PEG nanoparticles were 

optimized for the encapsulation of IPI-549, a PI3K-  ɹ inhibitor known for its macrophage phenotypic 

reprogramming properties. Controlled release studies demonstrated that these NPs could release IPI-549 

on demand in response to near-infrared (NIR) laser irradiation. We developed multicellular spheroids 

combining pancreatic cancer cells (KPC) and anti-inflammatory macrophages (M2) to demonstrate that 

the combination of photothermal therapy and IPI-549 delivery via AuNRs@PLA-PEG nanoparticles led to 

enhanced repolarization of M2 macrophages towards the pro-inflammatory (M1) phenotype and 

inhibition of tumor growth. KPC cancer cells showed higher sensitivity to hyperthermia compared to 

macrophages. Long-term efficacy studies demonstrated that macrophages treated with our nanoparticles 

maintained their repolarized state even after cancer cell resurgence, suggesting potential for sustained 

anti-tumor immune responses in vivo. 

In conclusion, this thesis presents a novel approach tested in vitro for PDAC treatment, combining 

nanotechnology, photothermal therapy, and immunotherapy. 

Keywords : Pancreatic cancer, Tumor microenvironment, Multifunctional nanoparticles, Photothermal 

therapy, Gold nanorods, Cancer-associated macrophages, IPI-549, Repolarization. 
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AVANT-PROPOS 

Les premières esquisses du projet se sont concentrées sur l'assemblage de nanoparticules métalliques 

autour de nanoparticules polymères, dans l'objectif initial de développer une particule théranostique 

capable de libérer un agent actif de manière contrôlée via des nanoparticules d'or, tout en offrant des 

capacités d'imagerie et de thérapie photothermique (PTT). Les premiers travaux ont été fortement axés 

sur la fonctionnalisation de AuNRs, avec un accent particulier mis sur la caractérisation rigoureuse de la 

présence des peptides de type coiled-coil à la surface des nanoparticules. Bien que cette partie du travail 

soit moins visible dans la présentation finale de cette thèse, elle a représenté un investissement en temps 

et en efforts considérable. Notamment, grâce à un spectrophotomètre sensible (± 0,1 nm), SpectraCube, 

nous avons pu démontrer le potentiel des propriétés plasmoniques pour la caractérisation d'assemblages 

en nanotechnologie. Une étude réalisée lors de la pandémie de Covid-19, bien que non incluse dans cette 

thèse, a exploré l'utilisation de ce spectromètre portable pour la détection plasmonique rapide et 

spécifique du virus SARS-CoV-2, en utilisant nos nanoparticules polymériques et nano-bâtonnets d'or 

fonctionnalisés. 

Dans un second temps, la priorité a été de situer ŎŜǘǘŜ ǘŜŎƘƴƻƭƻƎƛŜ ŎƻƳōƛƴŀǘƻƛǊŜ ŘΩencapsulation et de 

PTT Řŀƴǎ ǳƴ ŘƻƳŀƛƴŜ ŘΩŀǇǇƭƛŎŀǘƛƻƴ spécifique. Nous avons alors décidé d'abandonner l'utilisation des 

peptides de type coiled-coil pour l'assemblage des nanoparticules, malgré leurs propriétés et leur 

potentiel, pour diverses raisons. Nous avons ensuite choisi d'étudier les molécules IPI-549 et BLZ945, déjà 

utilisées dans un autre projet de notre groupe de recherche, et avons sélectionné le cancer du pancréas 

comme candidat approprié pour ce traitement thérapeutique potentiel après un travail bibliographique.  

De plus, l'obtention de cellules cancéreuses pancréatiques, grâce à la Pr. Veena Sangwan, a permis de se 

concentrer sur des expériences in vitro à forte valeur ajoutée pour l'étude du PDAC. Les limites et 

perspectives sont détaillées dans le chapitre 6,  Perspectives. 

En complément de la caractérisation de l'efficacité de repolarisation de notre système, nous avons 

également testé d'autres nanoparticules et polymères issus d'autres projets du laboratoire pour étudier 

leur capacité à reprogrammer des macrophages anti-inflammatoires. 

Au cours de ma thèse, j'ai également participé à la recherche et rédaction d'autres articles qui ne sont pas 

directement liés à cette étude, notamment des revues de littérature sur les polymères bio-inspirés pour 

la lubrification 1, une étude approfondie sur les défis et controverses de la couronne de protéines en 

nanotechnologie 2Σ Ŝǘ ǎǳǊ ƭŜǎ ǘŜŎƘƴƛǉǳŜǎ ŎŀǇƛƭƭŀƛǊŜǎ ŘŜ ŦŀōǊƛŎŀǘƛƻƴ ŘΩƘȅŘǊƻƎŜƭ ŘŜ ŎƘƛǘƻǎŀƴŜ 3. 



 
 

 
 
 
 
 
 
 
 
 

 

 

1. CHAPITRE 1 : INTRODUCTION 
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1.1. Le cancer du pancréas : complexe, immunosuppresseur et résistant aux 

thérapies 

Au début du XXe siècle, le chimiste allemand Paul Ehrlich a joué un rôle fondamental dans le 

développement de traitements contre les maladies infectieuses. Il a introduit le terme "chimiothérapie", 

le définissant comme l'utilisation de substances chimiques pour combattre les maladies 4. Ehrlich a été un 

pionnier dans l'utilisation de modèles animaux pour évaluer l'efficacité potentielle de composés 

chimiques contre diverses pathologies, ce qui a eu un impact considérable sur le développement ultérieur 

de médicaments anticancéreux. Bien qu'il se soit intéressé aux thérapies anticancéreuses, notamment à 

l'aniline et aux premiers agents alkylants, Ehrlich semblait peu optimiste quant à leurs chances de succès. 

Plus d'un siècle plus tard, en 2020 le faible optimisme est toujours de mise, les données de l'Observatoire 

global du cancer, affilié à l'Organisation mondiale de la santé, montrent que les cancers du sein, de la 

prostate et des poumons sont les plus fréquemment diagnostiqués dans le monde, avec une incidence 

comprise entre 1,5 et 2,5 millions de cas chacun. Ces cancers représentent également la plus forte 

mortalité, allant de 750 000 à 1,8 million de décès pour le seul cancer du poumon 5. Par conséquent, ces 

types de cancers sont au centre des efforts de recherche, tant au niveau préclinique que clinique. Les 

statistiques de l'OMS révèlent également que ces cancers ont fait l'objet du plus grand nombre d'essais 

cliniques dans le monde entre 1999 et 2022. Le cancer du sein en tête avec jusqu'à 14 000 essais, suivi par 

les cancers du poumon, du côlon et de la prostate, chacun comptabilisant plus de 5 000 essais. 

Cependant, certains cancers, bien que moins fréquents, présentent une mortalité disproportionnellement 

élevée. Le cancer du pancréas en est un exemple frappant : classé 12e en termes de fréquence (510 992 

cas en 2020), il est le 6e cancer le plus meurtrier (467 409 décès), avec un taux de mortalité atteignant 

91% 5. Malgré des décennies de recherche intensive en oncologie depuis les années 1950, marquées par 

des avancées significatives allant de la chimiothérapie à l'immunothérapie en passant par le séquençage 

complet du génome de certains cancers, la communauté scientifique s'interroge encore sur les raisons de 

la létalité exceptionnelle de certains types de cancers et tout particulièrement celui du pancréas. 

 

1.1.1. La physiologie du pancréas 

Cette première partie de l'introduction vise à explorer les étapes du développement du cancer du 

pancréas et ses spécificités, afin de mieux comprendre et appréhender les défis liés à son traitement. La 

question centrale qui guide notre réflexion est la suivante : quels facteurs contribuent à la mortalité 
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exceptionnelle des cellules tumorales pancréatiques ? Est-ce attribuable à la physiologie particulière de 

l'organe, à l'insuffisance des traitements actuels, ou à d'autres paramètres encore mal élucidés ? 

Agencement du pancréas par rapport aux organes adjacents. Cette illustration dépeint les 4 parties du pancréas 

ainsi que le réseau artériel et veineux. 

 

Le pancréas est une glande rétropéritonéale située profondément dans l'abdomen, derrière l'estomac. Il 

se compose de quatre parties principales Υ ƭŀ ǘşǘŜΣ ƭΩƛǎǘƘƳŜΣ ƭŜ ŎƻǊǇǎ Ŝǘ ƭŀ ǉǳŜǳŜ (Figure 1.1) 6-8. La tête, 

portion la plus volumineuse, est reliée au corps par lΩƛǎǘƘƳŜ. Le corps du pancréas ǎΩŞǘŜƴŘ derrière 

ƭΩŜǎǘƻƳŀŎ, tandis que la queue, allongée, se situe proche de la rate. Le pancréas joue un rôle crucial dans 

les systèmes endocrinien et digestif. [Ŝ ǎȅǎǘŝƳŜ ŜƴŘƻŎǊƛƴƛŜƴ Ŝǎǘ ǳƴ ǊŞǎŜŀǳ ŘŜ ƎƭŀƴŘŜǎ Ŝǘ ŘΩƻǊƎŀƴŜǎ 

responsables de la sécrétion et du stockage des hormones dans le corps. Sa fonction endocrine, assurée  

par des cellules appelés ilots de Langerhans qui représentent 2% de sa masse, consiste en la sécrétion 

dΩhormones essentielles à la régulation de la glycémie, telles que ƭΩƛƴǎǳƭƛƴŜ et des polypeptides, 

directement dans le sang 8. Sa deuxième fonction exocrine, prédominante, implique la production 

d'enzymes digestives et d'ions bicarbonates, cruciaux pour la décomposition des aliments dans l'intestin 

Figure 1.1 : Anatomie du pancréas.  
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grêle. Les cellules acineuses sécrètent ces enzymes 6, notamment la lipase et les protéases, via le canal 

pancréatique, tandis que les cellules canalaires produisent les ions bicarbonates 9. 

Le canal pancréatique revêt une importance particulière pour la compréhension de la suite. Non 

seulement il constitue le vecteur principal de la fonction exocrine, mais il est également le site d'origine 

de la majorité des cancers pancréatiques 10, 11. Deux types principaux de cancer du pancréas peuvent être 

distingués : les adénocarcinomes canalaires et les carcinomes acineux. Considérant la prévalence 

nettement supérieure de l'adénocarcinome canalaire pancréatique, cette thèse se concentrera 

exclusivement sur ce type de cancer, qui représente le défi majeur en oncologie pancréatique. 

 

1.1.2. Le cancer du pancréas 

LΩŀŘŞƴƻŎŀǊŎƛƴƻƳŜ canalaire du pancréas (PDAC, pour "pancreatic ductal adenocarcinoma"), représente 

près de 90% des cas de cancers du pancréas 11, 12. /ŜǘǘŜ ŦƻǊƳŜ ŘŜ ŎŀƴŎŜǊ ǎŜ ŘƛǎǘƛƴƎǳŜ ǇŀǊ ƭΩǳƴ ŘŜǎ ǇƛǊŜǎ 

pronostics du Canada, avec un taux de survie à 5 ans de seulement 10% entre 2015 et 2017 selon Canadian 

Cancer Statistics (Québec exclu), ce qui en fait le cancer avec le pire taux de survie à 5 ans. En Europe, le 

PDAC occupe la quatrième place des cancers les plus meurtriers, avec une survie médiane après diagnostic 

ƛƴƛǘƛŀƭ ŘΩŁ ǇŜƛƴŜ 4,6 mois 13, 14. Cette situation alarmante a conduit la Commission européenne à classer le 

PDAC comme cancer prioritaire en 2021, soulignant l'urgence d'améliorer les stratégies thérapeutiques 

15. Mais le plus préoccupant reste les estimations et son avancée dans le monde. On estime que d'ici 2026, 

le cancer du pancréas pourrait surpasser le cancer colorectal comme principale cause de décès par cancer 

Ł ƭΩŞŎƘŜƭƭŜ mondiale 16. Cependant, ǳƴŜ ǇŜǘƛǘŜ ƭǳŜǳǊ ŘΩŜǎǇƻƛǊ ŞƳŜǊƎŜ ŘŜ la société américaine du cancer, 

qui rapporte une amélioration progressive du taux de survie à 5 ans pour le PDAC aux Etats-Unis, 

atteignant 13% en 2024, marquant une tendance positive depuis 2021. Les causes du cancer du pancréas 

peuvent être liées à des facteurs environnementaux ǘŜƭǎ ǉǳŜ ƭŜ ǘŀōŀƎƛǎƳŜΣ ƭΩobésité et le diabète de type 

2 11. LΩƻōŞǎƛǘŞΣ en particulier, semble jouer un rôle via ƭΩƛƴŦƛƭǘǊŀǘƛƻƴ ŘŜ ƎǊŀƛǎǎŜǎ, bien que les mécanismes 

précis et signatures génétiques spécifiques restent à élucider. Il est estimé ǉǳΩŜƴǾƛǊƻƴ 10% des cas de 

PDAC sont attribuables à des prédispositions génétiques. Diverses mutations présentes dans des 

syndromes tels que la pancréatite chronique ou le syndrome de Lynch, sont associées à un risque plus 

élevé de développement du cancer pancréatique 17. 
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Une compréhension approfondie des mécanismes moléculaires et cellulaires sous-jacents est essentielle 

pour développer des stratégies de diagnostic précoce et de traitement plus efficaces, visant à améliorer 

significativement le pronostic de cette maladie dévastatrice. 

5Ŝ ŎŜƭƭǳƭŜǎ ŞǇƛǘƘŞƭƛŀƭŜǎ ƴƻǊƳŀƭŜǎ Ł ƭΩŀǇǇŀǊƛǘƛƻƴ ŘŜ ƭŞǎƛƻƴǎ tŀƴLb όtŀƴLb-1, PanIN-2) et leurs mutations associées. Puis 

apparition de lésions PanIN-3 et le début de la propagation locale de cellules cancéreuse et à une tumeur 

pancréatique. 

 

Le développement des PDAC est généralement initié par des néoplasies pancréatiques, qui sont des 

lésions au sein des cellules épithéliales des canaux pancréatiques. Ces lésions induisent des modifications 

génomiques progressives, entraînant le raccourcissement des télomères, la propagation locale des 

cellules cancéreuses et, ultimement, la formation de métastases (Figure 1.2) 10, 11. Bien que plusieurs types 

de lésions précancéreuses existent, les néoplasies intraépithéliales pancréatiques (PanIN) sont les plus 

fréquentes, et plus rarement les autres lésions. La caractérisation moléculaire des PanIN, bien que 

complexe en raison de leur difficulté de détection, a permis d'identifier plusieurs protéines clés, telles que 

K-Ras, ouvrant de nouvelles perspectives pour le dépistage précoce et le traitement ciblé 18-20. 

[ΩƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ŘŜǎ Ƴǳǘŀǘƛƻƴǎ ǎǇŞŎƛŦƛǉǳŜ du PDAC constitue un axe majeur de recherche 21. Par exemple, 

la mutation oncogène KRASΣ ǇǊŞǎŜƴǘŜ Řŀƴǎ ǇǊŝǎ ŘŜ фр҈ ŘŜǎ Ŏŀǎ ŘŜ t5!/Σ ƛƭƭǳǎǘǊŜ ƭΩƛƳǇƻǊǘŀƴŎŜ ŘŜ ŎŜǎ 

altérations pour la conception de nouvelles thérapies. Cette mutation entraîne une suractivation de la 

voie de signalisation RAS/MAPK/PI3K, perturbant profondément les mécanismes de croissance, de survie 

Figure 1.2 : Développement du cancer du pancréas. 
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et de progression des cellules cancéreuses. Plus de précisions seront données à ce sujet dans la section 

1.2.4.2.1 sur la thérapie ciblée du PDAC. 

Le paradigme de l'évolution des cellules cancéreuses, qui a longtemps guidé la recherche oncologique, a 

été remis en question 22, 23. Bien que cette théorie ait orienté les efforts thérapeutiques vers le ciblage 

direct des cellules tumorales, des études pionnières ont mis en lumière le rôle crucial du 

microenvironnement tumoral (TME) dans le développement et la progression du cancer 24-26. Il apparaît 

désormais que les mutations dans divers types cellulaires créent des boucles de rétroaction positives 

complexes. Les cellules cancéreuses sécrètent des facteurs activant des voies de signalisation spécifiques 

dans les cellules immunitaires environnantes, lesquelles, en retour, produisent des facteurs soutenant la 

croissance tumorale et l'activation de ces mêmes voies dans les cellules cancéreuses. Cette interaction 

bidirectionnelle semble jouer un rôle fondamental dans le maintien et la progression du PDAC 26. L'étude 

approfondie du TME pancréatique s'avère donc essentielle pour comprendre les mécanismes sous-jacents 

au développement et à la progression du PDAC. Cette approche, prenant en compte non seulement les 

cellules cancéreuses mais aussi leur environnement et les cellules immunitaires, ouvre de nouvelles 

perspectives pour le développement de stratégies thérapeutiques innovantes, potentiellement plus 

efficaces dans le traitement de cette forme agressive de cancer pancréatique. 

 

1.1.3. [ΩƛƳǇƻǊǘŀƴŎŜ Řǳ ƳƛŎǊƻŜƴǾƛǊƻƴƴŜƳŜƴǘ ǘǳƳƻǊŀƭ dans le PDAC 

 Le TME du cancer pancréatique joue un rôle crucial dans la progression de la maladie, soulevant des 

questions importantes sur son potentiel thérapeutique. Deux caractéristiques principales du TME ont été 

identifiées comme étant responsables de la progression tumorale : une production anormale de matrice 

extracellulaire (ECM) et une modification des propriétés des cellules habitant le TME 27. 

Dans cette section, nous explorerons en détail les divers éléments constitutifs du TME du PDAC, décrits 

dans la Figure 1.3, en mettant l'accent sur les modifications par rapport à un pancréas sain 28. Nous 

analyserons comment ces changements agissent comme catalyseurs, contribuant à la nature 

particulièrement agressive et meurtrière du PDAC. Cette approche nous permettra de : 

1) Comprendre la structure et la composition uniques du TME du PDAC. 

2) Identifier les mécanismes par lesquels le TME favorise la progression tumorale. 

3) Évaluer le potentiel thérapeutique du ciblage du TME dans le traitement du PDAC. 
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Les differents cellules impliquées dans les interactions immunitaires du PDAC sont dénotées avec leur représentation 

graphique : cancer-associated fibroblasts (CAFs); tumor-associated neutrophils (TANs); tumor-associated 

macrophages (TAMs); natural killer (NK); myeloid-derived suppressor cells (MDSC); programmed death-1 (PD-1); 

programmed death-ligand 1 (PD-L1); granulocyte-macrophage colony-stimulating factor (GM-CSF). Les interactions 

entre ces cellules sont décrites : promouvoir (flèche verte), suppression (trait rouge) et tuer (trait rouge avec éclair). 

Les conséquences de ces interactions sont décrites dans les cadres rouges pour CAFs, M2 TAMs et MDSCs. Les autres 

abréviations ont été introduites précédemment. Reproduit avec permission sans modifications à partir de 28. 

 

1.1.3.1. La matrice extracellulaire 

La matrice extracellulaire joue un rôle crucial dans le développement du cancer pancréatique, notamment 

par le phénomène de desmoplasie. Cette réaction, caractérisée par une croissance anormale de tissus 

fibreux autour de la zone tumorale, est particulièrement prononcée dans le PDAC 29, au point que le ratio 

tumeur/stroma est utilisé comme critère diagnostique et pronostique 30. L'ECM du PDAC est composée 

de divers éléments, incluant le collagène, l'intégrine, la fibronectine et des glycanes. Dans un contexte 

tumoral, la production dérégulée de ces composants, notamment l'intégrine et l'hyaluronane, favorise 

l'adhésion et la croissance des cellules cancéreuses 31. Cependant, la fonction de l'ECM est complexe et 

peut varier selon le type et le stade de la tumeur. 

Figure 1.3 : Les cellules dans le TME du PDAC. 
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La plasticité fonctionnelle de l'ECM est remarquable. Elle peut former une barrière physique limitant 

l'infiltration immunitaire et la pénétration des agents thérapeutiques, contribuant ainsi à l'échappement 

immunitaire et à la chimiorésistance 24-26. Parallèlement, le remodelage de l'ECM peut faciliter la migration 

tumorale et la cascade métastatique, voire participer à l'établissement de niches pré-métastatiques 32.  

Les fibroblastes associés au cancer (CAFs) sont les principaux acteurs du remodelage de l'ECM, comme 

décrit sur la Figure 1.3. Activés par des facteurs comme le TGF-ʲΣ ƛƭǎ ǎŞŎǊŝǘŜƴǘ ŘƛǾŜǊǎ ŎƻƳǇƻǎŀƴǘǎ ŘŜ ƭϥ9/aΣ 

augmentant sa densité et les pressions mécaniques intratumorale. Ceci favorise la prolifération des 

cellules cancéreuses tout en inhibant l'infiltration des lymphocytes T. Les CAFs contribuent également à 

l'angiogenèse et à la transition épithélio-mésenchymateuse (EMT), facilitant ainsi la dissémination 

métastatique. Cette complexité des interactions au sein du microenvironnement tumoral souligne 

l'importance de considérer l'ECM comme une cible thérapeutique potentielle dans le traitement du PDAC. 

 

1.1.3.2. Les cellules effectrices associées au cancer 

Le TEM abrite diverses populations de cellules immunitaires, malgré l'hypoxie et le développement d'un 

stroma desmoplasique. Aux stades précoces de la maladie, des cellules effectrices adaptatives telles que 

les cellules NK, les lymphocytes T CD8+ et CD4+ sont présentes et activées, voir Figure 1.3. Cependant, 

avec la progression tumorale et le développement de mécanismes d'échappement, le TME du PDAC 

évolue vers un état anti-inflammatoire, favorisant le recrutement de monocytes et de neutrophiles à 

phénotype immunosuppresseur. 

Cette transformation du microenvironnement, de pro-inflammatoire à anti-inflammatoire, favorise la 

croissance tumorale et l'angiogenèse. Les cellules suppressives dérivées de myéloïdes (MDSC), les 

lymphocytes T régulateurs (Treg), les cellules dendritiques (DC) et les macrophages associés aux tumeurs 

(TAMs) contribuent majoritairement à l'immunosuppression et à la progression tumorale 33. Le PDAC se 

caractérise par une forte infiltration de cellules immunitaires innées et adaptatives par rapport à d'autres 

cancers ou au pancréas sain, accentuant l'immunosuppression du TME 25, 26, 29, 31, 34-37. 

La Table 1.1, détaille les cellules immunitaires jouant un rôle au sein du TME du PDAC : 

1) MDSC : Composées de cellules immatures de macrophages, granulocytes et DC 38, elles acquièrent des 

propriétés immunosuppressives en sécrétant IFN-ʴΣ !ǊƎƛƴŀǎŜ-1 (Arg1) et iNOS, inhibant la prolifération 

des lymphocytes T et favorisant la croissance tumorale. Leur présence importante est corrélée à un 

mauvais pronostic 39, 40. 
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Les cellules immunitaires naïves et associées au cancer du TME sont décrites selon leur infiltration et distribution 

au sein du PDAC, leurs cytokines associées, la fonction de ces cellules et les chances de survie. 

 

2) DC : Cellules présentatrices d'antigènes cruciales pour la réponse immunitaire antitumorale 34, 41. Leur 

efficacité est réduite par les cytokines tumorales (TGF-ʲΣ L[-10, GM-CSF). Une forte concentration de DC 

dans le TME est associée à une meilleure survie des patients 42, 43. 

3) Lymphocytes T : Les CD8+ et CD4+ peuvent éliminer directement les cellules cancéreuses et soutenir 

d'autres cellules immunitaires. Une faible infiltration de CD8+ et la prédominance de CD4+ de type Th2 

sont associées à un pronostic défavorable dans le PDAC. 

4) TAMs : Ils constituent une population prédominante au sein du TME du PDAC (Figure 1.3 et Table 1.1). 

Issus de monocytes recrutés et polarisés par les cytokines tumorales, ainsi que de macrophages 

embryonnaires pancréatiques proliférants 44, les TAMs présentent une infiltration significativement plus 

élevée dans le PDAC que dans les tissus pancréatiques normaux 37. Bien que certaines études suggèrent 

que les TAMs représentent la population immunitaire innée la plus abondante dans le TME du PDAC 45-48, 

cette prédominance peut varier entre patients et tumeurs. La classification des TAMs en phénotypes M1 

(pro-inflammatoires) et M2 (anti-inflammatoires) est une simplification d'un spectre complexe de sous-

populations définies par leurs stimuli, récepteurs de surface et fonctions. In vivo, cette dichotomie 

s'estompe, révélant une richesse de sous-populations de phénotypes présentée dans la Table 1.2. 

Table 1.1 : Les cellules immunitaires dans le TME du PDAC. 
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¶ M1 : Les macrophages M1, polarisés par des cytokines comme IFN-ʴ ou lipopolysaccharide (LPS), 

déclenchent une réponse inflammatoire via la phagocytose et la production d'oxyde nitrique et de 

ŘŞǊƛǾŞŜǎ ǊŞŀŎǘƛŦǎ ŘŜ ƭΩƻȄȅƎŝƴŜ όROS). Cependant, dans le contexte du PDAC, l'interaction entre cellules 

tumorales et stroma favorise la polarisation des TAMs vers un phénotype majoritairement M2, 

influençant significativement la progression tumorale et la réponse aux traitements 49. 

Aperçu des differents phénotypes des TAMs et des propriétés fonctionnelles des macrophages M1 et sous-

populations M2, les marqueurs moléculaires clés, les cytokines et les fonctions effectrices associées à chaque 

phénotype. Signification des abréviations disponible 49. Reproduit avec permission sans modifications à partir de 49 

(CC BY). 

Table 1.2 : Caractérisation du phénotype des macrophages associés au cancer. 
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¶ M2 : Dans le contexte du PDAC, la majorité des TAMs adopte un phénotype de type M2, induit par 

l'interaction entre cellules cancéreuses et stroma Les TAMs de type M2 jouent un rôle crucial dans la 

progression tumorale du PDAC à travers plusieurs mécanismes (Figure 1.4) : 

 

1) Inhibition du recrutement des cellules immunitaires. Les macrophages M2 inhibent l'infiltration 

des lymphocytes T cytotoxiques 50-52 en dégradant les cytokines tumorales comme celles du 

ligand-2 (CCL2) et du ligand-CXC10 53. Ils activent également les CAFs tout en recrutant des cellules 

immunosuppressives (MDSC, Treg). Ce mécanisme contribue à créer un environnement tumoral 

"froid", peu infiltré par des lymphocytes T actifs 34. 

2) Inhibition de la réponse antitumorale. Les macrophages M2 inhibent la réponse antitumorale en 

sécrétant des inhibiteurs tels que PD-L1, PD-L2 et CD86. Ces molécules suppriment l'activation 

des cellules NK et des lymphocytes T. De plus, les M2 réduisent l'activité cytotoxique des 

lymphocytes T en synthétisant Arg-1, qui diminue la production d'oxyde nitrique nécessaire à 

l'élimination des cellules cancéreuses. Ces mécanismes contribuent significativement à 

l'échappement tumoral dans le cancer pancréatique. 

3) Favorise lΩŀƴƎƛƻƎŜƴŝǎŜ. L'angiogenèse, processus de formation de nouveaux vaisseaux sanguins, 

est essentielle à la croissance tumorale dans le PDAC 46, 47. Ce mécanisme est capital pour la 

croissance et le développement des tissus, la cicatrisation des plaies, et la formation de nouvelles 

voies sanguines après une plaie. Les TAMs de type M2 jouent un rôle crucial dans ce processus en 

sécrétant des facteurs pro-angiogéniques, notamment VEGF en conditions hypoxiques 45. En plus 

du VEGF, les TAMs produisent d'autres composés favorisant l'angiogenèse et diverses 

interleukines. Des études ont démontré l'importance des TAMs dans l'angiogenèse et, par 

conséquent, dans la progression du PDAC 54, 55. 

4) Promotion des métastases. Le processus métastatique dans le cancer pancréatique se déroule en 

quatre étapes principales : le détachement des cellules cancéreuses de la tumeur primaire (EMT), 

l'intravasation dans les systèmes circulatoires, la survie dans la circulation et l'échappement à la 

surveillance immunitaire, et enfin l'extravasation et la colonisation d'organes distants. Les TAMs 

jouent un rôle crucial à chaque étape de ce processus, notamment dans la formation de niches 

pré-métastatiques 56, 57 58. 
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Les TAMs et leur rôle dans le façonnage du TME. Sur la gauche, les macrophages de type M1 antitumoraux. Les TAMs 

ŘŜ ǘȅǇŜ aм ŦŀǾƻǊƛǎŜƴǘ ŘƛŦŦŞǊŜƴǘǎ ƳŞŎŀƴƛǎƳŜǎ ŞŎǊƛǘǎ Ŝƴ ōƭŜǳ Ŝǘ ƭŜǎ ƳƻƭŞŎǳƭŜǎ ǎǇŞŎƛŦƛǉǳŜǎ ƭƛōŞǊŞŜǎ Ł ƭΩƛƴǘŞǊƛŜǳǊ Řǳ 

diagramme circulaire. Sur le côté droit, les macrophages de type M2 pro-tumoraux favorisent des mécanismes 

indiqués en orange et des molécules libérées dans le diagramme orange. Reproduit avec permission sans 

modifications à partir de 59 (CC BY). 

 

Cette implication multifacette des TAMs en fait des cibles thérapeutiques prometteuses. Les interactions 

complexes entre cellules cancéreuses, immunitaires et stroma offrent de nombreuses opportunités 

thérapeutiques, particulièrement dans le PDAC au microenvironnement fortement immunosuppresseur. 

L'analyse suivante examinera les traitements cliniques actuels du PDAC et leur ciblage (cellules 

cancéreuses / TME), ainsi que les perspectives de recherche visant à dépasser le paradigme du ciblage 

exclusif des cellules cancéreuses, notamment par des approches combinatoires et ciblées innovantes. 

 

 

Figure 1.4 : Le rôle des TAMs au sein du TME. 
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1.2.  Les stratégies thérapeutiques 

 

1.2.1.  Les traitements de première ligne pour des patients atteints de PDAC 

Le PDAC présente un défi clinique majeur en oncologie. La stratification des patients s'effectue 

généralement en quatre catégories distinctes, reflétant l'étendue de la maladie : résécable, à la limite de 

la résécabilité, localement avancé et métastatique 11. Cette classification est cruciale pour la prise de 

décision thérapeutique. Malheureusement, en raison de l'origine du PDAC à partir de néoplasmes 

précurseurs difficiles à détecter précocement, environ 80% des patients sont diagnostiqués à un stade 

avancé, dont certains présentant des métastases distantes 60, 61. Or, ce diagnostic tardif compromet 

sévèrement les possibilités de traitement curatif. Dans ce contexte, la résection chirurgicale demeure 

actuellement la seule option thérapeutique offrant une chance réelle de guérison. Des études récentes 

ont démontré que cette approche peut augmenter significativement le taux de survie à 5 ans, le portant 

jusqu'à 25% chez les patients éligibles 62-64. Cependant, la majorité des patients ne peuvent bénéficier de 

cette option en raison du stade avancé de leur maladie au moment du diagnostic. 

Les techniques standards pour la détection Ŝǘ ƭΩévaluation du PDAC sont principalement ƭΩŀƴƎƛƻƎǊŀǇƘƛŜ 

par tomodensitométrieΣ ƭΩƛƳŀƎŜǊƛŜ ǇŀǊ résonance magnétique όLwaύ Ŝǘ ƭΩéchographie 65. La 

tomodensitométrie est privilégiée pour sa capacité à visualiser avec précision la vascularisation régionale, 

permettant ainsi d'évaluer le stade de la maladie et le potentiel de résécabilité. L'IRM, quant à elle, excelle 

dans l'évaluation des voies biliaires et la caractérisation des lésions pancréatiques. L'échographie 

endoscopique sert de méthode complémentaire, particulièrement utile pour la visualisation détaillée des 

vaisseaux sanguins dans les cas où le PDAC est considéré comme résécable. Bien que ces techniques 

d'imagerie soient hautement fiables et précises, leur utilisation systématique pour le dépistage chez des 

individus asymptomatiques n'est pas recommandée, principalement en raison de la faible incidence du 

PDAC dans la population générale. Néanmoins, des études récentes ont démontré l'intérêt potentiel du 

ŘŞǇƛǎǘŀƎŜ ŎƛōƭŞ ŎƘŜȊ ƭŜǎ ǇŜǊǎƻƴƴŜǎ Ł Ƙŀǳǘ ǊƛǎǉǳŜ ǎƻǳŦŦǊŀƴǘ ŘŜ ŘƛŀōŝǘŜǎ ƻǳ ŘΩƻōŞǎƛǘŞ 66. 

 

1) PDAC résécable et à la limite de résécabilité 

La procédure standard ŎƘƛǊǳǊƎƛŎŀƭŜ ƭƻǊǎ ŘΩǳƴ t5!/ ǊŞǎŞŎŀōƭŜ ƻǳ Ł ƭŀ ƭƛƳƛǘŜ ŘŜ ƭŀ ǊŞǎŞŎŀōƛƭƛǘŞ ǊŜǇƻǎŜ ǎǳǊ 

une approche combinant chirurgie et chimiothérapie. La procédure de Whipple demeure le traitement 

pour les tumeurs de la tête du pancréas, tandis que les tumeurs du corps ou de la queue peuvent être 
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réséquées par une pancréatectomie distale. Compte tenu de la morbidité et de la mortalité associées à la 

chirurgie pancréatique, l'intervention n'est envisagée que lorsqu'une résection complète est jugée 

réalisable. Des études ont démontré une corrélation significative entre la qualité de résection et la survie 

à long terme, avec une diminution marquée du taux de survie à 5 ans en présence de résidus 

microscopiques ou macroscopiques post-résection 67. La chimiothérapie adjuvante post-opératoire a 

démontré son efficacité dans l'amélioration des résultats oncologiques 68-71. Toutes les variations et 

différents essais de monothérapies au fil des ans ne seront pas développés ici, seules les thérapies de 1er 

ordre actuelles seront décrites 17. Parmi les protocoles actuels de première ligne, deux régimes se 

distinguent : 

¶ mFOLFIRINOX : Cette combinaison de 5-fluorouracile (5-FU), leucovorine, irinotécan et oxaliplatine 

est administrée par voie intraveineuse sur une période de 6 mois, débutant idéalement dans les 2 

mois post-résection. Ce protocole, associant des antimétabolites, un inhibiteur de la topoisomérase I 

et un agent alkylant, est considéré comme le traitement de référence pour les patients présentant un 

bon état général, malgré sa toxicité non négligeable. 

 

¶ Gemcitabine + nab-paclitaxel : Cette alternative est privilégiée chez les patients plus vulnérables ou 

présentant des contre-indications au mFOLFIRINOX. La gemcitabine, un antimétabolite, agit en 

s'incorporant dans l'ADN et en bloquant sa réplication. Le nab-paclitaxel (commercialisé Abraxane), 

composé de paclitaxel lié à l'albumine, forme des nanoparticules de 50-150 nm. Le paclitaxel, un 

taxane, cible et stabilise les microtubules, perturbant ainsi la division cellulaire. L'albumine quant à 

lui, facilite la transcytose du paclitaxel à travers l'endothélium tumoral via un récepteur spécifique, 

améliorant potentiellement la distribution intratumorale du médicament. 

Pour les PDAC à la limite de la résécabilité, une approche néoadjuvante utilisant le mFOLFIRINOX ou la 

gemcitabine est souvent adoptée. L'objectif est de réduire la masse tumorale pour faciliter une résection 

ultérieure. En l'absence de réponse suffisante, la chimiothérapie est poursuivie. Des essais cliniques 

récents n'ont pas démontré d'amélioration significative de la survie globale avec cette approche 

néoadjuvante comparée à la chirurgie seule, mais ont rapporté une amélioration de la qualité de la 

résection 72. 

2) PDAC localement avancé 

Les PDAC localement avancés sont pris en charge suivant une approche similaire à celle des tumeurs à la 

limite de la résécabilité. La procédure standard repose sur une chimiothérapie systémique, 
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principalement le mFOLFIRINOX ou l'association gemcitabine + nab-paclitaxel. L'objectif premier est de 

contrôler la progression tumorale et, dans les cas les plus favorables, d'obtenir une réduction suffisante 

de la masse tumorale pour envisager une résection chirurgicale. Cependant, il est important de noter que 

la conversion vers une résécabilité reste un événement rare, survenant dans approximativement 15% des 

cas 73. Indépendamment de la possibilité de résection, une radio-chimiothérapie peut être envisagée 

comme traitement complémentaire. Cette approche multimodale, étalée sur plusieurs mois, vise à 

optimiser le contrôle local de la maladie. Malgré l'utilisation répandue de la radio-chimiothérapie, les 

données probantes issues d'essais cliniques démontrant une amélioration significative de la survie globale 

demeurent controversées et non concluantes 74. 

3) Stade métastatique 

Le cancer du pancréas métastatique représente un défi thérapeutique majeur, avec environ 50% des 

patients diagnostiqués à ce stade avancé 60. La chimiothérapie systémique demeure le traitement phare, 

principalement dans une perspective palliative visant à prolonger la survie plutôt qu'à obtenir une 

guérison. Les protocoles de première ligne, mFOLFIRINOX et l'association gemcitabine + nab-paclitaxel, 

ont démontré des bénéfices en termes de survie globale 75. En cas de réponse insuffisante, diverses 

combinaisons chimiothérapeutique sont explorées, incluant notamment une formulation nanoliposomale 

d'irinotécan, approuvée et sur le marché aux États-Unis 65. Les options de deuxième ligne sont multiples 

et dépendent de facteurs tels que l'état général du patient, la présence de mutations, et d'autres 

paramètres biologiques. Enfin, dans le contexte des thérapies de troisième ligne, lorsque les traitements 

standards se révèlent inefficaces, l'orientation des patients vers des essais cliniques innovants et ciblés 

devient une stratégie primordiale. Ces protocoles, potentiellement des thérapies prometteuses dans le 

futur, seront examinés en détail dans la section 1.2.4, dédiée aux stratégies thérapeutiques émergentes 

et innovantes. 

Lƭ Ŝǎǘ ŎŀǇƛǘŀƭ ŘŜ ǎŜ ǊŜƴŘǊŜ ŎƻƳǇǘŜ ǉǳŜ ƳŀƭƎǊŞ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ŎŜǎ ǇǊƻǘƻŎƻƭŜǎ ŎƘƛƳƛƻǘƘŞǊŀǇƛǉǳŜǎΣ ƭŀ ǎǳǊǾƛŜ 

globale médiane eǎǘ ŘΩŜƴǾƛǊƻƴ р ƳƻƛǎΣ ŀǾŜŎ ǳƴ ǘŀǳȄ ŘŜ ǎǳǊǾƛŜ Ł р ŀƴǎ ŘŜ м҈ pour les patients métastatiques 

17, 76. Ces chiffres mettent en lumière ƭΩǳǊƎŜƴŎŜ ŘŜ ŘŞǾŜƭƻǇǇŜǊ ŘŜ ƴƻǳǾŜƭƭŜǎ ŀǇǇǊƻŎƘŜǎ ǘƘŞǊŀǇŜǳǘƛǉǳŜǎΦ  

En conclusion, bien que des progrès aient été réalisés dans le traitement du PDAC, la réponse globale à la 

chimiothérapie reste décevante. Cette situation appelle à une intensification des efforts de recherche 

pour élucider les mécanismes de résistance du PDAC et développer des approches thérapeutiques plus 

efficaces, potentiellement en immunothérapie, adaptées à la lutte contre les caractéristiques 

immunosuppressives du PDAC. 
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1.2.2.  [ΩƛƳƳǳƴƻǘƘŞǊŀǇƛŜ en tant que monothérapie 

[Ωimmunothérapie est vue comme une solution viable pour de nombreux cancers, compte tenu des 

résultats satisfaisants de certains traitements, pour les mélanomes 77 et le cancer du poumon 78. Les 

approches immuno-oncologiques pour le PDAC sont nombreuses et leur avancement en phase clinique 

sont résumées dans la Table 1.3 79 : 

Chaque ligne représente une classe unique d'immunothérapie. L'extrémité droite de chaque ligne indique le stade 

le plus avancé des essais cliniques atteint par cette classe de composés. Les flèches vertes pleines indiquent des 

essais en cours. Les lignes rouges indiquent des essais négatifs. La flèche verte en pointillés indique des essais réussis 

dans d'autres tumeurs ; ECR : essai contrôlé randomisé ; ACP : adénocarcinome pancréatique ductal. 

 

1.2.2.1. Essais cliniques non concluants 

1) Les inhibiteurs de points de contrôle (ICP) 

Ils représentent une avancée majeure en immunothérapie du PDAC, avec le pembrolizumab, approuvé 

par la FDA mais limité aux patients présentant une instabilité microsatellitaire 80. Ces molécules ciblent 

principalement les axes PD-1/PD-L1 et CTLA-4, régulateurs clés de la réponse immunitaire antitumorale. 

PD-1, exprimé sur les lymphocytes T, interagit avec PD-L1 sur les cellules tumorales, désactivant la réponse 

Table 1.3 : Immunothérapies actuellement à l'étude dans le cancer du pancréas. 
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immunitaire. Cette interaction peut promouvoir l'apoptose des lymphocytes T et inhiber leur activation. 

Les anti-PD-1/PD-[м ƭŜǎ Ǉƭǳǎ Ŏƻƴƴǳǎ ǎƻƴǘ ƭŜ ƴƛǾƻƭǳƳŀō Ŝǘ ƭŜ ŘǳǊǾŀƭǳƳŀōΣ Ŝǘ ƭΩƛǇƛƭǳƳŀō ǇƻǳǊ ƭŜǎ anti-CTLA-

4. Cependant, malgré leur succès dans d'autres cancers, ces ICP montrent une efficacité limitée en 

monothérapie dans le PDAC 81, comme le montre la Table 1.3. Un essai clinique de phase I a évalué le PD-

L1, BMS-936559, chez 207 patients atteints de PDAC avancés, aucune réponse n'a été observée 77. 

L'ipilimumab (anti-CTLA-4) n'a pas amélioré significativement la survie chez des patients atteints de PDAC 

métastatique 82. 

2) Les vaccins  

Les vaccins thérapeutiques contre le PDAC ont montré un potentiel prometteur dans les études 

précliniques et les essais cliniques précoces, mais leur efficacité n'a pas été confirmée dans les essais de 

phase avancée. Ces vaccins, comprenant diverses formulations, visent à stimuler une réponse 

immunitaire spécifique contre les antigènes tumoraux. Malgré des résultats encourageants en phase I 83, 

les essais de phase III n'ont pas démontré d'amélioration significative de la survie, comme illustré sur la 

Table 1.3, par l'échec du vaccin peptidique ciblant hTERT et du vaccin du gene GM-CSF (GVAX) 84,85. Les 

futures recherches se concentrent sur l'optimisation de la sélection des antigènes et l'amélioration des 

vecteurs de délivrance pour surmonter les défis actuels 86. 

 

1.2.2.2. Essais cliniques en cours 

Les cellules T à récepteur antigénique chimérique (CAR-T) représentent une approche prometteuse pour 

le traitement du PDAC, malgré des défis significatifs. Bien que très efficaces dans les hémopathies 

malignes, avec des taux de réponse atteignant 90%, leur application dans le PDAC se heurte à plusieurs 

obstacles. Notamment l'infiltration tumorale qui est entravée par le stroma dense caractéristique du 

PDAC. Malgré ces obstacles, des essais cliniques de phase I, en cours, ont montré des résultats 

encourageants, avec une immunogénicité à court terme sans toxicité significative 87. On retrouve aussi 

des agonistes CD40, qui est un récepteur exprimé principalement sur les cellules présentatrices 

d'antigènes, les cellules B et certaines cellules tumorales. Les agonistes CD40 sont utilisés pour stimuler 

la réponse immunitaire antitumorale 88. Ces approches précédemment citées ont montré des résultats 

globalement insatisfaisants dans le traitement du PDAC. Cependant, des stratégies combinatoires 

émergentes offrent des perspectives plus prometteuses, comme l'essai clinique COMBAT 89. 
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Pour conclure, une compréhension approfondie de l'immunologie spécifique du PDAC et des mécanismes 

de résistance aux traitements s'avère donc essentielle pour identifier de nouvelles cibles thérapeutiques 

et développer des stratégies innovantes. La section suivante s'attachera à décrire en détail ces différents 

mécanismes, offrant ainsi une base solide pour l'élaboration de futures approches thérapeutiques plus 

efficaces contre cette forme particulièrement agressive de cancer pancréatique. Cette section fait écho à 

celle sur la description des caractéristiques du TME du PDAC, en 1.1.3. 

 

1.2.3. Les mécanismes de la résistance thérapeutique du PDAC 

La résistance thérapeutique du PDAC résulte d'une combinaison complexe de facteurs interconnectés, 

incluant les caractéristiques intrinsèques des cellules tumorales et les particularités du TME. Le stroma 

dense, la plasticité des cellules cancéreuses et l'environnement immunosuppresseur contribuent tous à 

cette résistance. Comprendre ces mécanismes est essentiel pour élucider l'échec des thérapies actuelles 

et développer de nouvelles stratégies efficaces. Cette analyse approfondie des facettes de la résistance 

thérapeutique dans le PDAC vise à fournir une base pour concevoir des approches innovantes, capables 

de surmonter ces obstacles et d'améliorer le pronostic des patients atteints de cette maladie agressive. 

 

1.2.3.1. Rôle de la matrice extracellulaire dense 

Le stroma dense du PDAC, principalement médié par les CAF, joue un rôle crucial dans la résistance 

thérapeutique en constituant une barrière physicochimique 90. Des études sur des modèles murins ont 

démontré que la perturbation de composants stromaux, comme la dégradation de l'acide hyaluronique 

ou la déplétion des cellules stellaires pancréatiques, améliore la perfusion vasculaire et l'efficacité de la 

gemcitabine 91, 92, 93. D'autres recherches ont révélé que l'inhibition des CAFs sensibilise les tumeurs à la 

chimiothérapie en modifiant le métabolisme lipidique stromal 94. Une étude récente a mis en évidence le 

rôle de la rigidité mécanique du stroma dans la résistance médicamenteuse via la mécano-transduction. 

95. [Ŝǎ ŀǇǇǊƻŎƘŜǎ Ǿƛǎŀƴǘ Ł ǇŜǊǘǳǊōŜǊ 9/aΣ ŎƻƳƳŜ ƭΩƘȅǇŜǊǘƘŜǊƳƛŜ ƻǳ ŘŜǎ enzymes, émergent comme des 

stratégies prometteuses pour surmonter la résistance thérapeutique. 

 

1.2.3.2. Résistance spécifique aux traitements standards 
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La gemcitabine, pilier de la chimiothérapie du PDAC, fait face à des mécanismes de résistance complexes. 

Son activation, dépendante ŘΩǳƴŜ kinase, est inhibée par une enzyme produite par les TAMs. D'autres 

mécanismes de résistance incluent la surexpression des transporteurs ABC des lysosomes, dΩŜƴȊȅƳŜ ŘŜ 

ǎȅƴǘƘŝǎŜ ŎƭŞ ŘŜ ƭŀ ǎȅƴǘƘŝǎŜ ŘΩ!5b, et la transition EMT 96. La résistance au nab-paclitaxel est liée à une 

augmentation de la synthèse des pyrimidines, tandis que celle au mFOLFIRINOX implique une instabilité 

génomique et des altérations métaboliques après des études sur des lignées cellulaires et des organoïdes 

dérivés de patients 97. Cibler les voies régulées par les cytokines et les TAMs apparaît comme une stratégie 

essentielle pour surmonter la chimiorésistance dans le PDAC et améliorer l'efficacité des traitements. 

 

1.2.3.3. [Ωimmunosuppression locale 

La résistance à la gemcitabine est étroitement liée aux cellules immunitaires du microenvironnement 

tumoral, en particulier les TAMs. Ces derniers contribuent à la résistance en libérant des enzymes qui 

interfèrent avec le métabolisme de la gemcitabine, en favorisant la transition EMT, et en activant des 

voies de signalisation pro-tumorales. Le TME contribue significativement à la chimiorésistance, 

notamment via les cytokines sécrétées par les MDSC, Treg et TAMs 10, 98. Ces exemples mettent en 

évidence l'interaction complexe entre les voies immunitaire et stromale du PDAC, qui régissent la 

résistance thérapeutique ŀǳȄ ǘƘŞǊŀǇƛŜǎ ǎǘŀƴŘŀǊŘǎ Ŝǘ Ł ƭΩimmunothérapie.  

 

Pour conclure, les mécanismes de résistance ne se limitent pas aux exemples de la section ci-dessus, on 

retrouve aussi entre autres : la faible immunogénicité tumorale, la plasticité des cellules cancéreuses, le 

métabolisme tumoral altéré, et la barrière vasculaire anormale. Ces caractéristiques, agissant de concert, 

créent un environnement hostile à l'efficacité des traitements et à l'activation d'une réponse immunitaire 

antitumorale efficace. Actuellement, diverses approches innovantes sont testées pour surmonter ces 

obstacles, et certaines de ces stratégies sont examinées dans la suite de la thèse. En effet, les phases III 

ŘΩŜǎǎŀƛǎ ŎƭƛƴƛǉǳŜǎ ǇƻǳǊ ƭŜ t5!/ ƻƴǘ ƭΩǳƴ ŘŜǎ Ǉƭǳǎ Ƙŀǳǘǎ ǘŀǳȄ ŘΩŞŎƘŜŎ ǇŀǊƳƛ ǘƻǳǎ ƭŜǎ ŎŀƴŎŜǊǎ Ŝǘ ƳŜǘtent en 

ƭǳƳƛŝǊŜ ƭΩƛƳǇƻǊǘŀƴŎŜ ŘŜ ƭŀ ǊŜŎƘŜǊŎƘŜ ǇǊŞ-clinique récente pour améliorer les essais cliniques 99, 100. 

A chacun de ces mécanismes de résistanceΣ ƛƭ Ŝǎǘ ǇƻǎǎƛōƭŜ ŘΩŜƴǾƛǎŀƎŜǊ une solution simple. Utiliser des 

enzymes, des radiations ou de la chaleur pour dégrader la ECM, reprogrammer les cellules immunitaires 

et stromales pour contrecarrer leurs propriétés immunosuppressives, utiliser des vaccins ou induire la 

mort cellulaire immunogène (ICD) pour augmenter la charge mutationnelle, utiliser des thérapies 
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combinées simultanément pour inhiber plusieurs voies de signalisation et bloquer la plasticité des cellules 

cancéreuses. 

 

Dans ce contexte, plusieurs pistes thérapeutiques se distinguent :  

¶ Les combinaisons thérapeutiques : Associer immunothérapies, chimiothérapies et méthodes 

physiques ciblant le stroma tumoral. 

¶ La modulation du microenvironnement tumoral : Reprogrammation des cellules stromales et 

immunitaires. 

¶ Une approche locale : Délivrance ciblée de thérapies pour surmonter les barrières physiques. 

[ŀ ǇǊƻŎƘŀƛƴŜ ǎŜŎǘƛƻƴ Ǿŀ ǎΩintéresser aux stratégies thérapeutiques ciblant les trois pistes que nous venons 

de lister ŀŦƛƴ ŘΩŀƴŀƭȅǎŜǊ ƭŜǳǊ ǇƻǘŜƴǘƛŜƭ ǘƘŞǊŀǇŜǳǘƛǉǳŜΦ  

 

1.2.4. De nouvelles stratégies émergentes et innovantes 

Les limitations des monothérapies conventionnelles dans le PDAC ont été mises en évidence et suggèrent 

un besoin urgent d'approches capables d'améliorer la réponse aux traitements. Cette section décriera le 

développement de stratégies visant à remodeler le stroma tumoral par l'optimisation de combinaisons 

immunothérapie-chimiothérapie et autres combinaisons pour sensibiliser les cellules tumorales. Puis, 

ǎΩƛƴǘŞǊŜǎǎŜǊ ŀǳ ŎƛōƭŀƎŜ ŘƛǊŜŎǘ Řǳ ƳƛŎǊƻŜƴǾƛǊƻƴƴŜƳŜƴǘ ƛƳƳǳƴƻǎǳǇǇǊŜǎǎŜǳǊΣ ƴƻǘŀƳƳŜƴǘ Ǿƛŀ ƭŀ ƳƻŘǳƭŀǘƛƻƴ 

des TAMs et l'inhibition de la voie PI3K. Environ 500 nouveaux médicaments potentiels pour le cancer du 

pancréas sont en développement clinique, selon le Pancreatic Cancer Action Network. Nevala-Plagemann 

et al. ont proposé, en 2020, l'acronyme PRIME (Pathway inhibition, Repair deficiency, Immunotherapy, 

Metabolism, Extracellular matrix) pour classifier ces approches, voir Figure 1.5 101. Cette section va tenter 

de détailler des stratégies bénéfiques pour le PDAC de 2 approches (immunothérapie et ECM) parmi celles 

ciblées par la classification PRIME. 

Cette section explorera ces approches émergentes, en mettant l'accent sur les résultats précliniques 

prometteurs et les défis rencontrés lors de leur translation en clinique. L'objectif est d'offrir une 

perspective sur les avancées récentes et les directions futures dans le traitement du PDAC avancé. 
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Classification PRIME (Pathway inhibition, Repair deficiency, Immunotherapy, Metabolism, Extracellular matrix). Les 

cellules cancéreuses représentées dans les coins de cette figure et le stroma tumoral au centre représentent les 5 

principales classes de nouvelles stratégies pour le PDAC. Des nouveaux inhibiteurs de voies de signalisation, des 

ƛƴƘƛōƛǘŜǳǊǎ ŘΩ!5bΣ ŘŜǎ ƴƻǳǾŜƭƭŜǎ ƛƳƳǳƴƻǘƘŞǊŀǇƛŜǎ ǘŜƭƭŜǎ ǉǳŜ ƭŜǎ ŎŜƭƭǳƭes CAR-T, des agents ciblant le métabolisme 

des cellules cancéreuses et des agents qui modifient le TME. 

 

 

Figure 1.5 : Classification PRIME des nouvelles approches thérapeutiques  
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1.2.4.1. Les combinaisons thérapeutiques 

 

1) Combinaison chimiothérapie et immunothérapie 

Les essais cliniques récents combinant chimiothérapie et immunothérapie, tels que l'association 

gemcitabine/tremelimumab ou gemcitabine/ipilimumab, ont montré des résultats prometteurs en 

termes de tolérance et de réponses partielles 102. Dans une étude de phase I, la combinaison 

gemcitabine/tremelimumab a induit 2 réponses partielles et 7 maladies stables sur 28 patients évaluables 

103Φ 9ƴ нлннΣ ƭŜǎ ǊŞǎǳƭǘŀǘǎ ŘΩǳƴ Ŝǎǎŀƛ ŎƭƛƴƛǉǳŜ ŘŜ ǇƘŀǎŜ LL ont ŞǘŞ ǇǳōƭƛŞ ǎǳǊ ƭΩŜŦŦŜǘ Řǳ durvalumab et 

tremelimumab en combinaison avec le gemcitabine et nab-paclitaxel 104. L'essai n'a pas démontré de 

ōŞƴŞŦƛŎŜ Ł ƭϥŀƧƻǳǘ ŘŜ ƭΩimmunothérapie à la chimiothérapie en tant que thérapie de première ligne dans 

une population non sélectionnée de patients atteints de PDAC. Cependant, les patients porteurs ayant la 

mutation KRAS ont présenté une survie prolongée indépendamment du type de traitement. DΩŀǳǘǊŜ ǇŀǊǘ, 

l'expression de PD-L1 dans le PDAC résécable étant corrélée à un pronostic défavorable, des études 

précliniques combinant gemcitabine ou cisplatine avec un anti-PD-1/PD-L1 ont démontré une 

amélioration de l'infiltration des cellules T CD8+ 105, 106. Une étude chez 22 patients atteints de PDAC non 

résécable a révélé des réponses cliniques encourageantes avec un agoniste CD40 combiné à la 

gemcitabine 107. Enfin, on retrouve de nombreuses études combinant plus de deux agents thérapeutiques 

75, 81, 108. 

2) Combinaison ŘΩŀƎŜƴǘǎ immunothérapeutiques 

Les innovations en immunothérapie sont plutôt directes, i.e., la plupart des familles de molécules citées 

Ǉƭǳǎ ǘƾǘ ŎƻƳƳŜ L/tΣ ŀƎƻƴƛǎǘŜǎ /5плΣ ǾŀŎŎƛƴǎΣ Χ ƻƴǘ ŘŞƧŁ ŞǘŞ ǘŜǎǘŞΣ ǉǳŜ ŎŜ ǎƻƛǘ ǇŀǊ ǇŀƛǊŜǎ ƻǳ ǇŀǊ ǘǊƛƻΣ Ŝǘ 

ont démontré des effets bénéfiques dans la survie sur des modèles murins 109-111. La combinaison de GVAX 

avec des ICP, comme l'anti-CTLA-4 ou l'anti-PD-1, a montré des résultats encourageants 112. Une étude de 

ǇƘŀǎŜ LL ŀ ǊŞǾŞƭŞ ǉǳŜ D±!· ŎƻƳōƛƴŞ Ł ƭϥƛǇƛƭƛƳǳƳŀō  ƴΩŀ Ǉŀǎ ŀƳŞƭƛƻǊŞ ƭŀ ǎǳǊǾƛŜ Ƴŀƛǎ ƭŀ ǊŞǇƻƴǎŜ ƛƳƳǳƴƛǘŀƛǊŜ 

était augmentée, avec la présence de marqueurs de cellules T et de macrophages M1 113. La translation 

clinique est plus délicate avec des essais cliniques pour le PDAC stagnants en phase II 114, 115. 

3) Combinaison immunothérapie et traitement physique 

Les approches combinatoires associant ƭΩƛƳƳǳƴƻǘƘŞǊŀǇƛŜ avec la radiothérapie (RT) émergent comme 

une stratégie prometteuse dans le traitement du cancer pancréatique. Bien que les effets 

immunologiques spécifiques de la RT sur le PDAC restent à élucider, son potentiel d'amélioration de 
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l'immunité innée et adaptative est bien établi dans d'autres types de cancers. La RT induit une "mort 

cellulaire immunogène" caractérisée par la libération de signaux de danger, tels que des protéines. Ces 

molécules stimulent la maturation des DC et améliorent la présentation antigénique, renforçant ainsi 

l'activation des lymphocytes T. De plus, la RT augmente l'immunogénicité tumorale en libérant des 

antigènes, en régulant positivement les ligands stimulateurs des cellules T et en sensibilisant les cellules 

tumorales à l'apoptose. La libération d'ATP par les cellules apoptotiques favorise également la polarisation 

de type Th1 et l'activation des cellules T cytotoxiques. Cette stratégie est illustrée par plusieurs essais 

cliniques en cours 116-118, et de nombreuses études pré-cliniques 119-123, représentant une évolution 

significative dans la stratégie thérapeutique du PDAC, visant à exploiter les synergies entre différentes 

modalités de traitement pour améliorer l'efficacité globale et potentiellement surmonter les mécanismes 

de résistance caractéristiques de cette maladie agressive. En plus de la combinaison avec la RT, plusieurs 

ŞǘǳŘŜǎ ǎŜ ǎƻƴǘ ǇŜƴŎƘŞŜǎ ǎǳǊ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭŀ t¢¢ Ŝƴ ŎƻƳōƛƴŀƛǎƻƴ ŀǾŜŎ ƭΩimmunothérapie. 

 

1.2.4.2. La modulation du microenvironnement tumoral 

La deuxième piste ciblée par notre analyse des mécanismes de résistance est la modification du TME, 

notamment le ciblage des TAMs, dont le rôle crucial dans le maintien d'un microenvironnement tumoral 

immunosuppresseur a été précédemment établi dans la section 1.1.3.2. 

La programmation des TAMs est médiée par des facteurs sécrétés par les cellules cancéreuses et 

stromales, subissant une reprogrammation métabolique et épigénétique, en s'adaptant à l'hypoxie 

tumorale 124. Les recherches actuelles visent à exploiter les modifications spécifiques des TAMs pour 

restaurer l'immunité antitumorale 125, 126. Ces approches novatrices peuvent transformer le 

microenvironnement tumoral immunosuppresseur du PDAC en un milieu plus favorable à l'action 

antitumorale du système immunitaire. La Figure 1.6 présente une partie des principales stratégies de 

ciblage des TAMs telles que rapportées dans la littérature scientifique actuelle. Ces approches peuvent 

être classées en trois catégories : 

1) Diminuer la prolifération et le recrutement de TAMs : 

Le microenvironnement tumoral du PDAC est caractérisé par une forte présence de TAMs, principalement 

polarisés vers un phénotype M2 pro-tumoral, qui contribuent significativement à la progression de la 

maladie et à la résistance aux traitements conventionnels. Plusieurs méthodes peuvent inhiber le 

recrutement des TAMs ou induire leur épuisement, notamment l'inhibition du récepteur du facteur 
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stimulant les colonies 1 (CSF-1R) est l'une des principales stratégies explorées. Des inhibiteurs tels que 

PLX3397 et BLZ945 127, 128, ainsi que des anticorps anti-CSF1R comme RG7155 sont en cours d'évaluation 

clinique 129. 

Trois stratégies de ciblage des TAMs sont présentées : réduire le nombre de TAMs de type M2 dans le TME par des 

méthodes directes ou indirectes, utiliser les TAMs de type M2 comme vecteurs dΩŀƎŜƴǘǎ ŀŎǘƛŦǎ antitumoraux et 

reprogrammer les TAMs de type M2 vers le phénotype M1. Reproduit avec permission sans modifications à partir de 
124 (CC A 4.0 I). 

 

Ces agents visent à modifier les TAMs et à retarder la croissance tumorale en interférant avec la 

signalisation du GM-CSF. Le blocage de l'axe CCL2/CCR2 constitue une autre approche prometteuse. Des 

inhibiteurs comme le carlumab (anti-CCL2) 130 dans les tumeurs solides et le PF-04136309 (anti-CCR2) 131 

pour le PDAC cherchent à réduire le recrutement et la prolifération des TAMs. L'utilisation de composés 

spécifiques comme le trabectedin pour le PDAC 132, qui cible les TAMs via le récepteur ŘΩǳƴŜ ŎȅǘƻƪƛƴŜ 

ŎŀǇŀōƭŜ ŘΩƛƴŘǳƛǊŜ ƭΩŀǇƻǇǘƻǎŜ, offre des pistes supplémentaires pour moduler la population de TAMs et 

réduire la charge tumorale. Enfin, des stratégies visant à induire directement l'apoptose des macrophages 

Figure 1.6 : Stratégies de ciblage des TAMs. 
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M2 sont également à l'étude, offrant une approche complémentaire pour réduire la population de TAMs 

pro-tumoraux 133. 

 

2) Utiliser les TAMs comme vecteur de livraison 

[Ŝǎ ¢!aǎ ǇŜǳǾŜƴǘ şǘǊŜ ǳǘƛƭƛǎŞǎ ŎƻƳƳŜ ǾŜŎǘŜǳǊǎ ǇƻǳǊ ƭϥŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ŘΩŀƎŜƴǘǎ ŀŎǘƛŦǎΣ ƛƴŎƭǳŀƴǘ ŘŜǎ 

liposomes et des nanoparticules, directement au sein de la tumeur et même à l'intérieur des cellules 

cancéreuses. Ce sont surtout leurs capacités de ciblage et de livraison qui font des TAMs des candidats 

potentiels en tant que vecteurs cellulaires pour l'administration thérapeutique. L'exploitation des TAMs 

ǇƻǳǊ ƭŀ ŘŞƭƛǾǊŀƴŎŜ ŎƛōƭŞŜ ŘΩŀƎŜƴǘǎ ŀƴǘƛǘǳƳƻǊŀǳȄ ǊŜǇǊŞǎŜƴǘŜ ǳƴŜ ǾƻƛŜ ǇǊƻƳŜǘǘŜǳǎŜ 55. 

 

3) Reprogrammer les TAMs : 

La reprogrammation des TAMs de type M2 pro-tumoraux en macrophages de type M1 antitumoraux 

émerge comme une stratégie thérapeutique prometteuse dans le traitement du cancer. Cette approche 

exploite la plasticité des macrophages pour modifier leur phénotype et leur fonction, plutôt que de 

simplement les éliminer. Plusieurs mécanismes de reprogrammation ont été identifiés et étudiés. 

L'activation du récepteur CD206 sur les TAMs M2 stimule l'endocytose, la formation de lysosomes et 

l'autophagie, favorisant leur conversion en phénotype M1 et augmentant leur capacité phagocytaire 

envers les cellules cancéreuses 134. Le ciblage de CD47 augmente les macrophages pro-inflammatoires et 

améliore la maturation des DC 135. L'inhibition de CD47 136 et l'activation des récepteurs Toll-like (TLR) 137 

par des agonistes reprogramment les TAMs vers un phénotype M1 pro-inflammatoire stimulant ainsi 

l'activation des lymphocytes T cytotoxiques et la réponse immunitaire antitumorale. Ces stratégies, seules 

ou en combinaison, offrent de nouvelles perspectives pour améliorer la réponse immunitaire 

antitumorale dans le cancer pancréatique. 

Les essais cliniques ciblant et reprogrammant les TAMs sont détaillés dans la Table 1.4, révélant que seuls 

deux essais cliniques ciblant la reprogrammation des TAMs dans le cancer du pancréas ont été complétés, 

et aussi principalement axés sur les voies CD40, CD47 et STAT. Malgré le caractère immunosuppresseur 

bien établi du PDAC et la diversité des TAMs, le nombre d'essais cliniques en cours reste limité. Cette 

situation soulève des questions quant aux défis spécifiques liés à la reprogrammation des TAMs ou à la 

complexité inhérente au traitement du cancer du pancréas. 
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La 1re ŎƻƭƻƴƴŜ ƛƴŘƛǉǳŜ ƭŜ ƴƻƳ ŘŜ ƭΩŜǎǎŀƛ ŎƭƛƴƛǉǳŜΣ ƭŀ нe du ou des agents actifs de reprogrammation utilisés, la 3e la 

voie de signalisation visée, la 4e ƛƴŘƛǉǳŜ ƭΩŞǘŀǘ ŘŜ ŎƻƳǇƭŞǘƛƻƴ ŘŜ ƭΩŜǎǎŀƛ ŎƭƛƴƛǉǳŜΣ ƭŀ рe pour le type de cancer et enfin 

ƭŀ ŘŜǊƴƛŝǊŜ ŎƻƭƻƴƴŜ ǇƻǳǊ ƭŜ ƴǳƳŞǊƻ ŘΩŜǎǎŀƛ ŎƭƛƴƛǉǳŜΦ 

 

 

 

Table 1.4 : Essais cliniques dédiés à la reprogrammation des TAMs. 
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1.2.4.2.1. La voie de signalisation PI3K 

Cependant, la recherche préclinique montre une activité plus intense, notamment concernant la voie PI3K 

dans les TAMs 138, 139. La voie de signalisation PI3K émerge comme une cible thérapeutique prometteuse 

dans le PDAC. Les PI3K sont classées en trois groupes principaux, comme illustré sur la Figure 1.7 : 

¶ Classe I : Composées de sous-unités catalytiques p110 et régulatrices p85, elles sont les plus 

étudiées en oncologie. Elles influencent la croissance, la survie et le métabolisme cellulaires. 

¶ /ƭŀǎǎŜ LL Υ aƻƴƻƳŞǊƛǉǳŜǎΣ ŀǾŜŎ ǘǊƻƛǎ ƛǎƻŦƻǊƳŜǎ ό/нʰΣ /нʲΣ /нʴύΣ ŜƭƭŜǎ ǇǊƻŘǳƛǎŜƴǘ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ 

du PIP2 et sont impliquées notamment dans la progression du cancer du sein. 

¶ Classe III : Elle régule l'autophagie et la phagocytose des macrophages. 

Activation en amont de la voie de signalisation PI3K/Akt. Rôle des différentes classes de PI3K au sein de la voie de 

signalisation et les interactions. Reproduit avec permission sans modifications à partir de 140 (CC A 4.0 I). 

 

[ŀ ŎƭŀǎǎŜ L ŘŜǎ tLоYǎ ǎŜ ǎǳōŘƛǾƛǎŜ Ŝƴ ŘŜǳȄ ƎǊƻǳǇŜǎ ŎƻƳǇǊŜƴŀƴǘ ǉǳŀǘǊŜ ƛǎƻŦƻǊƳŜǎ ŎŀǘŀƭȅǘƛǉǳŜǎ όǇммлʰΣ ʲΣ 

ʴΣ ʵύΦ [ŀ ŎƭŀǎǎŜ L! ƛƴŎƭǳǘ tLоY-ʰΣ ʲΣ Ŝǘ ʵΣ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŀŎǘƛǾŞŜ ǇŀǊ ƭŜǎ ǊŞŎŜǇǘŜǳǊǎ Ł ǘȅǊƻǎƛƴŜ ƪƛƴŀǎŜΣ ǘŀƴŘƛǎ 

Figure 1.7 : Composants majeurs de la voie de signalisation PI3K. 
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que la classe IB, composée uniquement de PI3K-ʴΣ Ŝǎǘ ƳŀƧƻǊƛǘŀƛǊŜƳŜƴǘ ŀŎǘƛǾŞŜ ǇŀǊ ƭŜǎ ǊŞŎŜǇǘŜǳǊǎ ŎƻǳǇƭŞǎ 

aux protéines G 141. 

Ainsi, le développement d'inhibiteurs de la voie PI3K dans le traitement du PDAC a connu une évolution 

significative, avec des molécules, tels que le temsirolimus et l'everolimus, qui ont montré une efficacité 

en monothérapie dans les tumeurs neuroendocrines pancréatiques. Cependant, leur efficacité reste 

limitée dans les PDAC 142, 143. Puis, Eser et al. ont démontré que l'inhibiteur pan-PI3K (qui cible toutes les 

isoformes), GDC-0941 est efficace dans la prévention de la croissance tumorale dans le modèle KPC de 

cancer pancréatique in vivo 144Σ ƻǳ ŜƴŎƻǊŜ ƭΩŜǎǎŀƛ ŎƭƛƴƛǉǳŜ de ƭΩƛƴƘƛōƛǘŜǳǊ ŘŜ tLоƪΣ ƭŜ gedatolisib, en 

combinaison 145. Nous avons déjà évoqué les approches combinatoires comme une voie thérapeutique 

très prometteuse. Toutefois, la simple combinaison d'un inhibiteur pan-PI3K avec la gemcitabine n'a pas 

démontré de synergie significative 146.  

Ainsi, des chercheurs se sont orientés vers une approche encore plus ciblée car les inhibiteurs sus-cités 

ciblent toutes les isoformes, et semblent insuffisants pour supprimer la croissance des tumeurs 

pancréatiques en monothérapie. Une stratégie émergente consiste à développer des inhibiteurs 

spécifiques aux isoformes de PI3K 147. Ces agents pourraient induire moins d'effets secondaires et de 

mécanismes de résistance, les rendant plus adaptés aux thérapies combinatoires complexes nécessaires 

pour traiter efficacement le PDAC. Il a donc été montré que l'isoforme PI3K-ʴΣ ŜȄǇǊƛƳŞŜ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ 

dans les cellules immunitaires, joue un rôle crucial dans l'activation et la migration cellulaires en réponse 

à certaines chimiokines. Son importance a été démontrée dans des études sur des souris déficientes en 

PI3K-ʴΣ ǊŞǾŞƭŀƴǘ ǎƻƴ ǊƾƭŜ ŜǎǎŜƴtiel dans la fonction des cellules myéloïdes 148-150. Des expériences sur des 

modèles murins ont montré une croissance tumorale ralentie lorsque PI3K-ʴ Şǘŀƛǘ ƎŞƴŞǘƛǉǳŜƳŜƴǘ 

inactivée, principalement due à l'élimination des TAMs et d'autres cellules myéloïdes associées au cancer 

151. Ces observations soulignent le rôle essentiel de PI3K-ʴ Řŀƴǎ ƭŜ ǊŜŎǊǳǘŜƳŜƴǘ ŘŜǎ ŎŜƭƭǳƭŜǎ ƛƴŦƭŀƳƳŀǘƻƛǊŜǎ 

au sein des tumeurs, un processus favorisant l'angiogenèse, la croissance tumorale et 

l'immunosuppression locale. 

 

1.2.4.2.2. Les inhibiteurs de PI3K-  ɹ

5Ŝǎ ŞǘǳŘŜǎ ǇǊŞŎƭƛƴƛǉǳŜǎ ƻƴǘ ƳƻƴǘǊŞ ƭϥŜŦŦƛŎŀŎƛǘŞ ŘϥƛƴƘƛōƛǘŜǳǊǎ ǎǇŞŎƛŦƛǉǳŜǎ ŘŜ tLоYʰΣ tLоYʲ Ŝǘ tLоYʵ Řŀƴǎ ƭŜ 

PDAC et d'autres cancers, soulignant le potentiel de ces approches dans les thérapies combinées 

émergentes 141. Notamment l'efficacité thérapeutique du ciblage spécifique de l'isoforme PI3K-ʴΦ 9ƴ ŜŦŦŜǘΣ 
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l'inhibition de PI3K-ʴ ƻǳ tLоY-ʵ ǎϥŜǎǘ ǊŞǾŞƭŞŜ Ǉƭǳǎ ŜŦŦƛŎŀŎŜ ǉǳŜ ƭϥƛƴƘƛōƛǘƛƻƴ Ǉŀƴ-PI3K dans un modèle ex vivo 

152. En effet, une méta-analyse des études précliniques a révélé le potentiel certain de l'utilisation de la 

voie PI3K-ʴ ǇƻǳǊ ŎƛōƭŜǊ ƭŜǎ ƳŀŎǊƻǇƘŀƎŜǎ 153, modifier leur phénotype, et ainsi diminuer le volume tumoral 

et améliorer le taux de survie 154. Cette étude évoque les inhibiteurs de PI3K-ʴ ƭŜǎ Ǉƭǳǎ ŜŦŦƛŎŀŎŜǎΣ 

notamment IPI-549 et TG100-115, qui présentent une spécificité remarquable pour l'isoforme gamma. 

Cette spécificité, associée à l'expression préférentielle de PI3K-ʴ Řŀƴǎ ƭŜǎ ¢!aǎΣ ǎŜ ǘǊŀŘǳit par une 

thérapie hautement ciblée avec des effets hors cible minimaux. 

L'approbation par la FDA du duvelisib (IPI-145) en 2018 a marqué une étape importante dans le 

développement des inhibiteurs de PI3K pour le cancer 153. Le duvelisib, un inhibiteur dual des isoformes 

tLоYʵ Ŝǘ ʴΣ ŀ ƳƻƴǘǊŞ ǳƴŜ ŀƳŞƭƛƻǊŀǘƛƻƴ ŘŜ ƭŀ ǎǳǊǾƛŜ ǎŀƴǎ ǇǊƻƎǊŜǎǎƛƻƴ Ŝǘ Řǳ ǘŀǳȄ ŘŜ ǊŞǇƻƴǎŜ Ǝƭƻōŀƭ ŎƘŜȊ ƭŜǎ 

patients pour lesquels la chimio-immunothérapie n'était pas appropriée. Parallèlement, IPI-549 (Figure 

1.8), commercialisé sous le nom d'eganelisib par Infinity Pharmaceuticals, se distingue par sa sélectivité 

remarquable, étant plus de 100 fois plus spécifique pour PI3K-ʴ ǉǳŜ ǇƻǳǊ ŘϥŀǳǘǊŜǎ ƪƛƴŀǎŜǎ 155. Sa valeur 

CI50 de 0,29 nM pour PI3K-ʴ Ŝǎǘ ƴŜǘǘŜƳŜƴǘ Ǉƭǳǎ ŦŀƛōƭŜ ǉǳŜ ƭŜǎ ŀǳǘǊŜǎ ƛǎƻŦƻǊƳŜǎ ʰΣ ʲ Ŝǘ ʵ ŀǾŜŎ ǳƴe CI50 de 

17 nM, 82 nM et 23 nM, respectivement, soulignant sa haute spécificité. Les études précliniques ont 

révélé le potentiel prometteur de IPI-549 dans la reprogrammation des TAMs, favorisant leur transition 

d'un phénotype M2 immunosuppresseur à un phénotype M1 pro-inflammatoire. 

IPI-549 est actuellement le seul inhibiteur spécifique de PI3K-ʴ ƛƳǇƭƛǉǳŞ Řŀƴǎ ǇƭǳǎƛŜǳǊǎ Ŝǎǎŀƛǎ ŎƭƛƴƛǉǳŜǎ Υ 

¶ Le premier essai clinique a débuté en décembre 2015 aux États-Unis, évaluant la tolérance, la 

pharmacocinétique et la pharmacodynamique de IPI-549 en monothérapie et en combinaison 

avec le nivolumab chez des patients atteints de tumeurs solides avancées 156. 

¶ En janvier 2019, un essai clinique de phase II a été lancé pour le carcinome épidermoïde de la tête 

et du cou avancé 157 

¶ En mai 2019, un autre essai clinique de phase II a été réalisé pour le cancer du sein triple négatif 

ou le carcinome rénal 158. 

¶ En juin 2019, un essai clinique de phase II a débuté pour évaluer l'efficacité et sécurité de IPI-549 

en combinaison avec le nivolumab chez les patients atteints de carcinome urothélial avancé 159. 

¶ En Octobre 2018, un essai clinique de phase II a été réalisé pour le cancer du sein triple négatif en 

combinaison avec doxorubicine formulé avec des liposomes PEGylés 160. 
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L'utilisation de IPI-рпф Řŀƴǎ ƭŀ ǊŜŎƘŜǊŎƘŜ ǇǊŞŎƭƛƴƛǉǳŜΣ ŀǾŜŎ ƴƻǘŀƳƳŜƴǘ ƭΩétude des mécanismes 

moléculaire de son interaction avec PI3K 161 a connu un essor significatif, 33 articles publiés depuis 2016. 

Parmi ces références, une étude publiée dans le journal Science Translational Medicine en 2022, 

démontre en détail l'efficacité antitumorale d'une nouvelle approche thérapeutique combinée contre le 

cancer du sein in vivo, utilisant des NPs d'albumine encapsulant IPI-549, du paclitaxel et un ŀƴǘƛŎƻǊǇǎ ʰ-

PD1 162. Parmi ces études, on en retrouve seulement deux dédiées au PDAC, le 1er de 2019, démontre que 

l'inhibition de PI3K-ʴ ǇŀǊ LtL-549 dans les cellules myéloïdes et lymphocytes B remodèle efficacement le 

TEM suppressif de PDAC. Les résultats révèlent une réduction de l'immunosuppression et une 

augmentation de l'infiltration des cellules T 163. Le 2e de 2021 utilisant de la protéomique pour analyser 

les réponses adaptatives des cellules de PDAC à IPI-549 en combinaison avec un inhibiteur de PI3K-  h164. 

Cette tendance reflète l'intérêt croissant de la communauté scientifique pour IPI-549, bien que le nombre 

total de publications reste relativement modeste à ce jour. De plus, bien que la majorité des études se 

soit concentrée sur les cibles immunologiques, notamment les TAMs, certaines recherches ont exploré 

les aspects non-immunologiques de l'inhibition de PI3K-ʴΦ 5Ŝ ±ŜǊŀ Ŝǘ ŀƭΦ ƻƴǘ ƴƻǘŀƳƳŜƴǘ ŘŞƳƻƴǘǊŞ ǉǳŜ 

IPI-549 sensibilisait les lignées cellulaires multi-résistantes aux chimiothérapies à base de taxanes 165. 

Ces découvertes soulignent l'étendue des effets potentiels de IPI-549 au-delà de leur impact sur le 

système immunitaire, mettant en lumière leur capacité à moduler la résistance aux médicaments dans les 

cellules cancéreuses. Cependant, il est important de noter que les inhibiteurs des voies des cellules 

Figure 1.8 : Structure moléculaire de IPI-549 
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myéloïdes, comme PI3K-ʴΣ ǇŜǳǾŜƴǘ ŀǳǎǎƛ ǎϥŀǾŞǊŜǊ ƛƴŜŦŦƛŎŀŎŜǎ s'ils sont utilisés seuls 145, 159, 160, 162. Pour 

maximiser leur efficacité, ces inhibiteurs doivent être associés à d'autres inhibiteurs, à d'autres modalités 

thérapeutiques, ou être formulés de manière à améliorer leur pharmacocinétique et leur ciblage tumoral 

163. 

Nous avons exploré deux stratégies prometteuses pour améliorer le traitement du PDAC : les 

combinaisons thérapeutiques, et la modulation du microenvironnement tumoral. Bien que ces approches 

représentent l'avenir du traitement du PDAC, elles font face à des limitations significatives. Une contrainte 

essentielle, commune à toutes ces stratégies, réside dans la formulation des molécules thérapeutiques, 

cruciale pour faciliter les essais in vitro et cliniques. En particulier, la notion de thérapies combinées et 

multimodales, associant la délivrance de molécules avec la radiothérapie ou la photothermie, implique 

une complexité accrue dans la conception des systèmes thérapeutiques. 

La troisième stratégie ciblée, lΩapproche locale, est en accord avec la littérature scientifique qui abonde 

en études cliniques et précliniques sur la nano-formulation, utilisant des nanoparticules pour encapsuler 

des molécules thérapeutiques. Cette approche vise à améliorer le ciblage du cancer, la solubilité, la 

stabilité et la biodisponibilité des agents thérapeutiques. Bien que la nano-formulation des 

monothérapies pour le PDAC soit largement explorée, la question se pose quant à son application dans le 

contexte de combinaisons moléculaires et de traitements plus sophistiqués. 

 

1.3. Une approche locale : des véhicules multifonctionnels pour les thérapies du 

PDAC 

Les NPs ont été largement étudiées dans la recherche oncologique depuis les années 2000, et leur 

développement au stade préclinique et clinique reste actif. L'effet de pénétration et rétention amélioré 

(EPR), largement théorisé et démontré, permet aux NPs de bénéficier d'un ciblage indirect des tumeurs 

solides. Cependant, cet effet a été remis en question par plusieurs études, soulignant que la recherche 

sur la formulation nanoparticulaire n'est pas encore achevée. La nanomédecine demeure un sujet de 

recherche approfondi et un vecteur d'innovations, tant pour le traitement du cancer que pour son 

diagnostic et son imagerie. Le développement de NPs est motivé par les problématiques spécifiques de la 

maladie ciblée. Après avoir examiné les caractéristiques du PDAC, nous explorerons dans cette dernière 

partie de l'introduction les NPs utilisées actuellement pour le traitement du PDAC et celles en 
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développement clinique. Les limitations de ces approches nous permettront de définir des pistes pour la 

conception de NPs nécessaires aux traitements multimodaux de demain. Pour mieux appréhender le lien 

étroit entre le traitement du cancer et les NPs, on peut se référer à la revue de Xu et al. qui détaille le 

cheminement des NPs in vivo et ses implications sur leurs caractéristiques 166, aux travaux sur les 

différentes technologies de NPs utilisées en essais cliniques 167, ou encore aux études sur le ciblage et le 

développement de NPs pour les thérapies combinées 168. 

Nous approfondirons le développement de la nano-formulation dédiée au PDAC en examinant les 

différentes NPs multifonctionnelles ǇƻǳǊ ƭΩǳǘƛƭƛǎŀǘƛƻƴ Řŀƴǎ ŘŜǎ ŎƻƳōƛƴŀƛǎƻƴǎ ŘŜ ǘǊŀƛǘŜƳŜƴǘǎΣ ƭes nano-

vecteurs pour l'encapsulation de la molécule IPI-549 et les NPs multifonctionnelles polymère/métal. 

 

1.3.1 Nanoparticules multifonctionnelles dans le cadre du PDAC 

Bien que le ciblage du PDAC via des récepteurs surexprimés sur les cellules tumorales ou immunitaires en 

greffant des antagonistes sur les NPs soit une stratégie prometteuse, la plupart des études ne parviennent 

pas à s'émanciper de l'effet EPR 169. De nombreuses recherches ont développé des systèmes permettant 

un meilleur ciblage relatif du cancer, mais ont plutôt démontré leur potentiel pour réduire la toxicité 

périphérique et augmenter le temps de rétention au sein de la tumeur 170. Dans le contexte du PDAC, les 

NPs sont principalement utilisées pour encapsuler et délivrer des molécules thérapeutiques. Les NPs 

semblent offrir une solution potentielle pour améliorer l'accès des molécules aux cellules cancéreuses et 

immunitaires du PDAC 170, 171. L'avancement des essais cliniques est un bon indicateur du développement 

dΩǳƴŜ technologie, ainsi selon ClinicalTrials.gov, il existe 70 essais cliniques impliquant des 

"nanoparticules" pour le "cancer du pancréas", dont 21 complétés, 12 actifs avec recrutement de patients 

172-183 et 11 sans recrutement. 

L'encapsulation se fait le plus souvent par liaisons covalentes, interactions électrostatiques, et peut 

inclure jusqu'à deux molécules au sein d'une même formulation. Les NPs à base d'albumine sont les plus 

abondantes, notamment dans les développements récents 184-187. En effet, on retrouve des essais cliniques 

de thérapies combinées nanoformulés impliquant principalement une association de chimiothérapie et 

d'immunothérapie, souvent avec mFOLFIRINOX ou gemcitabine. On note la prédominance du nab-

paclitaxel (approuvé par la FDA dès 2012), une formulation de paclitaxel stabilisée par de l'albumine. De 

plus, dΩautres exemples incluent une formulation liposomale en phase II datant de 2021 encapsulant du 

nab-paclitaxel et gemcitabine en combinaison comme thérapie néoadjuvante 174. L'utilisation de NPs 
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métalliques pour la radiothérapie, notamment avec le gadolinium, est également en phase II d'essais 

cliniques 177. 

Dans le domaine préclinique, moins assujetti aux contraintes réglementaires et de mise à l'échelle, la 

littérature sur les NPs pour le PDAC est abondante 188, 189. [ΩŜƴŎŀǇǎǳƭŀǘƛƻƴ ŘŜ ƳƻƭŞŎǳƭŜǎ 

ŎƘƛƳƛƻǘƘŞǊŀǇŜǳǘƛǉǳŜ ǇƻǳǊ ƭŜ t5!/ Řŀƴǎ ŘŜǎ btǎ Ŝǎǘ ǇǊŞǇƻƴŘŞǊŀƴǘŜΣ ƳŀƭƎǊŞ ƭΩŜŦŦƛŎŀŎƛǘŞ ƭƛƳƛǘŞŜ ŎƻƳƳŜ 

mentionné précédemment. On peut citer comme exemples : 

¶ Le 5-FU dans des nanocapsules lipidiques 190 

¶ La capécitabine et le cisplatine dans des micelles composites 191 

¶ La gemcitabine dans des NPs magnétiques enrobées 192 

¶ L'oxaliplatine dans des liposomes thermosensibles à longue circulation 193 

¶ L'irinotécan dans des liposomes sensibles au pH 194 

Les NPs polymériques représentent une classe importante de vecteurs thérapeutiques, bien qu'elles ne 

soient pas représentées dans les essais cliniques actuels pour le PDAC selon ClinicalTrials.gov. Cependant, 

ces nanoparticules sont approuvées par la FDA pour d'autres applications médicales, démontrant leur 

potentiel thérapeutique. Un exemple notable est l'essai clinique de phase III mené par la société 

Nanoplatin pour les tumeurs solides, utilisant des micelles de PEG-acide polyglutamique pour encapsuler 

la cisplatine 195. 

Les nanoparticules polymériques sont des structures colloïdales nanométriques composées de polymères 

biodégradables et biocompatibles, capables d'encapsuler des agents thérapeutiques. Leurs principaux 

avantages incluent leur biocompatibilité, leur versatilité de formulation, la protection des molécules 

encapsulées, la possibilité de libération contrôlée et de ciblage, ainsi que l'amélioration de la solubilité 

des médicaments et la réduction des effets secondaires 196. Parmi les exemples notables, on trouve les 

nanoparticules à base de PLGA, PLA-PEG, chitosane ou encore PCL. Leur polyvalence et leur efficacité en 

font des candidats prometteurs pour surmonter les limitations des thérapies conventionnelles, 

notamment dans le traitement de cancers complexes comme le PDAC, même si seulement une poignée 

de formulations polymérique ont atteints les essais cliniques 197, 198. 

 

1.3.2 La vectorisation de IPI-549 
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Le ciblage des TAMs et l'inhibition spécifique de la voie PI3K-ʴ ǇƻǳǊ ǊŜǇǊƻƎǊŀƳƳŜǊ ƭŜǎ ¢!aǎ ŀƴǘƛ-

inflammatoires (M2) en pro-inflammatoires (M1) représentent une stratégie thérapeutique prometteuse 

dans le traitement du PDAC. L'utilisation de NPs comme vecteurs de délivrance offre des avantages 

significatifs pour améliorer l'efficacité de cette approche, tant en monothérapie qu'en thérapies 

combinées 199. Une analyse approfondie de la littérature récente révèle un intérêt croissant pour la 

nanoformulation ciblant les TAMs dans le contexte du PDAC. Depuis 2017, environ 70 études ont été 

publiées sur ce sujet. Parmi celles-ci, 19 se concentrent spécifiquement sur le ciblage de la voie PI3K. 

Seulement 9 études traitent de l'encapsulation de l'inhibiteur spécifique de PI3K-ʴΣ LtL-549, pour le 

traitement des cancers 184, 200-207. L'encapsulation de IPI-549 a été réalisée avec diverses approches 

nanométriques chacune offrant des avantages spécifiques : platine, silice, Metal-Organic Framework, 

manganite PEGylées, albumine, chitosane, liposomes, PCL-PEG et PLA-PEG. Notamment, deux études se 

focalisent exclusivement sur ƭΩŜƴŎŀǇǎǳƭŀǘƛƻƴ ŘŜ LtL-549 pour le PDAC 204, 205. Lin et al. ont développé une 

approche combinant un anticorps PD-L1 avec IPI-549 pour le PDAC, et Zhang et al., quant à eux, ont étudié 

le ciblage du PDAC in vivo par des PLA-PEG NPs encapsulant IPI-549. Ces systèmes nanoparticulaires 

permettent une administration prolongée et ciblée de IPI-549, et de diminuer les effets secondaires 

optimisant ƭΩefficacité thérapeutique. 

 

1.3.3 Aperçu des nanoparticules polymère/métal 

Parmi les stratégies locales de traitement, en plus de l'utilisation de NPs pour vectoriser un agent actif, la 

thérapie photothermique s'impose comme une approche prometteuse. En effet, nous l'avions déjà 

évoquée dans les sections 1.2.3.3 et 1.2.4.1, à propos de sa similarité avec la radiothérapie pour une 

potentielle combinaison avec l'immunothérapie, et son utilisation pour induire une mort cellulaire 

immunogène au sein du TME. Des nanoparticules capables de générer une hyperthermie ou des espèces 

ǊŞŀŎǘƛǾŜǎ Ł ƭΩƻȄȅƎŝƴŜ όwh{ύΣ ǘŜƭƭŜǎ ǉǳŜ ŘϥƻǊ ƻǳ ŘϥŀǊƎŜƴǘΣ ƻƴǘ ŘŞƳƻƴǘǊŞ ƭŜǳǊ ŜŦŦƛŎŀŎƛǘŞ Řŀƴǎ ŎŜ ŎƻƴǘŜȄǘŜ 208. 

Néanmoins, il existe actuellement une lacune dans la littérature concernant l'utilisation combinée de 

ƭΩƘȅǇŜǊǘƘŜǊƳƛŜ et le ciblage de la voie PI3K-ʴ ŘŜǎ ¢!aǎ Řŀƴǎ ƭŜ ǘǊŀƛǘŜƳŜƴǘ Řǳ t5!/Φ 

Les nanocomposites polymère-métal représentent une classe innovante de matériaux hybrides qui 

suscitent un intérêt croissant dans le domaine biomédical. Ces structures combinent les propriétés 

uniques des composants organiques et inorganiques, offrant ainsi des applications variées en tant 

qu'agents d'imagerie 209, catalyseurs et vecteurs de principes actifs à libération contrôlée. Deux stratégies 
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de synthèse principales sont employées pour créer ces nano-assemblages polymère-métal à libération 

contrôlée. La première consiste au greffage de polymères sur des NPs inorganiques puis à 

ƭΩŀǳǘƻŀǎǎŜƳōƭŀƎŜΣ ǘŀƴŘƛǎ ǉǳŜ ƭŀ ǎŜŎƻƴŘŜ ƛƳǇƭƛǉǳŜ ƭ'encapsulation de NPs inorganiques dans des matrices 

organiques telles que des capsules ou des vésicules. Parmi les particules inorganiques, les AuNRs font 

l'objet d'une attention particulière en raison de leur absorption élevée dans le proche infrarouge (NIR), 

de leurs capacités plasmonique et de leurs propriétés photothermique exceptionnelles. Les 

nanocomposites polymère-métal présentent souvent des effets synergiques qui leur confèrent des 

propriétés uniques 210. Ces composites permettent l'intégration de multiples modalités thérapeutiques au 

sein d'une même nanoparticule, la thérapie génique, l'immunothérapie, l'activation externe et l'imagerie 

211-215. 

 

En conclusion, notre introduction s'est articulée autour de plusieurs axes majeurs. Premièrement, nous 

avons dressé un état des lieux du caractère complexe et immunosuppresseur du cancer du pancréas, en 

mettant l'accent sur son microenvironnement tumoral et le rôle crucial des macrophages associés aux 

tumeurs. Deuxièmement, nous avons analysé les stratégies thérapeutiques actuelles, notamment les 

traitements de première ligne et les immunothérapies, dont l'efficacité limitée a été mise en évidence. 

Cette analyse nous a permis d'identifier les mécanismes de résistance thérapeutique et de dégager des 

cibles potentielles. Nous avons ensuite exploré ces potentielles cibles, telles que les approches 

combinatoires et le ciblage du microenvironnement tumoral. Et aussi l'utilisation de traitements localisés, 

notamment via l'emploi de nanoparticules. Après avoir examiné l'état de l'art des NPs multifonctionnelles, 

nous avons établi une cartographie des NPs encapsulant des inhibiteurs de TAMs, comme IPI-549. Enfin, 

nous avons brièvement détaillé les NPs composites permettant une libération contrôlée d'agents actifs, 

en mettant l'accent sur celles applicables à la thérapie photothermique. 

Cette introduction ouvre la voie à notre premier article, une revue de littérature qui se concentrera sur 

les nanoparticules photothermique et leurs combinaisons en essais cliniques. 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

2. CHAPITRE 2 : HYPOTHESES ET OBJECTIFS 
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2.1  Question de recherche 

Peut-on utiliser la nano-ǇƘƻǘƻǘƘŜǊƳƛŜ ŎƻƳƳŜ ǊŜƭŀƛǎ ŘŜ ƭƛǾǊŀƛǎƻƴ ŘΩǳƴ ŀƎŜƴǘ immunomodulateur 

et pour ses effets thérapeutiques de façon simultanée ? 

 

2.2  Hypothèse de recherche 

L'utilisation de nanoparticules polymère/métal multifonctionnelles pourrait permettre la 

ƭƛǾǊŀƛǎƻƴ Ŝǘ ƭŀ ƭƛōŞǊŀǘƛƻƴ ŎƻƴǘǊƾƭŞŜ ǇŀǊ ƭŀǎŜǊ ŘΩǳƴ ŀƎŜƴǘ ŘŜ ǊŜprogrammation des macrophages, 

tout en générant une hyperthermie locale, déclencheur de plusieurs phénomènes, modifiant 

ainsi le microenvironnement tumoral du pancréas à court et à long terme. 

 

2.3  Objectifs de recherche 

1. Le premier objectif vise à concevoir et optimiser des nanoparticules composites innovantes 

AuNRs@PLA-PEG qui exploitent les propriétés photothermiques uniques des nano-

bâtonnets d'or tout en bénéficiant des capacités d'encapsulation du polymère PLA-PEG.  

2. Le deuxième objectif se concentre sur l'optimisation et la caractérisation approfondie des 

capacités de délivrance contrôlée des nanoparticules AuNRs@PLA-PEG, en particulier pour 

l'encapsulation et la libération de l'inhibiteur IPI-549. Une compréhension détaillée des 

mécanismes de libération déclenchée par irradiation laser proche infrarouge et une 

évaluation des cinétiques de libération. 

3. Le troisième objectif s'articule autour du développement et l'utilisation de modèles de 

sphéroïdes multicellulaires, combinant des cellules cancéreuses pancréatiques (KPC) avec 

des macrophages anti-inflammatoires (M2). Cela nous permettra d'évaluer simultanément 

plusieurs aspects critiques : l'efficacité de la reprogrammation des macrophages du 

phénotype M2 vers M1, la réponse différentielle à l'hyperthermie entre les différents types 

cellulaires, et l'inhibition globale de la croissance tumorale.  

4. Le quatrième objectif se concentre sur l'évaluation approfondie de l'efficacité 

thérapeutique à long terme du traitement, en mettant particulièrement l'accent sur la 

prévention des rechutes. Nous analyserons le maintien de l'état repolarisé des 

macrophages après le traitement initial et l'évaluation de la réponse immunitaire 

antitumorale persistante face à une éventuelle résurgence des cellules cancéreuses. 
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3.1  Préambule 

La thérapie photothermique émerge comme une approche prometteuse dans le traitement du cancer, 

notamment pour le PDAC. Cette technique vise à élever sélectivement la température tumorale, non 

seulement pour tuer les cellules cancéreuses mais aussi sensibiliser les tumeurs à d'autres thérapies, en 

exerçant des effets physico-chimiques directs sur les cellules cancéreuses et stromales 216, 217, 218. 

Le principe de la PTT repose sur l'utilisation de NPs plasmoniques et leur interaction avec la lumière. 

Lorsqu'elles sont illuminées, ces NPs métalliques subissent un phénomène appelé résonance plasmonique 

de surface localisée (LSPR), voir Figure 3.1. Ce processus implique l'oscillation collective des électrons 

libres à la surface des NPs, induite par le champ électromagnétique de la lumière incidente. L'efficacité de 

ce phénomène dépend crucialement de l'accord 

entre la fréquence du laser et les propriétés des NPs 

(taille, forme, composition) ainsi que de leur 

environnement. À la résonance, les NPs absorbent 

efficacement l'énergie lumineuse, la convertissant 

rapidement en chaleur par des processus de 

relaxation non radiatifs. Cette conversion génère un 

gradient thermique localisé autour des NPs. 

L'efficacité thérapeutique de la PTT varie selon la 

température atteinte et la durée d'exposition : 

¶ Hyperthermie modérée (41-45°C) : Sensibilise les cellules cancéreuses aux traitements 

conventionnels et déclenche une réponse au choc thermique, stimulant le système immunitaire. 

¶ Hyperthermie élevée (45-50°C) : Vise l'ablation thermique directe des cellules tumorales, induisant 

nécrose et apoptose. 

¶ Thermoablation (>50°C) : Provoque une destruction immédiate et complète des tissus tumoraux. 

Le seuil critique pour les dommages cellulaires irréversibles se situe autour de 46°C, marquant la transition 

entre sensibilisation et destruction directe 219. L'optimisation de la PTT implique une considération de 

multiples facteurs : type et localisation tumorale, tolérance des tissus sains adjacents, et méthodes de 

délivrance. Cette revue vise à synthétiser les avancées récentes, les défis et les perspectives des agents 

PTT en recherche clinique. 

 

Figure 3.1 : LSPR de NPs métalliques sphériques. 
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3.2  Résumé 

Le cancer est une maladie omniprésente et complexe qui représente une menace significative pour la 

santé publique mondiale. Les options thérapeutiques courantes, notamment la chimiothérapie et la 

radiothérapie, entraînent des effets secondaires préjudiciables. Par conséquent, des stratégies 

thérapeutiques non invasives et sélectives sont recherchées, telles que la thérapie photothermique 

médiée par nanoparticules. Cette technique utilise des agents photothermique bénins qui s'accumulent 

dans les tumeurs après injection. Sous exposition à la lumière proche infrarouge, ces agents induisent une 

hyperthermie localisée, tuant les cellules tumorales. Nous examinons ici le développement en laboratoire 

de la thérapie photothermique, ses avancées récentes et son statut clinique. Malgré deux décennies de 

développement, la thérapie photothermique n'a donné lieu qu'à peu d'essais cliniques. Un agent 

prometteur, la nanocoquille d'or, est le seul en essais cliniques humains pour le traitement du cancer de 

la prostate. Cependant, la thérapie photodynamique, entre autres, avec plus de 250 essais humains en 40 

ans, souligne la nécessité de combler l'écart pour une traduction efficace de la thérapie photothermique. 

Par conséquent, nous approfondissons l'écart d'implémentation clinique entre la thérapie 

photothermique et des technologies similaires telles que la thérapie photodynamique, la thérapie 

thermique interstitielle par laser et les nanomédicaments anticancéreux, offrant des perspectives et des 

solutions potentielles. 

 

3.3  Abstract 

Cancer is a pervasive and complex disease that poses a significant threat to public health worldwide. The 

prevalent therapeutic options, including chemotherapy and radiotherapy, pose detrimental side effects. 

Consequently, non-invasive and selective therapeutic strategies are sought, such as nanoparticle-

mediated photothermal therapy. This technique employs benign photothermal agents that gather within 

tumors post-injection. Under near-infra-red light exposure, these agents induce localized hyperthermia, 

killing tumor cells. Here, we examine photothermal therapy's laboratory development, its recent 

advances, and its clinical status. Despite two decades of development, photothermal therapy has yielded 

few clinical trials. A standout agent, the gold nanoshell, holds promise for prostate cancer treatment as 

the only one in human clinical trials. However, photodynamic therapy, among others, with over 250 

human trials in 40 years, highlights the need to bridge the gap for effective photothermal therapy 

translation. Therefore, we delve into the gap of clinical implementation between photothermal therapy 
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and similar technologies photodynamic therapy, laser interstitial thermal therapy, and cancer 

nanomedicines, offering insights and potential solutions. 

 

3.4  Introduction 

The high mortality and aggressiveness of cancer make it one of the leading causes of death globally, with 

a death toll of nearly 10 million in 2020 1. Due to their nonselective nature, current treatment options for 

cancer, including chemotherapy, radiotherapy, and surgery often come with severe side effects due to 

collateral damage they cause to healthy cells and tissues 2. As a result, there has been a growing interest 

in developing noninvasive and selective therapeutic technologies for cancer therapy. In this paper, we 

explore the potential of nanoparticle-mediated photothermal therapy as an effective and targeted 

approach for the treatment of cancer. Nanoparticle-mediated photothermal therapy aims to leverage the 

selective accumulation of a non-toxic photothermal agent within tumor tissue following intravenous 

administration 3. Once accumulated, these agents are irradiated by near-infrared light (NIR), leading to 

the localized generation of hyperthermia that induces tumor cell death. We describe the emergence of 

photothermal therapy and its recent laboratory developments. We assess the status of photothermal 

therapy clinical trials by reviewing the currently available clinical evidence. Finally, in this paper, we not 

only explore the potential of photothermal therapy as an effective and targeted approach for cancer 

treatment but also provide insights into the discrepancy between promising laboratory trends and their 

translation into clinical practice. We suggest possible explanations for this gap and propose potential 

solutions to accelerate the translation of innovative therapeutic strategies from bench to bedside. 

 

 

3.5  Résultats 

Chronological development of photothermal agents 

This section provides a historical overview of the emergence of notable photothermal agents for cancer 

therapy presented in chronological order. Hyperthermia-mediated solid tumor ablation was initially 

attempted with the use of focused heat sources such as ultrasound,4 microwaves,5 and laser light,6 but 

these technologies faced challenges in effectively targeting malignant tissues and reaching hyperthermic 

temperatures. Achieving hyperthermia via laser light alone relies on endogenous chromophores with poor 
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photothermal conversion efficiencies. The progression of photothermal therapy (PTT) required the use of 

exogenous chromophores with strong photothermal conversion efficiencies at a wavelength that 

penetrates deeply into tissues, such as NIR light (650-900 nm) or NIR-II (1000-1800 nm). The goal of this 

approach involved the local activation of photothermal agents with minimal systemic side effects. 

Indocyanine green (ICG) was the first chromophore to be investigated for photothermal therapy in the 

1990s 7,8 due to its strong photothermal efficiency and safety as a previously FDA-approved imaging agent. 

While the initial results were promising, ICG-mediated hyperthermia was only moderately successful due 

to difficulties achieving hyperthermia in the tumor periphery, leading to tumor resurgence in mice despite 

the tissue penetration of NIR light and localized heat induction 9. ¢Ƙƛǎ ǿŀǎ ǇŀǊǘƭȅ ŀǘǘǊƛōǳǘŜŘ ǘƻ L/DΩǎ ǎŜǾŜǊŜ 

photobleaching, and the incomplete tumor coverage of local injections which were required because of 

ICG's short blood half-life 10. 

 

In 2003, Hirsh et al. 11, published promising results of the first gold nanoshell (AuNSs) for photothermal 

therapy, demonstrating the potential of this approach for treating solid tumors. In contrast to ICG, AuNSs 

could be delivered to the tumor via intravenous injection. This meant that the nanoscale particles did not 

need to be directly injected into the tumor and could instead passively accumulate in tumoral tissues 

through the enhanced permeability and retention (EPR) effect 12. The absorbance peak of AuNSs could be 

tuned in different regions of NIR wavelength, thus capitalizing on the blood and tissue penetration of NIR 

light to ablate tumor tissue 13. Additionally, the inertness of gold in AuNSs and its local activation by the 

NIR laser made them less systemically toxic, thus leading to their successful use in preclinical trials. 

2012
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Figure 3.2 : Timeline of the studies published for technologies used in pre-clinical photothermal therapy. 
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AuroShell 14,15 is a gold nanoshell and is the only nanosized photothermal agent to have advanced to 

clinical trials. Although its progression through clinical trials has been slow, AuroShell remains a promising 

option for targeted and safe cancer treatment. To learn more about the clinical trials of AuroShell, readers 

can refer to the clinical trials section of this review. 

The early potential of AuNSs for photothermal therapy paved the way for further investigation into other 

NIR photothermally efficient gold nanoparticles such as gold nanorods (AuNRs) and nanocages (AuNCs), 

both of which were published in 2006 and 2007, respectively. AuNRs were shown to be highly efficient in 

converting NIR light to heat 16. Additionally, the shape of AuNRs is amenable to various surface 

modifications such as folate functionalization for cell-specific targeting. However, concerns over toxicity 

may have limited their clinical translation, even though efforts to detoxify AuNRs and explore alternative 

surface chemistries and still underway 17. AuNCs are also efficient photothermal agents due to their ability 

to convert light to heat upon NIR excitation. In addition, their structure can carry drugs or magnetic 

nanoparticles (NPs) for targeted delivery 18. However, AuNCs have yet to progress to clinical trials. One of 

the early challenges identified for moving AuNCs forward was producing large quantities with high quality 

and stability 19. 

In the 2000s, extensive investigations were conducted on carbon nanotubes (CNTs) for their potential 

biomedical applications. A 2005 study used the CNTs' photothermal properties to kill tumor cells in vitro 

20. Subsequent studies optimized tumoral targeting 21, and further preclinical studies in 2009 

demonstrated the successful ablation of solid tumors in mice with reportedly "extraordinary" 

photothermal efficiency 22,23. To date, there are no reported clinical trials for CNTs in PTT. Graphene and 

fullerene structures, like carbon nanotubes (CNTs), are based on inorganic carbon. Whereas graphene is 

two-dimensional, fullerene takes on a spherical structure. The emergence of graphene for PTT is discussed 

in this paragraph while fullerene is discussed at the end of this section due to its later development in 

2016. Yang et al. first reported on the distinctive behavior of pegylated graphene compared to CNTs in 

2010, including a higher tumoral/reticuloendothelial system accumulation ratio 24. They suggested that 

their graphene formulation was equivalent to the current leading formulation, AuNSs, for photothermal 

therapy applications. However, concerns remained over long-term toxicity and pharmacokinetics which 

require further investigation 24. To date, there are no reported clinical trials for graphene in PTT. 

In 2011, Peng et al. 25 encapsulated the hydrophobic organic dye IR-780 into micelles that could be 

intravenously injected and accumulate into the tumor through the EPR effect. Loading of this dye into 

different nanostructures 25ς27 was required to circumvent the issues of poor solubility, acute toxicity, high 
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clearance, and low tumoral uptake 28. In 2012, the potential use of gold nanostars (AuSts) for 

photothermal therapy was reported due to their strong photothermal efficiency at NIR wavelength 29, like 

other gold-based photothermal agents. Although not even most basic form of AuSts has made it to clinical 

trials, there is much work focused on more complex and/or combinatorial therapies 30ς33. 

aǳƭǘƛǇƭŜ ƻǘƘŜǊ ǇǊƻƻŦ ƻŦ ŎƻƴŎŜǇǘΩǎ ǎǘǳŘƛŜǎ ŦƻǊ t¢¢ ǿŜǊŜ ǊŜǇƻǊǘŜŘΣ ǎǳŎƘ ŀǎ ǘƘŜ ƭƻŀŘƛƴƎ ƻŦ ǘƘŜ ƻǊƎŀƴƛŎ ŘȅŜ 

IR820 into ferritin nanocages in 2014 34. Additionally, the photothermal effect of inorganic agents Bi2Se3 

35, MoS2 36, and WS2 
37 was investigated and the results were published in 2013-2014. 

Finally, Li et al. first reported fullerene as a photothermal agent in 2016, using a graphene oxide and 60 

carbon fullerene (GO-C60) hybrid formulation 38. This system exhibited a strong photothermal conversion 

efficiency and was also capable of generating reactive oxygen species (ROS), making it synergistic in the 

destruction of cancer cells upon exposure to NIR light. Although this section has focused on what we 

deemed to be the most impactful photothermal agents of the last decades, there are several other 

platforms for PTT such as black phosphorus quantum dots 39, titanium oxide nanotubes 40, and 

polydopamine nanostructures 41 which have garnered considerable interest. 

 

Recent advances in photothermal therapy 

In recent years, the rapidly advancing development of photothermal agents has led to the combination of 

PTT with several functionalities yielding to multimodal systems. This section draws attention to 

production of complex PTT agents, which have demonstrated improved efficacy in vitro or in vivo over 

traditional PTT systems. Chemotherapy has long been a cornerstone of cancer treatment, utilizing 

cytotoxic drugs to kill rapidly dividing cancer cells. However, despite its effectiveness, chemotherapy is 

often associated with significant side effects and limitations, including drug resistance and systemic 

toxicity.42 For many years now, combination therapies have gained considerable interest to enhance the 

effectiveness of chemotherapy and mitigate its limitations 43. One promising approach in this regard is the 

development of cancer nanomedicines, wherein chemotherapeutic drugs are encapsulated within 

NPs.44,45 This innovative strategy offers several advantages, including improved drug half-lives, reduced 

systemic toxicity, and the ability to exploit the enhanced permeability and retention (EPR) effect of NPs 

46. 
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During the last decade, polydopamine (PDA) has been identified as an efficient photothermal agent 47 and 

its strong adherence to various substrates make it an effective drug carrier 48. Owing to these properties, 

PDA NPs for combined chemotherapy and photothermal therapy has emerged over the last half decade 

49,50. A recent example is the development of folic acid functionalized chemo-photothermal therapy PDA 

NPs for the co-delivery of doxorubicin and anti-cancer agent epigallocatechin-3-gallate (EGCG) 51. The NPs 

were sensitive to NIR irradiation and lower pH conditions thus enabling controlled intratumoral drug 

release in response to laser excitation. The resulting NPs system effectively led to improved antitumour 

effect in a mouse model 52. Additionally, a recent paper describes the loading of exosomes with 

doxorubicin which are coated with magnetic NPs conjugated with molecular beacons for imaging and gene 

silencing. The result was a multimodal magnetic guided platform enabling chemotherapy, photothermal 

therapy, and gene therapy. Furthermore, the use of patient specific exosomes could consist in a platform 

for precise cancer treatment. Upon treatment in a mouse model inoculated with HeLa cells, the 

combination led to significant cancer cell death and tumor size reduction 53. 

Immunotherapy is a highly effective approach in treating various types of cancers. Several clinically 

approved treatments are available, such as immune checkpoint inhibition (ICP) 54. However, the 

immunosuppressive tumor microenvironment is an important barrier to the efficacy of immunotherapy 

55. In recent years, there has been growing interest in combining immunotherapy with other treatment 

modalities such as radiotherapy 56 and chemotherapy 57 to enhance the immunogenicity of tumors, thus 

leading to improved response rates. Notably, we will highlight that studies have shown that nanoparticle-

assisted photothermal therapy holds promise in generating tumor-associated antigens from the remnants 

of ablated tumor cells. 

The PD1/PD-L1 signaling pathway is the most targeted pathway for ICP therapy 58. This pathway plays an 

important role in tumor immunology and consists of tumor cell expression of PD-L1 and its subsequent 

interaction with PD1 which is located on T cells and mediates their inactivation 59. Combining PD-1/ PD-L1 

inhibition with photothermal therapy, investigators recently report loading of the immunomodulator 

R848 into NIR sensitive copolymer NPs comprising both a tumor and mitochondria targeting moiety. Upon 

combination with anti-PD-L1 ICP immunotherapy in a preclinical mouse model, the investigators noted a 

significant inhibition of growth at metastatic tumor sites 60. Small interfering RNAs (siRNAs) down-regulate 

gene expression of a target peptide. PTT has been combined with siRNA therapy in a study that bound the 

PD-L1 siRNA to the surface of gold nanoprisms which serve as a nanoplatform that down-regulates PD-L1 

expression, enables photoacoustic imaging, and is a photothermal agent 61. Heat shock proteins (HSPs) 
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and TGFß have been linked to tumor treatment resistance by promoting cell repair under hyperthermic 

temperatures and reducing extracellular matrix permeability to immune infiltration, respectively 62,63. The 

transient receptor potential vanilloid member 1 (TRPV1) channel has been associated with the expression 

of HSPs and TGFß. Investigators targeted this mechanism with NPs-mediated TRPV1 blockade to 

selectively suppress HSPs and TGFß to potentialize PTT via ICG delivered in polymeric micelles and improve 

anti-PD-L1 infiltration for immunotherapy 64. 

Theranostic aims to combine diagnosis and therapy for enhanced functionality. A recent study serves as 

a strong example of this endeavor, introducing a versatile nano-agent that merges various functionalities 

for precise cancer treatment 65. Prussian blue nano-cubes were used as photothermal agents, and 

functionalized with FePt NPs, potent ferroptosis inducers, through an in-situ reduction strategy. To bolster 

specificity, hyaluronic acid enshrouded the nanocomposites, facilitating recognition of tumor cells. This 

resultant nano-platform not only facilitated chemodynamicςphotothermal co-therapy but also offered 

triple-modal imaging capabilities (magnetic resonance/computed tomography/photothermal imaging). 

Upon intravenous administration, this oncotherapy nano-platform demonstrated its efficacy in ablating 

4T1 tumor xenografts, with promising biocompatibility. 

Notwithstanding the progress made in developing more advanced photothermal agents, the clinical 

translation of these innovative technologies faces significant obstacles. One notable challenge is the 

additional projected cost associated with developing enough of these increasingly complex nano 

formulations to conduct clinical trials. In the last section of this review, we provide an overview of the key 

challenges that currently impede the clinical translation of photothermal therapy. 

 

Clinical evidence 

This section reviews the available clinical evidence of the application of nanoparticle photothermal 

therapy to treat malignant tumors, of which there is only AuroShell. Although human trials of indocyanine 

green were used in laser immunotherapy to treat breast cancer by local injection of ICG 70, we focus solely 

on trials of nanosized photothermal agents. The AuroShell particle is a roughly 120 nm silica core with 12-

15 nm gold shell. The safety of AuroShell particles was previously confirmed in 2012 through in vitro and 

in vivo preclinical studies, including acute (lasting 28 days) and chronic (lasting 10 months) animal trials 

71. 
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There have been several clinical trials with the objective of assessing the safety and efficacy of 

bŀƴƻǎǇŜŎǘǊŀ ōƛƻǎŎƛŜƴŎŜǎΩ !ǳǊƻ{ƘŜƭƭ ƛƴ ƘǳƳŀƴǎΦ ¢ƘŜ ŦƛǊǎǘ ǘǊƛŀƭ 14 to have its results published, in 2015, was 

completed in Mexico. The objective was to obtain an initial safety assessment of a one-time intravenous 

administration of AuroShell in 22 patients with prostate cancer, with (n=15) or without (n=7) subsequent 

photo-irradiation. The study reported only two adverse events that were attributed to the AuroShell 

administration. The first reaction was allergic and responded to antihistamines, and the second was 

transitory pyrosis, which is an epigastric burning sensation. Urinary and blood homeostasis was not 

affected after AuroShell administration or its photo-irradiation over the consequent 6-month observation 

period. 

 

Clinical trial information was collected from clinicaltrials.gov and peer-reviewed publications. Safety is defined as 

measuring adverse events reported by the patient and from clinical observation considered attributable to the 

AuroShell particle administration. Efficacy is assessed by MRI/US Fusion biopsy of the treatment zone at various 

timepoints post treatment. 

 

# Clinical trial number or 

DOI if unregistered 

Patients 

enrolled 

Start 

date 

End 

date 

Disease Primary 

Objective 

Status 

1 NCT00848042 66 11 2008 2016 Head & Neck 

tumors 

Safety Completed   

with results 

2 NCT01679470 67  1 2012 2014 Lung tumors 

(primary or 

metastatic) 

Safety Terminated 

3 No NCT number 14 22 - 2015 Prostate 

tumors 

Safety Complete     

with results 

4 NCT02680535 68 45 2016 2020 Prostate 

tumors 

Efficacy Completed 

without 

results 

5 No NCT number 68 

(subgroup of study #4) 

16 2016 2019 Prostate 

tumors 

Efficacy Completed   

with results  

6 NCT04240639 69 60 2020 Present Prostate 

tumors 

Efficacy Active 

Table 3.1 : Clinical Trials of AuroShell Photothermal Therapy. 
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Concurrently, there were two other trials in the USA for which the primary outcome was to assess adverse 

events due to administration and photo-irradiation of AuroShell. The first trial (NCT00848042) recruited 

11 recurrent head and neck cancer patients 66. The results from this study are difficult to interpret because 

among an already small sample size of n=11 patients, only 45% (n=5) patients reached the 6-month 

observation period end point. Furthermore, it is difficult to confidently attribute the side effects to 

AuroShell administration or photo-irradiation among a morbid patient population (recurrent tumors) 

which is not compared to a control group which did not receive treatment. We are therefore unable to 

assess whether the recorded adverse events are a consequence of AuroShell-mediated PTT. The second 

trial (NCT01679470) recruited only 1 patient with lung cancer before being terminated for undisclosed 

reasons 67. 

Subsequently, AuroShell underwent a larger, multi-center trial (NCT02680535) for which the main 

outcome was to find evidence of efficacy by MRI at a 3-month and 12-month end point 68. Safety was 

monitored to demonstrate generalizable feasibility among men with prostate cancer up until 18-months 

post-treatment. The study recruited 45 patients with low to intermediate risk localized prostate cancer. 

Despite its start date in 2016, the complete study results have not yet been published. However, the data 

for 16 of 45 patients was published in a peer reviewed journal in 2019 15. One of 16 patients did not 

undergo PTT due to epigastric pain upon injection of the AuroShell. The authors associated this symptom 

to the cold temperature of the suspension. Subsequently, the protocol was amended to allow the 

suspension to reach room temperature prior to injections. Fifteen patients underwent PTT a day after 

AuroShell injection, requiring a median of 11 puncture sites per patient and median of almost 4 hours 

under anesthesia. The procedure did not result in any serious adverse events, although Foley catheter 

placement was required in five patients for urinary voiding. The authors found no significant difference in 

prostate symptom, urinary quality of life, and sexual health inventory for men scores at 1, 3, 6, and 12-

month follow-up compared to baseline. The authors acknowledge that complete results from the trial 

with 45 patients are required to establish AuroShell therapy as efficacious, despite the ablation zones 

being cancer-free in 60% (9/15) and 86.7% (13/15) patients at 3-month and 12-month biopsies, 

respectively. The authors identified two factors that could explain tumor regression between 3 and 12 

months, either biopsies were not as thorough after 12 months compared to 3 months, and/or there was 

an abscopal effect in an important number of patients (n=5). Nevertheless, this partial trial seems to 

demonstrate that the therapy is safe and feasible. Lastly, there is an active trial (NCT04240639) which 

recruited n=60 patients with low to intermediate risk prostate cancer and for which the main outcome is 

to establish efficacy of the AuroShell formulation 69. 
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In summary, current clinical evidence suggests that AuroShell for PTT in prostate cancer patients is safe 

and feasible according to the results of 16 out of 45 enrolled patients from a trial started in 2016 and 

published in 2019 15,68. In fact, the data for 29 patients is still not available many years later, resulting in a 

failure to establish efficacy, which the active study (NCT04240639) aims to correct 69. However, the results 

of NCT04240639 will not be easily generalizable to the prostate cancer patient population that require 

treatment. In fact, the study only included previously untreated prostate cancer patients with low to 

intermediate risk, as indicatŜŘ ōȅ ŀ DƭŜŀǎƻƴ ǎŎƻǊŜ όD{ύ Җ тΦ ¢ǊŜŀǘƳŜƴǘ ƻŦ ǇǊƻǎǘŀǘŜ ŎŀƴŎŜǊ ƛǎ ƻŦǘŜƴ ƴƻǘ 

indicated and is chosen with patients depending on the severity of the lesion (as reflected by GS or other), 

life expectancy, and personal preference. Therefore, the active trial has a selection bias with regards to 

the broader population, wherein it only included patients with lower risk tumors that are not 

representative of the broader prostate cancer population for which treatment is indicated. While 

measuring efficacy will be possible at the endpoint of the active trial 69, real-world effectiveness is not 

directly inferred. 

 

Key challenges for PTT 

In this section, our focus shifts to understanding the primary obstacles that PTT encounters when moving 

from lab experiments to clinical trials. Since there isn't much data available from actual patient studies ς 

both successful and unsuccessful ς we rely on findings from lab studies to speculate about the challenges 

PTT might face. We also make comparisons with similar issues that other new treatments deal with. We've 

taken a closer look at photodynamic therapy (PDT), laser interstitial thermal therapy (LITT), and cancer 

nanomedicines for this purpose. Through these comparisons, we're examining how the assumptions 

we've gathered from lab studies match up against the real challenges that these treatments come up 

against. Photodynamic therapy (PDT) is a related non-invasive and selective therapeutic approach that, 

like PTT, utilizes the activation of a photosensitizer agent by light to induce cell death in cancer cells. Unlike 

PTT, PDT converts visible light to ROS to promote cell death. PDT has had more clinical success than PTT, 

with several FDA-approved photosensitizers, numerous clinical applications, and the comparison of PDT 

with PTT has already been already studied for solid tumors in preclinical studies 72. On the other hand, 

laser interstitial thermal therapy (LITT) is based on irradiating a tumoral zone to deliver laser energy and 

thus increasing the local temperature. As for nanomedicine, we reviewed the structure and characteristics 
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of NPs agents that resemble PTT agents but that have entered and passed clinical trials for drug delivery 

applications. 

 

ά.ƛƻƭƻƎƛŎŀƭέ ŎƘŀƭƭŜƴƎŜǎ 

1) Delivery to the tumor site 

The challenge of delivery to the tumor site is not specific to PTT agents as it is characteristic of any NPs or 

small molecule aiming to be delivered specifically to the tumor 73. The route of administration also leads 

to differential local or systemic distribution of agents. 

Most of the PDT agents in clinical trials are macrocycles such as porphyrin and are injected intravenously 

74ς76. Interestingly, porphyrin-based NPs are also used as PTT agents 77,78. Even though most clinical studies 

do not report delivery issues of PDT agents, several clinical trials observed a low accrual 79,80. In some 

cases, they attributed this to the intravenous injection and switched to topical injections for dermal 

tumors as the delivery efficiency of NPs is debated. We researched clinical trials of cancer nanomedicines 

resembling PTT agents, i.e., inorganic NPs roughly 20-200 nm 81ς86. Several of these trials comprised NPs 

that have the potential to be used as a PTT agent, such as iron oxide 86, and quantum dots 84. We observed 

that PDT agents and NPs are mostly administered intravenously, and reports of delivery issues are scarce 

despite a few trials reporting low tumoral accumulation. Most of the clinical trials in phases 3 and 4 are 

not disclosing their results but are still progressing. Despite the biodistribution of PDT agents and cancer 

nanomedicines being subject to debate, there is an abundance of clinical trials. Therefore, we suppose 

that the delivery at the tumoral site is not a key challenge that hinders the translation of PTT agents from 

pre-clinical to clinical studies, as it has not substantially hindered the clinical translation of PDT and cancer 

nanomedicines. 

2) Type of cancer 

If the type of tumor that is targeted in PDT, LITT and cancer nanomedicines differs significantly from that 

which is targeted in PTT, we could expect additional roadblocks since tumors targeted by PTT may exhibit 

different characteristics. This may lead, for example, to the failure of reaching deeper tissues for certain 

irradiation techniques by laser. We have compiled the type of cancer targeted in several hundred clinical 

trials of PDT, LITT, and cancer nanomedicine. We have found that the major target of these therapies is 

epithelial cancers and gastrointestinal cancers, as seen in Figure 3.3. Therefore, the main targets for PDT, 
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LITT, and cancer nanomedicines are rather accessible tumors that benefit from easier penetration of light 

and less invasive clinical procedures. Thus, we can speculate that PTT agents that target deeper lesions 

such as prostate cancer or head and neck cancer may face the additional translation challenge of achieving 

light penetration to the tumor, which may require more invasive clinical procedures such as the use of 

trocars as seen in the AuroShell clinical trials. 

Figure 3.3 : Clinical trials of PDT, LITT and NPs. 

Percentage of clinical trials of PDT, LITT and NPs in different types of cancer. The number of clinical trials is written 

inside the bars. The total number of clinical trialsac per type of cancer is indicated on the right. 

 

3) Innate toxicity of agents 

Most PDT clinical trials demonstrate that PDT agents are innately safe 74,75,87,88. Interestingly, porphyrin is 

a PDT photosensitizer that can be used in PTT, as previously demonstrated 89. Similarly, NPs systems 

resembling PTT agents are not known for adverse effects in clinical trials 86, despite several with 

incomplete data 81ς85,90 or in the process of recruiting patients, such as the trial for ICG grafted on magnetic 

NPs 91. Thus, despite incomplete documentation, several clinical trials of PDT agents were completed in 

phases 3 and 4 (47 studies) and NPs that resemble PTT agents have reached phase 2 such as quantum 

dots and ICG. Therefore, we can hypothesize that the innate toxicity of PTT agents may not be a key issue 
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for limiting its translation to clinical trials. This analysis is supported by the data collected in PTT clinical 

trials which is presented above, in the clinical evidence section of this paper. 

¢ƻ ŎƻƴŎƭǳŘŜΣ t¢¢ ŀƎŜƴǘǎΩ ōƛƻƭƻƎƛŎŀƭ ŎƘŀƭƭŜƴƎŜǎ Řƻ ƴƻǘ ǎŜŜƳ ǘƻ ōŜ ƪŜȅ ƛǎǎǳŜǎ ŦƻǊ ǘƘŜƛǊ ǘǊŀƴǎƭŀǘƛƻƴ ǘƻ ŎƭƛƴƛŎŀƭ 

trials when compared with already published trials of PDT, LITT, and NPs. We notice that only the type of 

cancer and, therefore, additional barriers to a successful clinical procedure could be highlighted as 

somewhat challenging during the process of translation. 

 

Technological-related key challenges 

1) Toxicity related to the mechanism of action 

PDT clinical trials have evaluated the toxicity of ROS generation in healthy tissues. We found that 

palladium-based agents for prostate cancer have disclosed no major adverse effects and no residual 

photosensitivity after 3 hours in the skin 87. Other PDT trials (NCT01682811, NCT00057954) unrelated to 

PTT agents showed pain and photosensitivity but no adverse effects 92,93. However, several clinical trials 

revealed adverse effects due to PDT 74 and there is also evidence of toxicity in vitro 94. Unfortunately, most 

of the studies did not post their results and these events are most of the time observed by the 

dermatologist and noted as a relative pain assessment in clinical trials. 

Light irradiation in PDT clinical trials was subject to adverse effects although lower toxicity could be 

afforded in clinical trials targeting the removal of only small tumoral areas with low efficiency 95. Whereas 

the toxicity related to the light activation of PDT agents results from a chemical reaction that ceases as 

soon as the light is switched off, the heat generated from the activation of PTT agents continues to diffuse 

into surrounding tissues after the light is switched off 72. LITT clinical trials report direct heat-related 

damage in clinical trials, which has been tied to the heat-up of the fiber tip 96,97. This limitation can be 

overcome with MRI-guided procedures 98,99. 

To conclude, our investigations reveal that PDT clinical trials demonstrate no toxicity aside from some 

visual parameters indicating light pain while LITT treatment may lead to heat-related adverse events when 

used without sufficient image guidance. Consequently, it is not surprising that current PTT clinical trials 

exploit additional imaging technology thus reducing the likelihood of heat-related adverse events 69. 

Overall, toxicity related to the mechanism of action is unlikely to be a key challenge. 

2) Light source and delivery to the target 
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PDT agents are photosensitizers that have absorption peaks between 600-700 nm and 400 nm 

wavelength regions. In the clinical trials with available results, the light source was determined by the PDT 

agent used and its wavelength of activation, ranging from 585 nm to 763 nm (7 different wavelengths 

over 8 clinical trials) 74,75,87,88,92,100,101. Neurosurgical LITT are mainly using two different systems 102 with 

wavelengths that are not the ones used in cancer LITT. At first glance, we can see the plethora of 

wavelengths used in PDT clinical trials and so the different types of laser/diode laser needed. These 

wavelengths are in the range of those that are used in pre-clinical studies for PTT. We conclude that using 

laser in clinical trials with a vast diversity of wavelengths does not seem to be a key challenge for PTT. 

3) Tissue response assessment and live monitoring 

Response monitoring in PTT, PDT, or LITT plays a crucial role in evaluating treatment efficacy and potential 

complications. In PDT, fluorescence spectroscopy, contrast-CT imaging, and O2 measurement are 

employed for validation, although fluorescence spectroscopy is not utilized in clinical settings 103. LITT, on 

the other hand, employs 2D MR thermometry in comparison to 3D simulations. To mitigate risks, the 

utilization of diffusion tensor imaging and fiber tractography in previous studies resulted in no sustained 

tract injuries, emphasizing its potential for preventing damage and improving patient outcomes 98. For 

PTT, in vivo monitoring is primarily restricted to interstitial techniques, thermocouples, and pre-

established modeling with approximations made on thermal diffusivity coefficients 104. The online 

monitoring of the treatment seems to be advanced in other therapies in contrast to PTT; thus, it may 

consist of a challenge in reaching clinical trials. 

 

Challenges with no data in clinical trials 

1) Clinical procedure 

PTT clinical procedures are patient and tumor specific such that the number of set-up lasers differs 

depending on patient and tumor characteristics. Therefore, this means we are unable to assess whether 

the clinical execution of the procedure outlined is a key challenge. 

2) Immune modulation 

We did not find many details in clinical trials dealing with the immune response after PDT or LITT 

treatment 100, despite the fact that NPs themselves seem to trigger an innate immune response 105. In fact, 

it is unknown whether there is a harmful immune modulation effect occurring upon the administration of 
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PTT agents, such as the development of anti-photothermal agent antibodies. However, one would not 

expect to observe an immune response to a photothermal agent administered only once. Conversely, the 

immune response in PTT, PDT and LITT therapies during clinical trials is illustrated as advantageous and 

seems to have a positive impact on the prognosis. This has been associated with the liberation of tumor 

associated antibodies in a pro-inflammatory environment post-hyperthermia.  Moreover, this 

phenomenon is thought to underlie the abscopal effects observedτa process where metastatic sites 

originating from a primary tumor gradually succumb to destruction following hyperthermic ablation of 

the said primary tumor 70. 

3) Scale-up issues - Complexity of the agent 

As demonstrated in the recent advances section, there are many complex photothermal agent 

formulations that are seemingly promising for human trials as indicated by in vivo studies. However, these 

more complex formulations have not progressed any further. In fact, the clinical evidence section 

demonstrates that only the oldest and most simplistic photothermal agent has progressed to human trials 

15. Additionally, in this section, we have found by reviewing PTT studies and drawing comparisons to PDT 

and related technologies that there does not appear to be a glaring key challenge, such as toxicity, issues 

with feasibility, or low efficacy in mouse models, that prevent the clinical translation from occurring. 

Therefore, despite the lack of available data regarding this issue, we propose that there may be a key 

barrier at the scale-up from bench to human studies, preventing many of the photothermal agents, 

especially those with complex syntheses and quality control, from reaching human trials. Moreover, the 

issue of scale-up for complex nano formulations would not be unique to PTT alone, as cancer 

nanomedicines have faced similar challenges 106. 

4) Funding  and time of research  

Despite the similarities of PTT and PDT, there has been a significant discrepancy in funding, as seen in 

Figure 3.4. According to NIH RePORTER data 107 and excluding sub-projects, year-to-date (until 2022) 

ŦǳƴŘƛƴƎ ƻŦ άŎŀƴŎŜǊ ǇƘƻǘƻǘƘŜǊƳŀƭ ǘƘŜǊŀǇȅέ ǘƻǘŀƭǎ ŀǘ ǊƻǳƎƘƭȅ оп Ƴƛƭƭƛƻƴ ¦{ ŘƻƭƭŀǊǎ ǎǳǇǇƻǊǘƛƴƎ ммп ǇǊƻƧŜŎǘǎΣ 

whereas year-to-ŘŀǘŜ ŦǳƴŘƛƴƎ ƻŦ άŎŀƴŎŜǊ ǇƘƻǘƻŘȅƴŀƳƛŎ ǘƘŜǊŀǇȅέ ǘƻǘŀƭǎ ŀǘ пмл Ƴƛƭƭƛƻƴ ŘƻƭƭŀǊǎ ǎǳǇporting 

1025 projects, more than 10 times the total for PTT. Moreover, PDT received more funding in a single year 

(2010) than PTT has received throughout its entire conception and development lifetime. Additionally, 

substantial funding for PDT began about 20 years before PTT, in the 1990s, at roughly 1 million dollars per 

year, gradually increasing to 5 million dollars per year by the 2000s and quickly increasing to about 25 
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million dollars per year since 2007. In contrast, PTT has had less time to develop as it only started receiving 

substantial funding in 2011, consisting of roughly 2 million dollars per year. Since 2019, PTT funding has 

been over 5 million dollars per year.  

NIH funding of PTT compared to PDT of projects by 5-fiscal-year time periods since 1983 in the USA according to NIH 

RePORTER data obtained March 15th, 2023. 

 

In summary, PDT has received significantly more funding than PTT, and its development has thrived for a 

longer period, approximately 20 years longer. However, bringing a new therapy to the market poses 

substantial challenges, as evidenced by the case of liposomal cancer nanomedicines, which took 20-30 

years to reach commercialization despite significant funding and expectations 108. Therefore, we propose 

that the development of PTT as a new therapy may require at least a decade to mature, even with 

sustained funding. 

 

Summary of the status of PTT 

Figure 3.4 : NIH funding of photothermal therapy 
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The comparison of PTT with PDT, LITT, and NPs did not highlight glaring challenges that would prevent 

PTT from achieving clinical success, even despite substantially lower federal funding, differences in the 

type of cancer targeted, and need for live monitoring technology. Whereas our observation in the 

literature is that the simplicity of PDT has generated clinical success, we have observed a clear trend 

towards complexification in PTT agents with a lack of translation. In fact, the only photothermal agent in 

clinical trials is a gold nanoshell developed in the early 2000s. Although the data shows that more complex 

photothermal agents can result in increased in vitro and in vivo efficacy, it is expected that the scale-up 

process of these nanoparticles to human trials is increasingly challenging. In fact, for there to be clinical 

success of laboratory formulations there must be advances in the pace of scale-up to match the pace of 

complexification of photothermal agents. 

 

3.6  Conclusion 

In conclusion, 20 years of photothermal therapy agent development has yielded only a handful of clinical 

trials. The most promising trials are that of a gold nanoshell, which is the oldest and perhaps the simplest 

formulation of a nanosized photothermal agent. The clinical trials for this agent have been ongoing since 

2008, and current efforts are aimed at establishing a treatment efficacy for prostate cancer. In contrast, 

photodynamic therapy has generated over 250 human trials in 40 years. The comparison of PTT with PDT, 

LITT, and NPs did not highlight glaring challenges that would prevent PTT from achieving clinical success, 

even despite substantially lower federal funding, differences in the type of cancer targeted, and need for 

live monitoring technology. There is a clear trend towards the complexification of photothermal agents 

to yield multimodal formulations, which may lead to anticipated scale-up challenges, while in 

photodynamic therapy, simplicity has generated clinical success. 

 

3.7  Annexes 

19 studies 

NCT02082522 

NCT02137785 

NCT02799082 

NCT04085367 

NCT02999854 

NCT00473343 
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NCT01821391 

NCT03511326 

NCT00304239 

NCT02373371 

NCT01475071 

NCT01966120 

NCT00926952 

NCT02144077 

NCT01525329 

NCT00680225 

NCT01203878 

NCT01000636 

NCT02799069 
Table 3.2 : Clinical trials in Phase 3 and 4 with available results. 

 

 

66 studies NCT01872104 NCT02736760 NCT05551299 

NCT00587600 NCT03346304 NCT03963102 NCT04225299 

NCT00306800 NCT01875393 NCT05662202 NCT03642535 

NCT02124733 NCT00472108 NCT02622594 NCT00869635 

NCT00118222 NCT00513539 NCT01310894 NCT04269395 

NCT01260987 NCT04620239 NCT01686594 NCT01491711 

NCT00308854 NCT00253617 NCT00868088 NCT01755013 

NCT02281682 NCT00472459 NCT00155337  
NCT00308867 NCT01459393 NCT04106258  
NCT03697590 NCT00049959 NCT03849365  
NCT00472043 NCT00540735 NCT00907413  
NCT01497951 NCT03909646 NCT01209013  
NCT02647151 NCT01675219 NCT03573401  
NCT02840331 NCT05359419 NCT00391144  
NCT01739465 NCT03731988 NCT02242929  
NCT02628665 NCT00312442 NCT02555501  
NCT00469417 NCT00003788 NCT03181984  
NCT02029352 NCT02685592 NCT03125057  
NCT02464709 NCT02984072 NCT01538901  
NCT00472706 NCT03327831 NCT05962541  

Table 3.3 : Clinical trials in Phase 3 and 4 without available results. 
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Lympho
ma 

Gastrointestinal 
Throat 

and 
neck 

Eye 
Endocri

ne 
Bone Carcinoma Brain Lung 

18 
studies 

35 studies 
4 

studies 
5 

studies 
8 

studies 
10 

studies 
139 studies 

9 
studies 

28 
studies 

NCT0250
0550 

NCT000
60268 

NCT017
39465 

NCT013
66833 

NCT044
29139 

NCT030
33225 

NCT025
00550 

NCT029
16745 

NCT015
73156 

NCT026
31863 

NCT033
44861 

NCT001
18222 

NCT029
16745 

NCT0005
7954 

NCT052
08775 

NCT030
03065 

NCT010
86488 

NCT019
66809 

NCT027
80648 

NCT000
49959 

NCT000
49959 

NCT004
72043 

NCT009
75039 

NCT005
26461 

NCT000
02647 

NCT002
65603 

NCT0299
9854 

NCT010
43016 

NCT005
13539 

NCT005
30088 

NCT016
82746 

NCT021
66190 

NCT000
57954 

NCT002
65603 

NCT030
90412 

NCT029
55771 

NCT049
43094 

NCT011
48966 

NCT036
78350 

NCT0533
3367 

NCT015
06115 

NCT031
33650 

NCT004
70496 

NCT003
91144 

NCT000
03923 

NCT048
42266 

NCT004
72459 

NCT009
88455 

NCT030
12009 

NCT017
70132 

NCT000
03788 

NCT035
64054 

NCT0146
0914 

NCT000
68068 

NCT021
66190  

NCT017
55013 

NCT017
70132 

NCT029
99854 

NCT036
78350 

NCT030
33225 

NCT020
18679 

NCT037
35095 

NCT019
66809 

NCT000
28782 

NCT0003
0589 

NCT037
57754 

NCT000
03923   

NCT004
70496 

NCT034
67789 

NCT012
92668 

NCT039
09646 

NCT005
13539 

NCT004
70496 

NCT053
63826 

NCT000
14066 

NCT0180
0838 

NCT013
66833 

NCT003
86594   

NCT031
66436 

NCT026
39117 

NCT000
02975 

NCT055
19319 

NCT007
84108 

NCT026
28665 

NCT016
82746 

NCT035
89456 

NCT0334
0155 

NCT053
86056 

NCT017
70132   

NCT026
32084 

NCT015
56009 

NCT035
64054 

NCT012
36443 

NCT004
72108 

NCT006
63910 

NCT058
50377 

NCT005
28775 

NCT0005
4171 

NCT005
87314 

NCT026
28665    

NCT021
57623 

NCT052
08775 

NCT020
82522 

NCT004
72706 

NCT016
68823 

NCT026
32084 

NCT009
84243 

NCT0196
6809 

NCT000
28405 

NCT010
16002    

NCT017
94299 

NCT015
06115 

NCT000
17485 

NCT000
05808 

NCT035
73401  

NCT059
18783 

NCT0002
3790 

NCT030
33225 

NCT001
22876     

NCT055
47516 

NCT014
15986 

NCT004
69417 

NCT011
40178  

NCT018
42555 

NCT0203
9895 

NCT000
83785 

NCT002
81736     

NCT048
60154 

NCT016
06566 

NCT020
29352 

NCT018
54684  

NCT006
01848 

NCT0010
3246 

NCT055
19319 

NCT031
66436     

NCT002
18868 

NCT035
46166 

NCT014
82104 

NCT026
66534  

NCT009
74662 

NCT0168
2746 

NCT005
87600 

NCT010
32044     

NCT006
70397 

NCT050
20912 

NCT021
66190 

NCT021
44077  

NCT026
62504 

NCT0168
6594 

NCT012
36443 

NCT025
55501     

NCT012
60987 

NCT027
80648 

NCT007
07356 

NCT009
85829  

NCT000
25571 

NCT0179
4299 

NCT027
80648 

NCT017
55013     

NCT033
20447 

NCT000
05067 

NCT000
03856 

NCT002
18829  

NCT044
00539 

NCT0328
1811 

NCT002
17087 

NCT000
02935     

NCT023
67547 

NCT003
08919 

NCT045
52990 

NCT003
05929  

NCT048
36429 

NCT0538
0635 

NCT028
40331      

NCT000
14066 

NCT006
01848 

NCT000
23790 

NCT059
62541  

NCT024
97053 

       

NCT007
47903 

NCT028
40331 

NCT022
42929 

NCT010
16002  

NCT033
44861 

       

NCT053
86056 

NCT017
39465 

NCT021
00111 

NCT009
46881  

NCT005
26461 

       

NCT035
89456 

NCT034
67789 

NCT021
57623 

NCT055
51299  

NCT037
35095 

       

NCT005
87314 

NCT039
45162 

NCT000
03923 

NCT043
01999  

NCT007
54910 

       

NCT006
75233 

NCT009
74662 

NCT010
86488 

NCT001
22876  

NCT047
53918 

       

NCT004
73343 

NCT059
19238 

NCT005
30088 

NCT002
81736  

NCT016
68823 

       

NCT002
37107 

NCT007
08942 

NCT031
67762 

NCT004
53336  

NCT000
54002 

       

NCT036
17003 

NCT048
24742 

NCT008
68088 

NCT055
80328  

NCT032
11078 

       

NCT025
85856 

NCT040
99888 

NCT027
25073 

NCT031
66436  

NCT018
54684 

       

NCT037
13203 

NCT030
03065 

NCT015
24146 

NCT010
32044  

NCT021
53229 
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NCT048
36429 

NCT026
39117 

NCT001
03246 

NCT010
15898   

       

NCT009
75429 

NCT015
56009 

NCT003
12442 

NCT013
70824   

       

NCT013
49361 

NCT018
75393 

NCT013
10894 

NCT030
25724   

       

NCT037
27061 

NCT000
02963 

NCT003
86594 

NCT012
56424   

       

NCT025
04957 

NCT000
02935 

NCT030
53635 

NCT023
04770   

       

NCT008
69635 

NCT005
40735 

NCT020
68157 

NCT019
12976   

       

NCT014
91711 

NCT009
07413 

NCT017
55013    

Table 3.4 : Clinical trials of PDT. 

 

 

 

Lymphoma 
Gastrointesti

nal 
Throat and 

neck 
Eye Endocrine Bone Carcinoma Brain Lung 

1 study 2 studies 0 study 
0 

study 
1 study 1 study 19 studies 17 studies 3 studies 

NCT041878
72 

NCT00392366   NCT006155
37 

NCT006880
38 

NCT017920
24 

NCT046997
73 

NCT041878
72 

 NCT01630239     NCT020850
70 

NCT024512
15 

NCT020850
70 

      NCT056926
35 

NCT007879
82 

NCT056926
35 

      NCT046997
73 

NCT007208
37 

 

      NCT003923
66 

NCT051249
12 

 

      NCT053186
12 

NCT052961
22 

 

      NCT052961
22 

NCT050544
00 

 

      NCT050544
00 

NCT003921
19 

 

      NCT015150
85 

NCT029704
48 

 

      NCT029704
48 

NCT032776
38 

 

      NCT045969
30 

NCT041878
72 

 

      NCT032776
38 

NCT042468
79 

 

      NCT041878
72 

NCT056693
52 

 

      NCT056631
25 

NCT007472
53 

 

      NCT033418
06 

NCT041816
84 

 

      NCT007472
53 

NCT020850
70 
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      NCT030225
78 

NCT056926
35 

 

      NCT028804
10 

  

      NCT041816
84 

  

Table 3.5 : Clinical trials of LITT. 

 

 

Colonne1 Colonne2 Colonne3 Colonne4 Colonne5 Colonne6 Colonne7 Colonne8 
Colonne9 Colonne1

0 
Colonne1
1 

Colonne1
2 

Lympho
ma 

Gastrointe
stinal  

Throat 
and neck Eye 

Endocrin
e  Bone 

Carcinom
a 

 

Brain Lung 

9 studies 85 studies  

37 
studies 1 study 

60 
studies  5 studies 

133 
studies  

11 
studies 

49 
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Table 3.6 : Clinical trials of NPs. 
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4. CHAPITRE 4 : DEVELOPPEMENT DE NANOPARTICULES 
COMPOSITE POLYMERE/METAL PAR ASSEMBLAGE DE 
PEPTIDES DE TYPE COILED-COIL ET LEUR UTILISATION 
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4.1  Préambule 

La revue de littérature précédente a mis en lumière les limitations de la PTT en clinique, soulignant 

notamment l'inefficacité des nano-vecteurs conventionnels. Mais nous a permis de développer les points 

ŦƻǊǘǎ ŘŜ ǘŜŎƘƴƻƭƻƎƛŜǎ ŎƻƳƳŜ [L¢¢ ǳǘƛƭƛǎŀƴǘ ƭΩƘȅǇŜǊǘƘŜǊƳƛŜ ǇƻǳǊ le traitement du cancer, et aussi le pouvoir 

des thérapies combinées. Des approches actuelles combinant immunothérapie et hyperthermie, 

principalement basées sur des ICP, montrent des limitations face aux tumeurs avancées. 

Dans ce contexte, le développement de NPs capables de supporter des thérapies multiples apparaît 

comme une nécessité pressante pour surmonter ces obstacles. Contrairement aux études précédentes 

utilisant ICG ou générant des ROS, notre approche exploite les propriétés photothermique supérieures 

des AuNRs. L'hypothèse centrale de notre recherche est que l'hyperthermie induite par les AuNRs pourrait 

permettre la libération contrôlée du principe actif encapsulé, mais aussi avoir des effets thérapeutiques. 

Dans l'article 2, suivant, nous présentons le développement et l'évaluation d'un système nanoparticulaire 

innovant, combinant les propriétés photothermique des AuNRs avec des NPs polymériques, visant à 

exploiter pleinement le potentiel thérapeutique des approches combinées. 
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Article 2. Assemblage par des peptides coiled-coil dΩǳƴ nanocomposite 

ǇƭŀǎƳƻƴƛǉǳŜ ŎǆǳǊ-satellite polymère-métal comme agent photothermique pour 

des applications de livraison de médicaments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

90 
 

Coiled-coil peptide-based assembly of a plasmonic core-satellite polymer-metal 
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4.2  Résumé 

Les nanocomposites polymère-métal ont de nombreuses applications dans les domaines biomédicaux tels 

que l'imagerie, la catalyse et la délivrance de médicaments. Ces particules sont caractérisées par la 

combinaison de propriétés organiques et inorganiques. Plus spécifiquement, les nanocomposites 

photothermiques incorporant des NPs polymériques et plasmoniques ont été conçus pour la libération 

déclenchée de médicaments et comme agents d'imagerie. Cependant, la conception habituelle des 

nanocomposites pose des problèmes caractéristiques, notamment la diminution des propriétés optiques 

et l'efficacité photothermique résultante faible, ainsi que les interactions avec le principe actif encapsulé. 

Nous présentons ici la conception d'un nanocomposite polymère-ƳŞǘŀƭ ŘŜ ǘȅǇŜ ŎǆǳǊ-satellite assemblé 

ǇŀǊ ŘŜǎ ǇŜǇǘƛŘŜǎ Ŝƴ ƘŞƭƛŎŜ ʰ όŎƻƛƭŜŘ-coil) et son efficacité photothermique supérieure par rapport aux 

nanocomposites électrostatiques qui constituent la conception standard. Nous avons également constaté 

que l'orientation des nanobâtonnets d'or à la surface des NPs polymériques est importante pour 

l'efficacité photothermique finale et pourrait être exploitée pour diverses applications. Nos résultats 

fournissent une alternative à l'enrobage actuel et à l'assemblage électrostatique des nanocomposites 

ƎǊŃŎŜ ŀǳȄ ǇŜǇǘƛŘŜǎ Ŝƴ ƘŞƭƛŎŜ ʰΣ ŀƛƴǎƛ ǉǳϥǳƴŜ ŀƳŞƭƛƻǊŀǘƛƻƴ Řǳ ŎƻƴǘǊƾƭŜ ŘŜǎ ŀǎǎŜƳōƭŀƎŜǎ ŎǆǳǊ-satellite avec 

des NPs plasmoniques. Cela ouvre la voie à des assemblages hautement polyvalents en raison de la nature 

ŘŜǎ ǇŜǇǘƛŘŜǎ Ŝƴ ƘŞƭƛŎŜ ʰΣ ŦŀŎƛƭŜƳŜƴǘ ƳƻŘƛŦƛŀōƭŜǎ Ŝǘ ǎŜƴǎƛōƭŜǎ ŀǳ ǇI ƻǳ Ł ƭŀ ǘŜƳǇŞǊŀǘǳǊŜΦ 

 

4.3  Abstract 

Polymer-metal nanocomposites have widespread applications in biomedical fields such as imaging, 

catalysis, and drug delivery. These particles are characterized by combined organic and inorganic 

properties. Specifically, photothermal nanocomposites incorporating polymeric and plasmonic 

nanoparticles (NPs) have been designed for both triggered drug release and as imaging agents. However, 

the usual design of nanocomposites confers characteristic issues, among which are the decrease of optical 

properties and resulting low photothermal efficiency, as well as interactions with loaded drugs. Herein, 

we report the design of a core-satellite polymer-metal nanocomposite assembled by coiled-coil peptides 

and its superior photothermal efficiency compared to electrostatic-driven nanocomposites which is the 

standard design. We also found that the orientation of gold nanorods on the surface of polymeric NPs is 

of importance in the final photothermal efficiency and could be exploited for various applications. Our 

findings provide an alternative to current wrapping and electrostatic assembly of nanocomposites with 

the help of coiled-coil peptides and an improvement of the control over core-satellite assemblies with 



   

 

92 
 

plasmonic NPs. It paves the way to highly versatile assemblies due to the nature of coiled-coil peptides to 

be easily modified and sensitive to pH or temperature.  

 

 

4.4  Introduction 

Polymer-metal nanocomposites have widespread applications in biomedical areas, as a result of their 

hybrid composition conferring both organic and inorganic properties to a single nanoparticle 1. 

Researchers have used these hybrids as imaging agents in particular 2, 3, but also as catalysts 4, and 

nanocarriers for triggered release 5, 6, 7, 8. Polymer-metal nano-assemblies have two predominant synthesis 

strategies. The first is through grafting and self-assembling polymers onto inorganic NPs. The second 

consists in wrapping inorganic NPs into organic ones 9, such as capsules or vesicles 10-13. Among natural 

and synthetic polymers, polylactic acid (PLA)-based polymers have garnered the most interest considering 

their high biocompatibility and versatility 14. Meanwhile, self-assembled copolymeric NPs composed of 

PLA and polyethylene glycol (PLA-b-PEG NPs) have been thoroughly investigated for drug delivery 

applications 15, 16. Regarding inorganic particles, great strides have been made toward the synthesis and 

characterization of gold nanoparticles, silica dots, and quantum dots to make use of their attractive optical 

properties 17. Particularly, gold nanorods (AuNRs) are frequently documented owing to their high near-

infrared (NIR) absorbance, great plasmonic enhancement capabilities, and photothermal efficiency 18. 

Along with organic and inorganic innate properties, nanocomposites may benefit from a cooperative 

effect affording unique properties specific to these assemblies 9. Among different polymer-metal 

nanocomposites with biomedical applications, some multi-therapeutic systems have shown promising 

results 2, 3, 5, 10, 19. In recent years, many modalities such as hyperthermia, ROS generation, chemotherapy, 

gene therapy, immunotherapy, external activation, and imaging have been combined into single NP. 

Notably, the beneficial effects of hyperthermia in oncology suggest that the combination of photothermal 

and immuno/chemo-therapies may yield promising therapeutic avenues 20. Moreover, NIR-promoted 

hyperthermia can trigger a burst of drug release from organic NPs, thus increasing therapeutic efficiency 

and remote control 2, 5, 11, 12, 21. 

Most polymer-metal nanocomposites are produced either in situ via reduction of metal salts onto the 

surface of polymer NPs or by embedding inorganic NPs into a polymeric core 2-4, 12, 22, 23. Although there is 

abundant interest in polymer-metal nanocomposites, their attractive properties are restrained by these 

current synthesis modalities. First, concerns about the unpredictability of NPs arrangement, whether it 
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be in terms of orientation or inter-particle distances driven by electrostatic interactions. Second, 

encapsulated inorganic NPs inside polymer NPs could cause undesired coupling interferences due to small 

and random interparticle distances 24, 25. Third, the surrounding environment composed of hydrophobic 

chains in the core of polymer NPs drastically alters the photothermal 26 and imaging 27 properties of 

encapsulated plasmonic inorganic NPs. Above all, the encapsulation of plasmonic NPs into polymeric NPs 

for remote drug release applications causes a loss of encapsulation efficiency of drugs as well as a 

potential degradation of the drug being located in the vicinity of photothermal NPs. 

To address these limitations and improve reproducibility, researchers investigated more controlled 

approaches to assemble nanocomposites in a non-covalent but selective manner. That is complementary 

single-strand DNA, streptavidin/biotin, and antibody/antigen systems used on the account of their specific 

molecular recognition behavior. However, to the best of our knowledge, only metal-metal NP assemblies 

are developed with these specific bonds 28-30. De novo coiled-coil motives have been shown to be highly 

selective and specific, and versatile in their modification with external stimuli 31. Such is the case for the 

heteromeric E/K coiled-coil system, for which the distinct E and K peptides (KVSALKE and EVSALEK heptad 

repeats, respectively) form a heterodimeric complex stabilized by its hydrophobic core over a broad range 

of affinity controlled by varying the length of each individual coil peptide, from 3 to 5 heptad repeats 32, 

33. These coiled-coil peptides have been used to graft inorganic NPs to polymer films or hydrogel 34, and 

design reversible aggregates 35, 36. However, they have yet to be thoroughly studied as a linker for the 

discrete assembly of NPs. Also, we noted that orientation and symmetry could be important parameters 

in improving the optical properties of inorganic NPs. A vast literature exists detailing different strategies 

for exploiting the anisotropy of NPs and thus enhancing properties. However, it is restricted to 

metamaterials and sensing applications 37, 38. 

We hypothesized that a predictable and reversible core-satellite assembly between polymeric NPs made 

of PLA-b-PEG and AuNRs, thanks to coiled-coil peptide interactions, could be designed as an efficient 

photothermal agent and nanocarrier. Described herein is thus the development and characterization of a 

peptide-based plasmonic core-satellite polymer-metal nanocomposite (AuNRs@PLA-b-PEG NPs). The 

photothermal efficiency of peptide-assembled nanocomposites was found to be similar to that of free 

AuNRs, in contrast to electrostatic-driven nanocomposites. This paper also reports an alternative method 

to control the adsorption of ligands on AuNRs by real-time optical spectroscopy. Although the design of 

peptide-driven AuNRs@PLA-b-PEG NPs is the main objective of this study, we developed different 

plasmonic reference assemblies to better understand the phenomena at work. Therefore, this study paves 
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the way for the grafting of different plasmonic NPs such as quantum dots, AuNPs, and magnetic NPs onto 

PLA-b-PEG NPs via coiled-coil interactions, thus allowing for on-demand drug release 39. 

 

4.5  Matériels et méthodes 

Material 

Cetrimonium bromide (CTAB, > 99.0%), gold(III) chloride trihydrate (HAuCl4.3H2O, > 99.9 %), sodium 

borohydride (NaBH4, 99.0%), silver nitrate (AgNO3, > 99.0%), ascorbic acid (> 98.0%) were purchased from 

Sigma-Aldrich, Canada. Thiol-terminated methoxy polyethylene glycol (PEG-SH, Mw=5000 g mol-1) and 

methoxy polyethylene glycol (PEG-MeO, Mw=5000 g mol-1) were purchased from Jenkem USA. All 

commercially available chemical reagents were used as received. All glassware was washed with aqua 

regia overnight, rinsed with water and dried. Tris(2-carboxyethyl)phosphine (TCEP) was purchased from 

VWR, Canada. PLA20k-b-PEG2k-maleimide (PLA-b-PEG-Mal) was purchased from Nanosoft Polymers, USA. 

Coiled-coil peptides K5 as CGG-(KVSALKE)5, and E5 as (EVSALEK)5-GGC, each with 38 residues, were 

synthesized by the peptide facility at the University of Colorado, USA. 

 

Synthesis and characterization of AuNRs 

AuNRs were prepared by adapting methods from Nikoobakht et al. and Jana et al. 40, 41, based on a two-

step synthesis (Section S1). AuNRs concentration along the experiments was determined by a calibration 

curve of gold concentration as a function of the absorbance at 400 nm wavelength. The standards of the 

calibration curve were determined by ICP-MS from a range of AuNRs solution that was previously purified 

and dissolved in aqua regia. Absorbance spectra were recorded with a UV-Visible spectrophotometer 

(BIOCHROM WPA Biowave). The concentration of particles was calculated after measuring the length, 

width, and aspect ratio of single AuNRs with a JEM-2100F field-emission electron microscope (TEM). 

 

Synthesis of PLA-based NPs 

PLA (46 000 g mol-1) polymer and PLA (20 000 g mol-1)-b-PEG (2 000 g mol-1) copolymer were synthesized 

by Ring-Opening Polymerization (ROP) of a lactide with a PEG initiator and tin catalysis 16. Polymers were 

characterized by gel permeation chromatography (GPC) and nuclear magnetic resonance (NMR) and 

stored at -20°C. PLA NPs and PLA-b-PEG NPs were synthesized using a micromixer on a flash 

nanoprecipitation NanoAssembler. 5 mL of acetone containing 60 mg of PLA and 5 mL of water were used 

at each end of the micromixer at a flow rate from 12 to 15 mL min-1. The micromixer output solution was 
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poured into 20 mL of water with agitation. Similarly, PLA-b-PEG end-functionalized with a maleimide 

group (PLA-b-PEG-Mal) and PLA-b-PEG copolymers were mixed in acetone at a ratio of 20% (w/w) and 

used as the organic phase in the flash nanoprecipitation protocol. PLA-based NPs purification and 

characterization in Section S3. The NPs with a mixture of PLA-b-PEG-Mal and PLA-b-PEG chains are 

abbreviated as PLA-b-PEG-Mal NPs. 

 

K5 peptide functionalization of AuNRs 

AuNRs were functionalized with aqueous K5 peptide solutions (final concentration from 0.02 M˃ to 1.2 

M˃) for 12 h under slow agitation, then with a PEG-SH solution (0.5 mM) for 12 h under agitation. The 

SpectraCube spectrophotometer was used to measure the shift of the wavelengths of AuNRs during the 

peptide and PEG functionalization processes (Sections S4 et S5). Then, functionalized AuNRs were 

centrifuged two times at 10 000 g for 8 min, the supernatant was discarded, and the pellet was 

redispersed in Milli-Q water. For control AuNRs, Milli-Q water (instead of K5 peptide) was added and 

followed by PEGylation as previously described. The K5 peptide-functionalized AuNRs with high and low 

concentration of K5 peptides are designated as K5-AuNRs and K5 tip-AuNRs, respectively. The peptide 

functionalization was also performed with low content CTAB AuNRs solution, but not disclosed due to an 

expected strong destabilization at low peptide concentration. The stability of peptide-functionalized 

AuNRs solutions was assessed by recording absorption spectra after a week. 

 

E5 peptide functionalization of PLA-b-PEG NPs 

Purified PLA-b-PEG-Mal NPs were diluted in phosphate buffer (PB) (pH=7.3). E5 peptide solution (4 M˃) 

was added (1:1 E5:maleimide molar ratio) with TCEP (5 mM) (100 molar excess of TCEP over E5 peptide) 

to PLA-b-PEG-Mal NPs solution (0.95 mg mL-1). The maleimide concentration on PLA-b-PEG-Mal NPs was 

calculated by NMR. At first, the methylene PEG backbone (=ɻ3.5 ppm) and maleimide (ɻ=6.7 ppm) peaks 

of the NMR spectra of PEG2000-Mal in D2O from 2 to 100 mg mL-1 were recorded to plot a calibration curve. 

The NMR spectra of PLA-b-PEG-Mal NPs solutions in D2O were recorded. By using the calibration curve, 

the PEG concentration at the surface of PLA-b-PEG-Mal NPs was calculated and consequently the 

approximate surface density of maleimide groups. After E5 peptide addition, the solution was left for 12 

h under agitation. Finally, a Sephadex column (G-25 M) was used to remove free peptides at first and salts 

by buffer exchange in a second time. The E5 peptide-functionalized PLA-b-PEG-Mal NPs were obtained 

and designated as PLA-b-PEG-E5 NPs. The hydrodynamic diameter was measured by DLS to assess the 

stability after peptides functionalization. 
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Plasmonic core-satellite AuNRs@PLA-based NPs 

All core-satellite assemblies between polymeric and metallic NPs were studied in water. PLA NPs were 

added to CTAB-!ǳbwǎ ŀǘ ŘƛŦŦŜǊŜƴǘ ǇŀǊǘƛŎƭŜǎΩ ƴǳƳōŜǊ Ǌŀǘƛƻǎ ǊŀƴƎƛƴƎ ŦǊƻƳ лΦн ǘƻ мл !ǳbwǎ ǇŜǊ t[! btǎ ŦƻǊ 

electrostatic polymer-metal nanocomposites. PLA-b-PEG-E5 NPs solution was added to K5 peptide-

ŦǳƴŎǘƛƻƴŀƭƛȊŜŘ !ǳbwǎ ǎƻƭǳǘƛƻƴ ŀǘ ŘƛŦŦŜǊŜƴǘ ǇŀǊǘƛŎƭŜǎΩ ƴǳƳōŜǊ Ǌŀǘƛƻǎ ǊŀƴƎƛƴƎ ŦǊƻƳ м ǘƻ ул !ǳbwǎ ǇŜǊ t[!-

b-PEG-E5 NPs for peptide-driven polymer-metal nanocomposites. The assembly process was left for at 

least 20 h with low stirring. The PEGylated AuNRs and PLA-b-PEG-MeO NPs were used as references for 

electrostatic and peptide assembly, respectively. The SpectraCube spectrophotometer was used to follow 

wavelength shift and absorbance intensity of assemblies at different ratios. The TEM images of assemblies 

were taken following a cryogenic protocol (Section S8). The final assembly was purified by a two-step 

protocol: first, the supernatant was removed, and the pellet was redispersed in Milli-Q water after 

centrifugation at 10 000 g for 10 min (repeated two times). Then, the solution was dialyzed (50 kDa) 

against PBS (pH=7.3) for 6 h. The zeta potential and absorption spectra of purified assemblies were 

recorded. Also, the stability of assemblies was assessed by recording absorption spectra after 2 weeks. 

 

Photothermal activity 

Photothermal properties of electrostatic, peptide-driven polymer-metal nanocomposites, and AuNRs 

were assessed with 1 mL of the sample solution in a quartz cuvette. All photothermal experiments were 

performed with the solutions of polymer-metal nanocomposites containing the same amount of gold (20 

ppm). Samples were irradiated at different successive Laser power densities (0.7, 0.5 and 0.2 W cm-2) with 

a continuous 808 nm diode Laser (RPMC Lasers). Between each irradiation, the Laser was turned off until 

the bulk temperature of the solution cooled down. The temperature of the sample was recorded with a 

probe thermometer (Thorlabs, TSP01) inserted inside the solution and by an infrared camera (FLIR E6XT) 

positioned on the side of the cuvette to record the images at 170 s, 305 s and 690 s. The photothermal 

efficiency of different assemblies was calculated at two ratios AuNRs/PLA-b-PEG NPs and for AuNRs 

(Section S9). 

 

 

 

 



   

 

97 
 

4.6  Résultats 

 

Characterization and functionalization of nanoparticles 

1) Gold nanorods (AuNRs) 

As can be seen in Figure 4.1A, AuNRs were synthesized with different sizes by tuning AgNO3 concentration 

42Φ ¢ƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ !ǳbwǎΩ ŀǎǇŜŎǘ Ǌŀǘƛƻ ŀƴŘ ǘƘŜƛǊ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ōȅ 

TEM imaging (Figure 4.1B). The UV-ǾƛǎƛōƭŜ ǎǇŜŎǘǊŀ ƻŦ ŘƛŦŦŜǊŜƴǘ !ǳbwǎΩ ǇƻǇǳƭŀǘƛƻƴǎ όFigure 4.1C) were in 

accordance with the literature 43, and the values of the plasmonic longitudinal peak (m˂ax) were in good 

agreement with theoretical values calculated using the Gans plasmonic theory (Figure 4.1D). The 

relationship between ˂max and the aspect ratio of AuNRs is related to the electron cloud oscillation which 

induces plasmonic waves at the surface of AuNRs that resonate at specific wavelengths 44.  So, it is of great 

importance to tune the aspect ratio of AuNRs to obtain the right resonance wavelength for photothermal 

applications.  

Figure 4.1 : Characterization of AuNRs. 

A) TEM images of AuNRs and their corresponding longitudinal plasmon peak: m˂ax = 630 nm (blue), ˂max = 650 nm 

(green), ˂max = 705 nm (yellow), ˂max = 790 nm (orange) and ˂max = 825 nm (red). B) Distribution of AuNRs with respect 

to their aspect ratio (A.R). C) UV-visible spectra of the corresponding AuNRs solution. D) Comparison of Gans theory 

and experimental data. 

 



   

 

98 
 

Throughout the whole paper, we have chosen to use AuNRs with an aspect ratio of 4 which corresponds 

to a plasmonic wavelength of 790 nm (yellow color spectrum in Figure 4.1). This choice is mainly driven 

by the need to overcome the absorption of biological fluids when NPs responsive to external stimuli such 

as Laser irradiation are designed. 

This section aims to functionalize AuNRs with binding peptides. Among the two complementary peptides 

K5 and E5 needed to form a coiled-coil complex, K5 peptide was grafted on AuNRs 45. The design of distinct 

core-satellite nanoassemblies requires to graft a small amount of K5 peptide on AuNRs to avoid 

aggregation with PLA-b-PEG-E5 NPs thereafter. However, the techniques available to monitor small 

concentration of peptides at the surface of AuNRs are scarce. Surface functionalization was monitored in 

real-time using SpectraCube® spectrophotometer to precisely control both the presence and localization 

(either sides or tips of AuNRs) of ligands: PEG-SH (Mw = 5kDa) as a positive control (Figure 4.2) and K5 

peptide (Figure 4.3). Prior to grafting, CTAB concentration in the suspension was adjusted to CCTAB = 0.5 

mM or 10 mM and then PEG-SH was introduced at a final concentration ranging from CPEG = 10-7 mM to 1 

mM. Figures 2A and 2C show the absorbance spectra of AuNRs at low and high CTAB concentrations. At 

low CTAB content, the increase in PEG-SH concentration from CPEG = 0 to 100 mM leads to a blue shift of 

the longitudinal peak from ˂max = 755.6 nm to 755.0 nm (Figure 4.2 B). Specifically, at CPEG = 100 mM (green 

data point, Figure 4.2 B), which also corresponds to the green spectrum in Figure 2A, the longitudinal peak 

shifted by ɲ˂=0.6 nm while the transverse peak was not altered. It is to be noted that the longitudinal 

peak of AuNRs is characteristic of plasmonic phenomena occurring at the tips of the AuNRs whilst the 

transverse peak is characteristic of the sides of AuNRs 46. The low intensity of the signal of  PEGylation on 

AuNRs with a low CTAB content has been studied by Pothorszky et al. who observed that the displacement 

of a small amount of CTAB from AuNRs surface leads to a small change of refractive index, and 

consequently to a non-significant change of the wavelength shift 47. 

Regarding AuNRs with high residual CTAB content, the transverse peak had two different shift trends 

(Figure 4.2 D). The first, from CPEG = 10-7 to 10-5 mM, consisted of a ˂  of 0.7 nm red-shift. The second, 

from CPEG =10-5 mM to 100 mM, consisted of a ɲ˂ of 0.5 nm blue-shift. Conversely, the longitudinal peak 

was blue-shifted throughout, corresponding to a ɲ˂ of 1.4 nm shift from CPEG = 10-7 to 10-5 mM and a ɲ˂ 

of 6.2 nm shift from CPEG =10-5 mM to 100 mM (green data point). We believe the concentration at which 

ǘƘŜ ǘǊŀƴǎǾŜǊǎŜ ǇŜŀƪΩǎ ōƭǳŜ-shift begins corresponds to the start of functionalization on the sides of AuNRs. 

Therefore, the sides of the AuNRs begin to be functionalized at and above CPEG = 10-5 mM, whereas below 

this threshold, ligands are adsorbed only at the tips. The grafting of thiol-functionalized ligands on the tips  

 



   

 

99 
 

A, B) AuNRs solution with low content CTAB: the enlarged absorbance spectra (A), and wavelength shift (B) as a 

function of PEG-SH concentration. C,D) AuNRs solution with high content CTAB: the enlarged absorbance spectra 

(C), and wavelength shift (D) as a function of PEG-SH concentration. Data points and absorbance spectra are 

represented as CPEG = 10-7 mM (blue color), CPEG = 3.10-3 mM (red color) and CPEG = 100 mM (green color). Each full 

and empty symbol represents a separate data set of longitudinal and transversal wavelength, respectively.  

 

of AuNRs has been reported 48-50, and it is believed to emerge from the low packing density of CTAB 

molecules at the tip location which allows ligand molecules to reach the gold interface selectively.  

However, to the best of our knowledge, continuous monitoring of the grafting process using the time 

ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘŜ ǘǊŀƴǎǾŜǊǎŜ ǇŜŀƪΩǎ ǎƘƛŦǘ ƘŀŘ ƴŜǾŜǊ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƛƴ ǎƻƭǳǘƛƻƴΦ ¢ƘŜ ǊŜǎǳƭǘǎ ǊŜƎŀǊŘƛƴƎ t9D 

grafting on AuNRs confirmed that a high initial CTAB concentration is necessary to ensure high stability of 

the AuNRs during the ligand exchange process.  

Figure 4.2 : Functionalization of AuNRs. 
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Moreover, the coating thickness and zeta potential were measured at different PEG-SH concentrations 

ranging from CPEG = 0 mM to 10-1 mM (see Figure 4.7 B and C). A large increase in both side and tip coating 

thickness at 10-1 mM PEG-SH is most likely due to the full coverage of AuNRs by PEG-SH 52. In Figure 4.7 

A, we observed that roughly 1/3 of the AuNRs, at CPEG = 10-5 mM, were deformed on the sides exhibiting 

a bone-like structure. This phenomenon was also reported by Hauwiller et al. and is a result of a 

concomitant low CTAB coating on AuNRs sides and the presence of PEG ligand on the tips 53. Together, 

these observations confirmed that at CPEG = 10-5 mM, AuNRs are partially functionalized with PEG-SH and 

this functionalization occurs preferentially on the tips of AuNRs. 

Then, the grafting of the K5 peptide was performed by the addition of an aqueous solution of K5 peptide 

to AuNRs suspension, at a final concentration ranging from CK5 = 0.02 ˃ M to 1.2 ˃ M. The observed 

wavelength shifts during K5 grafting were measured with SpectraCube® spectrophotometer and exhibited 

characteristic time-evolution of adsorption kinetic curves (Figure 4.9), confirming that the peptide was 

indeed adsorbing on AuNRs. However, after being exposed to K5 peptide, AuNRs were strongly 

aggregated as observed by the absorbance loss after 24 h (see Figure 4.8). A second step of PEGylation 

was necessary to stabilize the AuNRs functionalized by K5 peptide, as seen in Figure 4.3 A. The Figure 4.3 

B shows that increasing CK5 is correlated with the longitudinal wavelength shift of AuNRs (dark blue bars). 

The addition of pure water caused a blue shift of the longitudinal wavelength of ɲ ˂= 1.26 ± 0.07 nm which 

may correspond to the desorption of CTAB due to dilution. A similar wavelength shift of ɲ ˂= 1.05 ± 0.68 

nm was observed at CK5 = 0.02 ˃ M. At CK5 = 0.09 ˃ M, a larger blue shift of ɲ ˂= 2.64 ± 0.98 nm was observed 

and at CK5 = 1.2 ˃ M, ɲ ˂ increased even more to 8.92 ± 0.19 nm. Transverse plasmonic shifts were 

measured (light blue bars) and exhibited a small blue shift of ɲ ˂= 0.42 ± 0.28 nm at CK5 = 0.02 ˃ M. 

However, at higher peptide concentrations of CK5 = 0.09 ˃ M and CK5 = 1.2 ˃ M, we observed a red-shift of 

ɲ ˂= 1.1 ± 0.14 nm and ɲ ˂= 2.85 ± 0.21 nm in the transverse peak, respectively. The post-PEGylation of 

AuNRs  (CPEG = 20 ˃ M) without peptides induced a blue shift of the longitudinal peak of ɲ ˂= 7.15 ± 1.48 

nm. At CK5 = 0.02 ˃ M and 0.09 ˃ M, PEGylation shifts were ɲ ˂= 10.7 ± 3.4 nm and ɲ ˂= 6.7 ± 4.3 nm, 

respectively. Finally, at the highest peptide concentration of CK5 = 1.2 ˃ M, the PEGylation wavelength shift 

decreased to ɲ ˂= 3.09 ± 2.48 nm. Interestingly, as the concentration of peptide adsorbed on AuNRs is 

increased, the wavelength shift due to the PEGylation decreased and the total wavelength shift (K5 

peptide + PEGylation) remained constant regardless of CK5, as seen in Figure 4.3 B. 
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A) Schematic of K5 peptides functionalization on AuNRs and post-PEGylation. B) Wavelength shift of the longitudinal 

(dark blue bar) and transverse (light blue bar) peaks in function of K5 peptide concentrations. At 0 M˃ K5 peptides, 

water was used as reference. At each K5 peptide concentration, a post-PEGylation step was performed, and the 

longitudinal wavelength shift is recorded (orange bar). C) The absorbance spectrum and TEM images of assemblies 

of E5-AuNPs with K5 tip-AuNRs and K5-AuNRs, black color and red color curves respectively. The tip-driven 

assemblies of interest are circled with a dashed line. The absorbance spectrum and TEM image (in blue) of reference 

assembly between K5-AuNRs and PEGylated AuNPs. All assemblies have a ratio AuNPs/AuNRs of 1. 

 

 
Therefore, it can be concluded that increasing the concentration of K5 increases the number of peptides 

on the surface of AuNRs, while the decrease in the PEGylation signal is correlated to the less available 

surface for PEG-SH post K5-grafting. Moreover, the transverse wavelength shifts exhibited a change from 

Figure 4.3 : Functionalization of coiled-coil peptides on AuNRs. 
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blue to red shift between CK5 = 0.02 ˃ M and CK5 = 0.09 ˃ M which could be reminiscent of the stepwise 

grafting process, starting at the tips of the AuNRs and propagating to the sides at higher CK5. This 

observation is in line with our theoretical calculations; we calculated that a CK5 of 0.07 ˃ M would suffice 

to fully functionalize the tips of AuNRs, whereas a concentration of roughly CK5 = 0.5 ˃ M would be required 

to fully functionalize the surface of AuNRs. It is to be noted that the concentration threshold necessary to 

fill the AuNRs tips before grafting the sides is similar for both PEG-SH and K5, which could be expected 

since they have a similar molecular weight and identical grafting functional groups (see Figure 4.2 and 

Figure 4.7). The AuNRs functionalized with a low concentration of K5 peptide are designated as K5 tip-

AuNRs (tips covered only), and with a high concentration of K5 peptides are designated as K5-AuNRs (fully 

covered AuNRs). The spectra of K5 peptide-functionalized AuNRs at all peptide concentrations were 

measured after one week and remained stable at 4°C. 

 

Following the successful functionalization of K5 peptide on AuNRs, we explored the functional activity of 

the grafted K5 peptide to interact with the complementary peptide E5. AuNPs were used to exploit the 

plasmonic coupling of two gold nanoparticles when close to each other and to evidence the assembly 

process. Thus, E5 peptide was grafted on AuNPs (see sections S2, S6, S7 and Figure 4.10) and particles 

were mixed with K5-AuNRs. The assembly of citrate-AuNPs and CTAB-AuNRs was followed in Figure S7 

and revealed distinct coupling signal measured during assembly (low peptide density) and during 

aggregation (high peptide density). 

PEGylated AuNPs were added to a K5-AuNRs solution at a ratio of 1 (blue color in Figure 4.3 C). We 

observed that the spectrum was similar to that of K5-AuNRs alone (not shown). The absence of interaction 

between both these NPs was validated by the TEM image, which shows a random distribution of NPs. This 

is not surprising given the absence of the complementary E5 peptides on the surface of AuNPs. Then, a 

solution of E5-AuNPs was added to K5 tip-AuNRs solution at an AuNPs/AuNRs ratio of 1. As seen in Figure 

3C (black color curve), the longitudinal peak was strongly red-shifted by ɲ ˂= 21 nm, and the transverse 

peak was shifted by ɲ ˂= 0.9 nm. These observations are in accordance with previous studies that have 

demonstrated that plasmonic assemblies assembled via AuNRs tips increase the aspect ratio of the 

resulting assembly. As a result, the longitudinal peak is red-shifted without a significant impact on the 

transverse peak 37, 47, 60. Furthermore, as seen in the dashed ellipsis surrounded assemblies in Figure 4.3 C 

(black color), AuNPs are located at the tips of AuNRs. On the contrary, we observed clusters without a 

clear arrangement of E5-AuNPs and K5-AuNRs (red color curve). We measured a significant redshift of the 

longitudinal and transverse peaks by ɲ ˂= 24 nm and ɲ ˂= 23 nm, respectively. In addition, we report a 
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substantial loss of intensity of 75% and a broadening of the longitudinal peak inherent to plasmon 

coupling, which is typical to AuNPs and AuNRs aggregates/fractals 61. We believe that the formation of 

random aggregates occurred via the interaction of free AuNRs with pre-formed AuNPs/AuNRs pair, all of 

which were functionalized with a high peptide density. It should be noted that the distance (averaged 

from TEM images) between E5-AuNPs and K5-AuNRs was 3.5 ± 0.9 nm. This measurement is per the 

reported E5/K5 peptide length of 4 nm consisting of 40 amino acids 29. We believe this distance is the 

length of the coiled-coil complex formed between E5 and K5 peptides. This section reported the successful 

functionalization of K5 peptide on AuNRs and its capacity to interact with E5 peptide. 

 

2) PLA-based NPs 

In this section, E5 peptide are aimed to be functionalized on PLA-b-PEG NPs. PLA NPs exhibited a 

hydrodynamic diameter of 135 nm (PDI 0.09), as seen in Table 4.1. The hydrodynamic diameters of PLA-

b-PEG NPs and PLA-b-PEG-Mal NPs were measured before and after E5 peptide functionalization. As 

expected, the size of PLA-b-PEG NPs before and after the E5 functionalization was comparable. 

Specifically, the hydrodynamic diameter of PLA-b-PEG NPs after E5 peptide addition only increases of 8 

nm, from Ø = 128 nm (PDI 0.07) to Ø = 136 nm (PDI = 0.20), as seen in Table 4.1. Regarding PLA-b-PEG-

Mal NPs, the hydrodynamic diameter increases of 38 nm, from Ø = 150 nm (PDI = 0.12) to Ø = 188 nm 

(PDI 0.25) after E5 functionalization. This increase is in line with the literature and corresponds to the 

grafting of E5 peptides on maleimide groups 55, 56, while remaining stable in solution without aggregation 

(Figure 4.12). The zeta potential of PLA-b-PEG-MaI-E5 NPs was measured at  y= -37 ± 1.8 mV. 

We calculated by NMR that the PEG density at the surface of PLA-b-PEG-Mal NPs was 0.099 nm-2. It should 

be noted that the maleimide signal (6.7 ppm) was not observed on the PLA-b-PEG-Mal NPs NMR spectrum, 

which may be due to the concentration (   7 mg mL-1) of NPs in D2O and the resulting low concentration 

of maleimide groups exposed to the exterior of PLA-b-PEG-Mal NPs (Figure 4.11 B). Indeed, a portion of 

the hydrophilic PEG-Mal chains can remain in the hydrophobic core alongside PLA 57. Thus, we used the 

percentage of PLA-b-PEG-Mal to PLA-b-PEG polymer to calculate that the maleimide density on the 

surface of PLA-b-PEG-Mal NPs was 526 maleimide/NPs which was used to adjust the ratio at 1:1 of E5 

peptide to maleimide groups. It was calculated for a PLA NP core with a diameter of 92 nm (measured on 

TEM images). Consequently, the calculated maleimide density on PLA-b-PEG NPs might be overestimated. 

In fact, it has been demonstrated that only 50% of initial maleimide groups are available at the surface of 

PLA-b-PEG NPs 58, 59. Besides, we found that ratios of E5:Mal higher than 1:1 caused irreversible 
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aggregation of functionalized PLA-b-PEG-Mal NPs. The E5 peptide conjugation efficiency and availability 

on PLA-b-PEG-Mal NPs are discussed in the peptide-driven assembly section. 

 

Assembly strategies 

1) Electrostatic ΨΩŎƻǊŜ-ǎŀǘŜƭƭƛǘŜΩΩ ǇƻƭȅƳŜǊ-metal AuNRs@PLA NPs 

After demonstrating that K5 and E5 peptides were successfully functionalized and active on AuNRs and 

PLA-b-PEG NPs, we studied electrostatic and peptide-driven assemblies of AuNRs on PLA NPs and PLA-b-

PEG NPs, respectively. In Figure 4.4, the longitudinal wavelength of PEGylated AuNRs remained constant 

while the AuNRs/PLA NPs ratio was increased from 1.7 to 100 (blue color data) and there were no signs 

of assembly on the TEM images (not shown). Regarding CTAB-AuNRs, they were mixed with negatively 

charged (y = -33,4 ± 0,6 mV) PLA NPs at ratios ranging from 1.7 to 100 AuNRs/PLA NPs. It is to be noted 

that in some experiments, PLA NPs at high concentrations hindered the recording of real-time plasmonic 

wavelength shifts due to PLA turbidity. Therefore, we investigated ratios above 1 AuNRs/PLA NPs. At low 

ratios of 1.7 and 2.5 AuNRs/PLA NPs, the longitudinal wavelength of AuNRs was blue-shifted by ɲ ˂= 4.4 

nm and ɲ ˂= 3 nm, respectively (red color data). However, upon changing the ratio from 5 to 100 AuNRs 

per PLA NPs, the longitudinal wavelength peak did not change significantly, except for a red shift to a 

maximum of ɲ ˂= 0.8 nm at a ratio of 25 AuNRs/PLA NPs. Also, the mean number of AuNRs per PLA NPs 

on TEM images was counted and found that at ratios of 2.5 and 5, there were 1.9 and 4 AuNRs/PLA NPs, 

respectively.  At higher ratios of 20 and 50 AuNRs/PLA NPs, the counted mean number never exceeded a 

threshold of 6 AuNRs/PLA NPs. This may be due to the larger size of AuNRs, thus resulting in a greater 

steric hindrance compared to usual AuNPs being used as a discrete shell in other studies 4, 62, 63. At low 

AuNRs/PLA NPs ratios, AuNRs that adsorbed onto the surface of PLA NPs were not evenly distributed 

around PLA NPs as seen in Figure 4.4 (i). In contrast, AuNRs were arranged side-to-side on the surface of 

PLA NP at higher ratios, in Figure 4.4 (ii) and (iii). Interestingly, we did not record any shift of the 

wavelength peaks of AuNRs indicating that aggregation was occurring at these ratios, even though a 10% 

loss of absorbance intensity of the longitudinal peak was observed. According to TEM images, AuNRs were 

separated by an average of 5.9 ± 2.2 nm at high ratios. 

It has previously been demonstrated that core-satellite assemblies trigger coupling effects when the 

satellites (i.e. AuNRs) are close enough to each other at a distance of at least 3 nm 63. Therefore, given 

that AuNRs did not achieve this short interparticle distance, we would not expect to observe optical 

interactions. The previously observed blue-shift of the longitudinal wavelength at low AuNRs/PLA NPs 

ratios might result from the disturbed stability of the electrostatic nanocomposites. To this end, as seen  
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The longitudinal wavelength shift of the assemblies between CTAB-AuNRs (red square) and PEGylated AuNRs as 

reference (blue squares) with PLA NPs in function of the AuNRs/PLA NPs ratio. TEM images of electrostatic 

assemblies between CTAB-AuNRs and PLA NPs at different ratios. 

 

in Figure 4.14, we determined the critical coagulation concentration (CCC) of heteroaggregates composed 

of AuNRs and PLA NPs assembled by electrostatic forces. Even though the spectra were modified by the 

turbidity of PLA NPs, we developed a strategy to calculate a stability ratio from the transverse peak shift 

upon aggregation that was not affected by the turbidity signal and from the change in size of aggregates 

calculated with the fractal dimension extracted from the absorbance spectrum. Thus, we were able to 

determine domains of stability of polymer-metal heteroaggregates (different ratios and salt 

concentration) by avoiding turbidity and anisotropy of AuNRs, which hinders the use of DLS. We 

demonstrated that nanocomposites at low ratios were stable and that 30 mM salt concentration was 

needed to induce aggregation. We hypothesize that the observed blue-shift at low ratios might be caused 

by the desorption of CTAB from AuNRs when interacting with PLA NPs. 

In this section, electrostatic assemblies between metallic and polymeric NPs were obtained at different 

ratios, exhibiting no aggregation. However, since there is a threshold of satellites around polymeric cores 

Figure 4.4 : Electrostatic assembly of AuNRs@PLA NPs. 
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in electrostatic-driven assemblies, we must consider it may limit the photothermal efficacies of each 

nanoassemblies. Thus, there is a need to control and increase the density of satellites around PLA NPs. 

Hence to improve the density and control of metal NPs on polymer NPs, we used K5 tip-AuNRs and K5-

AuNRs with PLA-b-PEG-E5 NPs to create peptide-assemblies core-satellite NPs. 

 

2) Plasmonic peptide-ŘǊƛǾŜƴ ΨΩŎƻǊŜ-ǎŀǘŜƭƭƛǘŜΩΩ ǇƻƭȅƳŜǊ-metal AuNRs@PLA-b-PEG NPs 

As seen in Figure 4.5 A, PLA-b-PEG-E5 NPs (full symbols) and reference PLA-b-PEG NPs (empty symbols) 

solutions were mixed with K5 tip-AuNRs (black data) and K5-AuNRs (red data) at ratios ranging from 1.7 

to 75 AuNRs/PLA-b-PEG NPs. The longitudinal wavelength shift was measured to discern a difference of 

assembly between K5 tip-AuNRs and K5-AuNRs with PLA-b-PEG-E5 NPs. At a low ratio of 1.7, the 

longitudinal wavelength was red-shifted by ɲ ˂= 14 nm and ɲ ˂= 9 nm with K5 tip-AuNRs and K5-AuNRs, 

respectively. Such plasmonic responses were stronger in comparison to the reference assemblies with 

PLA-b-PEG NPs (empty symbols) where the measured shift was between ɲ ˂ = 2 and ɲ ˂ = 4 nm, 

independently of the AuNRs/PLA-b-PEG NPs ratio. The slight increase of the wavelength shift with the 

reference assemblies in the 1 to 70 AuNRs/PLA-b-PEG NPs ratio range, could be a result of the self-

assembly between K5 peptides functionalized on AuNRs existing even though the affinity is low 32. 

In addition, a broadening of the plasmonic peaks and a loss of absorbance was observed when K5-

functionalized AuNRs were added to PLA-b-PEG-E5 NPs at a low ratio (see Figure 4.16), and TEM images 

showed some coalescence of PLA-b-PEG-E5 NPs with K5-AuNRs in a few samples, as seen in Figure 4.15. 

However, since a very low number of AuNRs are functionalized on PLA-b-PEG NPs at low ratios, we 

suppose that the E5 peptide available on the surface of PLA-b-PEG NPs is greater than the number of  

AuNRs and that available K5 peptide on the surface of AuNRs are interacting and triggering coalescence. 

Even though, Cryo-TEM images in Figure 4.5 B and C show stable nanoassemblies with a low number of 

AuNRs around PLA-b-PEG NPs. At a higher ratio of 20 AuNRs/PLA-b-PEG NPs, the longitudinal wavelength 

was red-shifted by ɲ ˂= 2 nm and ɲ ˂= 5 nm with K5 tip-AuNRs and K5-AuNRs, respectively and red-shifted 

by ɲ ˂= 3.5 nm at the highest ratio of 70 AuNRs/PLA-b-PEG NPs for both functionalized AuNRs. The 

spectroscopic study was further strengthened by Cryo-TEM images at different ratios of K5 tip-AuNRs and 

K5-AuNRs, respectively. Although TEM images do not depict a 3D view of AuNRs orientation on PLA-b-PEG 

NPs, we observed that some K5 tip-AuNRs were assembled along the tips, as seen in Figure 4.5 B (black 

arrows). Otherwise, Figure 4.5 C shows that K5-AuNRs were mainly assembled via their sides to PLA-b-

PEG-E5 NPs. At higher ratios of AuNRs/PLA-b-PEG NPs, we believe that the nanocomposites might be 
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better stabilized by the higher number of surrounding AuNRs and that the wavelength shift detected 

(around 4 nm) results from the peptide bond formation. 

A) The longitudinal wavelength shift of K5 tip-AuNRs (in black) and K5-AuNRs (in red) assemblies with PLA-b-PEG-E5 

NPs in function of the AuNRs/PLA-b-PEG NPs ratio. The reference assemblies of functionalized AuNRs with PLA-b-

PEG NPs are disclosed with empty squares. TEM images of B) peptide-driven assemblies of K5 tip-AuNRs (black 

outline) and C) K5-AuNRs (red outline) with PLA-b-PEG-E5 NPs at different AuNRs/PLA-b-PEG NPs ratios. 

 

Figure 4.5 : Peptide assembly of AuNRs@PLA-PEG NPs. 



   

 

108 
 

Furthermore, we observed on TEM images that the number of AuNRs on PLA-b-PEG NPs never exceeded 

15, which was not correlated to the initial number of AuNRs per PLA-b-PEG NPs. And so, apart from steric 

issues, the driving parameter to increase the number of AuNRs per PLA-b-PEG NPs is the density of E5 

peptides on PLA-b-PEG NPs. To that end, we calculated the theoretical number of maleimide on PLA-b-

PEG-Mal NPs. However, the reported conjugation efficiency of ligands on maleimide at the surface of PLA-

b-PEG NPs varies in the literature. In fact, Andrian et al. 59 found that PLA-b-PEG-Mal NPs (20% w/w) 

exhibited a conjugation efficiency of 21% and 35% with PEG5000-SH and PEG1000-SH, respectively while 

Martinez-Jothar et al. 58 measured that PLA-b-PEG-Mal NPs (20% w/w) exhibited a conjugation efficiency 

of 50% with a low molecular weight peptide. These reports suggest that the conjugation efficiency of E5 

peptides can be averaged around 23%. However, another study found that not all successfully conjugated 

ligands on maleimide groups are available and active at the surface of PLA-b-PEG NPs. Depending on the 

PEG chain length, only 6% to 15% of ligands at the surface of PLA-b-PEG NPs are active for further usage 

56. Consequently, we hypothesized the number of active E5 peptides to be between 7 and 18 per PLA-b-

PEG NPs. This may indicate why we observed a stabilization of the wavelength shift at AuNRs/PLA-b-PEG 

NPs ratios above 20 and a counted TEM threshold value of roughly 15 AuNRs/PLA-b-PEG NPs. Thus, we 

calculated the exact ratio of AuNRs/PLA-b-PEG NPs using the concentration of AuNRs after purification. 

The initially used ratios ranging from 1.7 to 70 were modified to ratios ranging from 1 to 30 AuNRs per 

PLA-b-PEG NPs. 

Lastly, we measured the zeta potential of PLA-b-PEG-E5 NPs to be y = -37 ± 1.8 mV and K5-AuNRs to be y 

= 9.3 ± 1.1 mV. Upon the addition of K5-AuNRs at a ratio of 1.7 AuNRs/PLA-b-PEG NPs, thus assembling a 

few AuNRs around PLA-b-PEG NPs, the zeta potential was measured to be  y= -12.6 ± 2 mV. At a post-

purification ratio of 30 AuNRs/PLA-b-PEG NPs, the zeta potential was measured to be  y= 27.6 ± 0.6 mV, 

thus validating a higher amount of AuNRs were linked to PLA-b-PEG NPs via E/K peptide heterodimer 

bonds. CƛƴŀƭƭȅΣ ǿŜ ǾŜǊƛŦƛŜŘ ǘƘŜ ƴŀƴƻŀǎǎŜƳōƭƛŜǎΩ ǎǘŀōƛƭƛǘȅ ŀǘ пϲ/ ǿƛǘƘ ǎǇŜŎǘǊŀ ǊŜŎƻǊŘŜŘ мп Řŀȅǎ ŀŦǘŜǊ 

production. The absorbance peak was not broadened, and more interestingly, no loss in intensity was 

observed in assemblies containing AuNRs functionalized with a high density of K5 peptides (K5-AuNRs) 

compared to lone AuNRs-K5. We also checked the stability of the nanoassemblies at room temperature 

and at 4°C in PBS (150 mM). No signs of aggregation were recorded even after 6 days. Regarding K5-

functionalized AuNRs left for 14 days at 4°C, we observed a broadening and a strong loss in intensity of 

the absorbance peak, thus suggesting these NPs were greatly deteriorated. 
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This section reported the design of peptide-assembled polymer-metal nanocomposites coupled with 

different densities of AuNRs on PLA-b-PEG NPs. We found that there is a threshold to overcome to avoid 

a potential destabilization of polymer-metal assemblies. As demonstrated by the optical studies, Cryo-

TEM images, and post-assembly characterization, the number of AuNRs per PLA-b-PEG NPs is limited by 

the number of E5 peptides available and active on the surface of polymer NPs. Since increasing the 

availability of E5 peptides on PLA-b-PEG NPs increases the number of AuNRs per PLA-b-PEG NPs, we have 

successfully synthesized PLA-b-PEG-Mal80% and hybrid NPs composed of PLA-b-PEG2k-Mal20% and PLA-b-

PEG1k. As observed in the literature, these formulations could increase the number of maleimides at the 

surface of PLA-b-PEG NPs and improve the availability of E5 peptides 7, 55, 56, 59. In addition, our findings 

suggest there is no superior optical properties of K5 tip-AuNRs compared to K5-AuNRs on PLA-b-PEG-E5 

NPs. 

 

Photothermal activity 

In the present section, the efficiency of the nanocomposites as photothermal agents was studied by Laser 

irradiation at different power densities with alternated cooling phases on peptide-assembled NPs, 

electrostatic nanoassemblies, AuNRs and PLA-b-PEG NPs while always using a normalized amount of gold. 

As seen in Figure 4.6 A, the temperature of K5-AuNRs@PLA-b-PEG-E5 NPs (red color data) and AuNRs 

(blue color data) solutions rose to 57°C and 53°C, respectively, with a 0.7 W cm-2 irradiation for 900 

seconds. Meanwhile, electrostatic AuNRs@PLA NPs (light blue data) and PLA-b-PEG-E5 NPs (dashed data) 

showed temperature increments of up to 44°C and 40°C, respectively, using the same conditions. The 

temperature increments of different formulations were dependent on the irradiation power density, as 

seen in Figure 4.6 A. Furthermore, thermal images of PLA-b-PEG-E5 NPs, AuNRs and K5-AuNRs@PLA-b-

PEG-E5 NPs solutions were recorded at specific times in Figure 4.6 B. After 305 seconds, the reference 

PLA-b-PEG-E5 NPs solution had not exceeded 30°C. 

In contrast, the AuNRs and K5-AuNRs@PLA-b-PEG-E5 NPs had temperatures increased up to 45°C and 

40°C from thermal images. The temperature increase is correlated to the plasmonic properties of NPs 

through the calculated photothermal efficiency, as seen in Section S9. In Figure 4.6 D, the absorbance 

spectra recorded vary significantly between electrostatic and peptide-assembled nanocomposites, 

suggesting distinct heat generation. In Figure 4.6 C, photothermal efficiencies were evaluated for 

nanoassemblies of PLA-b-PEG-E5 NPs with K5 tip-AuNRs and K5-AuNRs at AuNRs/PLA-b-PEG NPs ratios of 

6 and 28 (calculated from AuNRs concentration after nanocomposites purification). At a low ratio, 

nanocomposites with K5 tip-AuNRs exhibited an efficiency of 27.2%, 21.4% with K5-AuNRs, and 14.6% for  
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A) The temperature increment due to AuNRs (blue), K5-AuNRs@PLA-b-PEG NPs (red), electrostatic AuNRs@PLA NPs 

(light blue), and PLA-b-PEG-E5 NPs (dashed) solutions in function of the irradiated Laser power density in the cuvette 

over time. B) Thermal images at 170 s, 305 s and 690 s of PLA-b-PEG-E5 NPs (dashed), AuNRs (dark blue) and K5-

AuNRs@PLA-b-PEG NPs solutions (red). C) Photothermal efficiencies calculated in function of the averaged final 

AuNRs/PLA-b-PEG NPs ratio. D) Absorbance spectra used for the calculation of photothermal efficiencies. 

 
electrostatic assemblies. At a higher ratio, the photothermal efficiency of the peptide assemblies were 

19.7% and 21.9%. As for electrostatic assemblies, the ratio was limited to 6 AuNRs per PLA-b-PEG NPs. 

Interestingly, a better photothermal efficiency was observed with assemblies comprising K5 tip-AuNRs at 

a low ratio. The efficiency of nanocomposites was compared to lone AuNRs which displayed an efficiency 

Figure 4.6 : Photothermal efficacy of AuNRs@PLA-PEG NPs. 
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of 30.1%, as seen in Figure 4.6 C (dark blue bar). Only nanocomposites with K5 tip-AuNRs at a low ratio 

exhibited a similar photothermal efficiency to free AuNRs. 

Even though no morphological evaluation on polymer-metal nanoassemblies after irradiation was made 

in this study, we examined the plasmonic activity of AuNRs after irradiation. We measured the percentage 

of absorbance decrease at the longitudinal wavelength and at ˂  = 400 nm, which relate to the physical 

state and concentration of AuNRs, respectively. The irradiation of an AuNRs solution did not alter the 

absorbance spectrum with a cycle from 0.7 W cm-2 to 0.2 W cm-2 as shown in Figure 4.6 A. 

Our findings showed a blue shift of ɲ ˂= 25 nm and an increase of the absorbance intensity. At a low ratio 

of AuNRs/PLA-b-PEG NPs, the absorbance decreased from 30% and 50% for nanoassemblies with K5 tip-

AuNRs and K5-AuNRs, respectively. However, at a high ratio of AuNRs/PLA-b-PEG NPs, only the 

longitudinal wavelength absorbance decreased by around 20%. Moreover, the longitudinal wavelength 

was blue-shifted by 6 nm for both types of nanoassemblies, in contrast to the transverse wavelength that 

red-shifted by 1 nm and 5 nm for nanoassemblies with K5 tip-AuNRs and K5-AuNRs, respectively. These 

observations suggest that adequately oriented AuNRs are interacting differently with the irradiated Laser 

energy compared to randomly oriented AuNRs on PLA-b-PEG NPs. 

Moreover, we checked the thermal stability of the peptide bond at the interface of AuNRs. The properties 

of the peptide heterodimer E5/K5 bond are not affected in the range of temperature of the present 

experiment. Indeed, studies showed that the temperature of unfolding was above 60°C for shorter and 

less stable peptide heterodimer 65. Martelli et al. showed that the heterodimer E3/K3 can be dissociated 

at a temperature of 80°C 66. Moreover, after Laser irradiation, the spectra of the assemblies remain stable. Thus, 

showing that AuNRs were still assembled on PLA-b-PEG NPs and that the peptide bond properties remained at a 

temperature of 60°C during photothermal experiments. 

 

In this section, we demonstrated both the superior photothermal efficiency of peptide-assembled 

nanocomposites over electrostatic assemblies of AuNRs on PLA-b-PEG NPs and the remaining discrete 

arrangement of AuNRs after Laser irradiation. In addition, we disclose the photothermal efficiency of 

nano-assemblies with AuNRs functionalized on their tips. Lastly, we showed it is possible to assemble 

AuNRs on polymeric NPs with coiled-coil peptides without compromising their initial photothermal 

properties. 
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4.7  Conclusion 

Gold nanorods were functionalized with K5 peptide and assembled with the complementary E5 peptide 

grafted on PLA-b-PEG NPs to form core-satellite nanocomposites. The functionalization of K5 peptide on 

AuNRs was thoroughly studied by real-time localized surface plasmon resonance which demonstrated the 

possibility to graft ligands at the tips of AuNRs. This regioselective functionalization was performed by 

tuning the concentration of peptides with CTAB-AuNRs which disclosed an inversion of the transverse 

wavelength shift when the ligand saturated the tips. Subsequently, we demonstrated the functional 

activity of K5 peptide grafted on AuNRs due to the coupling phenomenon observed with E5-AuNPs at low 

ratios. Moreover, K5 tip-AuNRs assembled with E5-AuNPs presented an end-to-end assembly between 

plasmonic NPs, which validate the regioselective functionalization of the K5 peptide at the surface of 

AuNRs. These results further confirmed that E5 and K5 peptides were successfully grafted and active on 

the surface of NPs, thus paving the way to a new type of assembly through coiled-coil peptides. Indeed, 

peptide heterodimer bonds are strong, versatile, and can be modulated by changing their sequence and 

their dissociation can be triggered under specific thermo-chemical conditions 32. Furthermore, we 

designed core-satellite peptide-assembled polymer-metal nanocomposites at different densities of AuNRs 

on PLA-b-PEG NPs. We demonstrated that even though the assembly was not correlated to the optical 

measurements, the latter allowed us to determine the threshold number of satellites required to maintain 

stability. In addition, the number of AuNRs per PLA-b-PEG NPs was higher in an assembly using E5-K5 

peptides compared to using electrostatic interactions and AuNRs could also be longitudinally oriented on 

PLA-b-PEG NPs. Our results document a proof of concept that heterodimer E5-K5 peptide pairs can be 

used as linkers between organic and inorganic NPs. Finally, we demonstrated that AuNRs assembled with 

peptides on PLA-b-PEG NPs exhibited a higher photothermal efficiency than randomly electrostatic 

assemblies. This efficiency was similar to that of a solution of free AuNRs, and no signs of aggregation 

were observed after irradiation, thus confirming their stability. 

 

 

4.8  Annexes 

 

Supporting sections 
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Section S1. Synthesis and purification of AuNRs. 

The seed solution was prepared by mixing 5 mL of 0.5 mM HAuCl4 with 5 mL of 200 mM CTAB and adding 

0.6 mL of iced fresh 10 mM NaBH4 into a 20 mL Erlenmeyer flask. The seed solution was stirred, and aged 

for 45 min at 27°C. Meanwhile, the growth solution was prepared by mixing 5 mL of 200 mM CTAB with 5 

mL of 1 mM HAuCl4 and adding a volume of 4 mM AgNO3 into a 20 mL Erlenmeyer. 55 ˃L of 100 mM 

ascorbic acid was added and the solution was stirred vigorously. Finally, 12 L˃ of the aged seed solution 

was added to the growth solution and left undisturbed at 27°C for 12 h. AuNRs were stored at 4°C before 

purification and characterization. AuNRs were purified by centrifugation at 1 000 g for 30 min. The 

supernatant was further treated with an ethylene-glycol/CTAB (EG:CTAB) density gradient (from 40% to 

70%) as follows: the supernatant was deposited on top of the gradient and centrifuged at 5 000 g for 20 

min. Gold nanospheres (AuNPs) were localized at the bottom and AuNRs were recovered in the gradient. 

Subsequently, the solution of AuNRs was centrifuged 2 times at 10 000 g for 25 min, the supernatant was 

discarded and the pellet redispersed in Milli-Q water. 

 

Section S2. Synthesis, purification, and characterization of AuNPs. 

AuNPs were synthesized with the Turkevich method. 50 mL of 0.25 mM HAuCl4 solution was stirred and 

heated in an Erlenmeyer flask. The solution was left boiling for 1 minute and then 960 L˃ of 39 mM sodium 

citrate was added quickly. The solution was removed from the hot plate after the color changed to red. 

AuNPs solution was stored at 4°C before purification and characterization. AuNPs were centrifuged 2 

times at 5 000 g for 15 min, the supernatant was discarded, and the pellet was redispersed in Milli-Q 

water. The hydrodynamic diameter was measured by Dynamic Light Scattering (DLS) and the absorption 

spectrum was recorded with a UV-Visible spectrophotometer. 

 

Section S3. Purification, and characterization of PLA-based NPs. 

All PLA-based NPs were quickly dialyzed with a membrane (cut-off size 50 kDa) for 12 h against water. 

Subsequently, Tangential Flow Filtration (TFF) was used to remove free polymer chains from NPs solution 

and concentrate with a 0.05 ˃m polysulfone hollow filter membrane for 1 hour. Aliquots of the NP solution 

(1 mL) were placed in an Eppendorf and lyophilized. The concentration of PLA-b-PEG polymer was 

determined by weighing the Eppendorf after complete drying. The hydrodynamic diameter of the final 

NPs was measured by DLS and NP solutions stored at 4°C. 
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Section S4. Absorbance in real-time and in-solution. 

A real-time spectrophotometer (SpectraCube, Plasmetrix) was used for localized surface plasmon 

resonance (LSPR) measurements. It was used for recording absorbance spectra and for precisely 

determining the wavelength of peaks of interest in real-time. Data of samples and references were 

recorded at the same time with identical experimental conditions. The accompanying software allowed 

to fit the selected wavelength range of the spectrum with a theoretical 0.02 nm resolution using a 

polynomial function. 

 

Section S5. PEGylation of AuNPs and AuNRs. 

PEGylation of AuNPs and AuNRs was measured by real-time spectrophotometry. 20 ˃L of an aqueous 

solution of PEG-SH was added to 2 mL of AuNRs solution at different final concentrations from 10-7 to 100 

mM.  The PEG-SH solution was added successively, after the wavelength shift of the previous addition 

attained a plateau, to increase the PEG concentration and data were collected as one set. The different 

data sets were obtained from different AuNRs samples. The AuNRs initial concentration was kept constant 

in every adsorption experiment of this study. The low content CTAB is representing a concentration of 

roughly 0.5 mM and the high content CTAB roughly 10 mM. The absorption spectra and shifts of the 

plasmonic peaks (transverse and longitudinal) during the addition of PEG-SH were recorded in real time 

with the SpectraCube spectrophotometer. The same protocol was used with a solution of PEG end-

functionalized with a methoxy group (PEG-MeO). The PEGylated AuNRs were centrifuged two times at 10 

000 g for 25 min. The supernatant was discarded, and the pellet was redispersed in Milli-Q water. The 

zeta potential was measured on a Zetasizer (Nano ZS), after PEGylation of AuNRs with high content CTAB 

at different PEG-SH and PEG-MeO concentrations. The thickness of the coating on AuNRs was measured 

from TEM images taken on lacey hollow carbon grid at different PEG-SH concentrations. 

 

Section S6. E5 peptide functionalization of AuNPs. 

AuNPs were functionalized with aqueous E5 peptide solutions (final concentration from 0.02 M˃ to 0.5 

M˃) for 6 h under slow agitation. The SpectraCube spectrophotometer was also used to assess the shift 

of the wavelength of AuNPs. Then, a Sephadex column (G-25 M) was used to remove free E5 peptides. E5 

peptides-functionalized AuNPs solution was injected in the center of the Sephadex column, and the eluate 

was recovered after centrifugation at 1 000 g for 2 min, repeated twice. The hydrodynamic diameter after 

functionalization was measured by DLS. For control AuNPs, Milli-Q water (instead of E5 peptide) was 
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added. The stability of peptide-functionalized AuNPs solutions was assessed by recording absorption 

spectra and hydrodynamic diameter after a week. 

 

Section S7. Plasmonic metallic assemblies AuNPs@AuNRs. 

All assemblies between metallic NPs were conducted in Milli-Q water. A citrate-AuNPs solution was added 

to a CTAB-!ǳbwǎ ǎƻƭǳǘƛƻƴ ŀǘ ŘƛŦŦŜǊŜƴǘ ǇŀǊǘƛŎƭŜǎΩ ƴǳƳōŜǊ Ǌŀǘƛƻǎ ǊŀƴƎƛƴƎ ŦǊƻƳ лΦн ǘƻ м !ǳbtǎ ǇŜǊ !ǳbwǎ ŦƻǊ 

electrostatic metallic assembly; and up to 1 AuNPs/AuNRs for peptides-driven metallic assembly. The 

solution was agitated for at least 12 h and SpectraCube spectrophotometer was used to follow the 

wavelength shift threshold ratio for aggregation of different assemblies. The TEM images and zeta 

potential were gathered from the different assemblies. The PEGylated AuNRs and PEGylated AuNPs were 

used as references for electrostatic and peptide assembly, respectively. Also, the stability of metallic 

assemblies was assessed by recording absorption spectra after a week. 

 

Section S8. Protocol Cryo-TEM. 

The acquisition of TEM images was done in bright field mode on a transmission electron microscope (JEOL 

JEM-2100F) equipped with a sample holder cooled by liquid nitrogen. The grids were introduced in the 

microscope column under vacuum. Liquid nitrogen was added to the sample holder and temperature was 

recorded. The sample was exposed to the electron beam only after the temperature had reached -110°C. 

The images were digitally recorded at a low electron dose to prevent damage to the heat-sensitive 

particles. 

 

Section S9. Calculation of the photothermal efficiency. 

The photothermal efficiency (́) was calculated by Equation S2 1 : 

=́ [hA (Tmax-Tsurr)-Q0/I(1-10-A(808) ]                  (Eq. S2 1) 

h is the heat-transfer coefficient, A is the surface area of the container, Tmax is the equilibrium 

temperature, Tsurr is the ambient temperature of the surrounding, Q0 is the heat associated with the 

absorbance of the solvent, I is the incident laser power, and A(808) is the absorbance of the nano-

ŀǎǎŜƳōƭȅ ŀǘ улу ƴƳΦ 

The value of hA is determined from the Equation S2 2 : 

hA= mC/̱s                        (Eq. S2 2) 

m and C are the mass and heat capacity of water used as the solvent, respectively. s̱ is the sample system 

time constant. 
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s̱ is calculated according to Equation S2 3 which is related to the cooling phase of nanocomposites after 

irradiation : 

t= - ̱ ǎ ƭƴώόT-Tsurr)/(Tmax-Tsurr)]          (Eq. S2 3) 

 

Supporting figures  

 

Figure 4.7 : Characterization of PEGylated AuNRs. 

 

 
 
 
 
 
 

A) TEM images of AuNRs with grafted PEG-SH at CPEG= 0, 10-5 and 10-1 mM. ̀ S and ̀ T represent the thickness 

ƻŦ ǘƘŜ ŎƻŀǘƛƴƎ ƻƴ !ǳbwǎ ǎƛŘŜǎ ŀƴŘ ǘƛǇǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ .ύ ¢ƘŜ ŀǾŜǊŀƎŜ ŎƻŀǘƛƴƎ ǘƘƛŎƪƴŜǎǎ ƻŦ !ǳbwǎΩ ǎƛŘŜǎ όS̀, 

black squares) and tips (̀T, red squares) from TEM images at different PEG-SH concentrations. C) Zeta 

potential of AuNRs (y) at different PEG-SH (red circle) and PEG-MeO (black circle) concentrations. 
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Figure 4.8 : Stability of K5-AuNRs. 

 
Absorbance spectra of AuNRs functionalized with K5 peptides without post-PEGylation (black 

curve) and with post-PEGylation (red curve) after 2 days. 

After the functionalization of CTAB-AuNRs with 1.2 ˃M K5 peptide, the sample was either kept 

for storage (black color curve) or functionalized with PEG-SH (red color curve). Samples were 

stored at 4°C. After 2 days, the absorbance spectra of both samples were recorded. 
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Figure 4.9 : Protocol functionalization of AuNRs by K5 peptides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Longitudinal wavelength shift upon addition of A) 1.2 M˃ K5 peptide in a solution of CTAB-AuNRs and B) 

0.8 mM PEG-SH in a solution of K5-AuNRs over time. The red curves shows the Langmuir adsorption model 

fitted on the longitudinal wavelength blue shift of peptide and PEG-SH adsorption on AuNRs. 

The longitudinal wavelength shift of AuNRs was recorded over time with a SpectraCube 

spectrophotometer in solution for the functionalization with K5 peptide and the following post-PEGylation. 

A Langmuir adsorption model (red curve) was fitted on the blue shift of the longitudinal. wavelength. 
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Figure 4.10 : E5 peptide functionalization of AuNPs. 

!ύ {ŎƘŜƳŀǘƛŎ ƻŦ !ǳbtǎΩ ŦǳƴŎǘƛƻƴŀƭƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎ ōȅ 9р ǇŜǇǘƛŘŜǎΦ .ύ ²ŀǾŜƭŜƴƎǘƘ ǎƘƛŦǘ ƻŦ !ǳbtǎ ǇŜŀƪ ƛƴ ŦǳƴŎǘƛƻƴ ƻŦ 

E5 peptide concentrations (red bar). At 0 M˃ E5 peptides, water was used as reference. Hydrodynamic diameter (Ø) 

is also mentioned on top of wavelength shift bars for each E5 peptide concentration. 

Citrate stabilized AuNPs (citrate-AuNPs) were synthesized with a hydrodynamic diameter of Ø = 19 nm, 

Polydispersity Index (PDI) of 0.09 (14.1 ± 1.2 nm with TEM images). AuNPs were functionalized with the E5 peptide 

which is complementary to the previously used K5 peptide. The E5 peptides were functionalized in the same way as 

K5 peptides on AuNRs. The addition of E5 peptides from CE5 = 0.02 ˃ M to CE5 = 0.05 ˃ M increased the hydrodynamic 

diameter from Ø = 20.5 nm (PDI = 0.27) to Ø = 366 nm (PDI 0.55), respectively. In addition, we found that upon 

increasing the concentration of E5 peptides, the plasmonic peak of AuNPs was red-shifted. Specifically, a red-shift of 

ɲ ˂= 0.075 ± 0.04 nm was measured at CE5 = 0.02 ˃ M, which was increased to ɲ ˂= 2.04 ± 0.48 nm at CE5 = 0.2 ˃ M. A 

wavelength shift of ɲ ˂=78.5 ± 2.12 nm was observed at CE5 = 0.5 ˃ M, which can be attributed to the aggregation of 

AuNPs. Finally, our observation of an adsorption-like shift of the plasmonic wavelength after the addition of E5 

peptides with SpectraCube spectrophotometer further confirms the adsorption of E5 peptides on AuNPs. 
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Figure 4.11 : NMR spectrum of PLA-b-PEG-Mal NPs. 

 

 

 

 

 

1H-NMR spectrum of A) PEG-Mal polymer in D2O at a concentration of 5 mg mL-1 and B) PLA-b-PEG-Mal 

NPs in D2O at a concentration of 7 mg.mL-1. Peaks at 3.6 ppm (a) and 6.7 ppm (b) correspond to CH2 of the 

PEG backbone and CH of the maleimide group, respectively. 

The 1H-NMR spectra of PEG-Mal polymer at different concentrations were recorded and a calibration curve 

was produced. The 1H-NMR spectra of PLA-b-PEG-Mal NPs in D2O after purification were recorded to 

determine the concentration of PEG and maleimide at the surface of PLA-b-PEG-Mal NPs. The signal of the 

maleimide groups in the samples of PLA-b-PEG-Mal NPs was not detected.  

Cryo-TEM image of PLA-b-PEG-E5 NPs after purification. 

Figure 4.12 : Cryo-TEM images of PLA-b-PEG-E5 NPs. 
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A) The absorbance spectra of electrostatic metallic assembly and controls. The PEGylated AuNRs (dashed curve) is 

disclosed as a reference spectrum. B) The longitudinal wavelength shift over time in function of different 

AuNPs/AuNRs ratio. C) The longitudinal wavelength shift of different metallic assemblies between citrate-AuNPs and 

CTAB-AuNRs (red data) and PEGylated AuNRs (blue data). 

We previously showed that the functionalization of AuNRs, AuNPs and PLA-b-PEG NPs with coiled-coil peptide was 

possible. However, their availability and activity on different NPs for the formation of a bond has yet to be 

demonstrated. Consequently, peptide-functionalized AuNPs and AuNRs were used to design metallic assemblies and 

compared to non-peptide surfactant-driven assemblies. Citrate-AuNPs were mixed with PEGylated AuNRs at a 

AuNPs/AuNRs ratio of 0.5. The longitudinal wavelength of PEGylated AuNRs alone was ˂  = 770 nm (dashed curve). 

No significant wavelength shift (ɲ ˂= + 0.2 nm) was observed at ˂ = 770 nm after increasing the ratio of charged 

AuNPs to PEGylated AuNRs. However, we did observe an increase of the absorbance intensity at  ˂= 520 nm, which 

is attributed to the increase in concentration of AuNPs. The addition of citrate-AuNPs to CTAB-AuNRs at a ratio of 

0.25 AuNPs/AuNRs induced a red-shift of ɲ ˂ around 20 nm, while exhibiting two characteristic AuNRs peaks 

indicative of non-aggregated assemblies. When the ratio was bumped up to 0.9 AuNPs/AuNRs, the longitudinal 

absorbance intensity strongly decreased due to aggregation. This assembly could not be measured at ratios superior 

to 0.5 AuNPs/AuNRs with SpectraCube® spectrophotometer. It is to be noted that the distance between citrate-

AuNPs and CTAB-AuNRs was calculated to be roughly 2 nm in non-aggregated metallic assembly TEM images (not 

disclosed). 

 

 

Figure 4.13 : Plasmonic metallic assemblies AuNPs@AuNRs. 
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Homoaggregation experiments performed by real-time spectrophotometer have been realized in order to gain 

insight on heteroaggregation between AuNRs and PLA NPs. A solution turbidity can be measured by using the 

ǘǊŀƴǎƳƛǘǘŜŘ ƭƛƎƘǘΩǎ ƛƴǘŜƴǎƛǘȅΦ ¢ƘŜ ŀōǎƻǊōŀƴŎŜ measurement can be related to the transmitted light. Spectra profiles 

of a turbid solution have a very large band red shifting with aggregation over time. The second element that can be 

described is the decrease of the absorbance intensity. It can be explained by the turbidity increase of the solution, 

which can be justified by the formation of aggregates with bigger size. 

PLA NPs can be considered as only diffusing object. In this case the extinction cross section of the particle is only 

composed of the scattering component (Cscattering). In the Rayleigh approximation, the scattering cross section can be 

related to the absorbance thanks to the Kerker relationship: 

ὃ  ÌÏÇ  
 

  
 

 
             (Eq. S5 1) 

ὲὩή               (Eq. S5 2) 

A = Absorbance  

It = Intensity of the transmitted light  

A) The maximum wavelength of the transverse LSPR peak is plotted against time for each salt concentration. B) 

Aggregation slopes are plotted against NaCl concentration. C) The inverse fractal dimension is plotted against 

time for each salt concentration. D) Stability ratios are calculated thanks to aggregation rates and are plotted 

against NaCl concentration.  

Figure 4.14 : Stability of electrostatic AuNRs@PLA NPs. 
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Io = Intensity of the laser 

(N/V) = concentration in terms of particles number by unit of volume  

R = radius of spherical particles  

L = total length of the medium  

 ˂= wavelength  

n = particle index of refraction 

 

In absorption spectra, the fit has been performed in function of the wavelength on the exponential domain of 

variation. The fit formula is the following one: 

ώ ὥ‗             (Eq. S5 3) 

The exponent b is related to the fractal dimension (df) of the aggregate. A low df value is characteristic of an open 

structure and aggregates tend to be linear, in the DLCA regime. On the contrary, at higher df value, aggregates are 

compact, in the RLCA domain of coagulation. Moreover, the fractal structure is also related to the size of the i-fold 

aggregates (i) assuming the initial radius (Rh(0)) and df is known:  

ὙὬ ὙὬπ Ὥz          (Eq. S5 4) 

Characteristics related to the fractal dimension make it a good candidate for following the assembly kinetic between 

AuNRs and PLA NPs. 

The attachment efficiency is extracted by plotting the inverse of the fractal dimension versus the time logarithm. 

The result of this transformation is obtained by combining equations S5 1 and S5 4 : 

 ÌÏÇὸ          (Eq. S5 5) 

To evaluate accurately the kinetic aggregation, the linear fit is only performed on the early time.  

 

 

 

Peptide-assembled nanocomposites at AuNRs/PLA-b-PEG NPs ratio of 1. The image was recorded by TEM. 

Figure 4.15 : TEM images of AuNRs@PLA-b-PEG-E5 NPs. 
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Supporting table 

 

Table 4.1 : PLA-b-PEG NPs characterization. 

 

 

  

 

 

 

 Hydrodynamic 
diameter (nm) 

PDI Hydrodynamic diameter 
after E5 addition (nm) 

PDI 

PLA NPs 135 0.09 /  /  

PLA-b-PEG NPs 128 0.07 136 0.20 

PLA-b-PEG-Mal NPs 
150 0.12 188 0.25 

The spectra of assemblies between K5 tip-AuNRs and PLA-b-PEG-E5 NPs from 1.7 to 70 AuNRs/PLA-b-

PEG NPs (from red to blue). The dashed curve is the absorbance spectrum of only K5 tip-AuNRs. 

 

Hydrodynamic diameter and PDI of PLA NPs, PLA-b-PEG NPs, and PLA-b-PEG-Mal NPs before and 

after functionalization with E5 peptides after purification. 

Figure 4.16 : The absorbance spectra of peptide assembled nanocomposites. 



   

 

125 
 

4.9  Références 

1. Gao, B.;  Rozin, M. J.; Tao, A. R., Plasmonic Nanocomposites: Polymer-Guided Strategies for 

Assembling Metal Nanoparticles. Nanoscale 2013, 5 (13), 5677-5691. 

2. Huang, P.;  Lin, J.;  Li, W.;  Rong, P.;  Wang, Z.;  Wang, S.;  Wang, X.;  Sun, X.;  Aronova, M.;  Niu, G.;  

Leapman, R. D.;  Nie, Z.; Chen, X., Biodegradable Gold Nanovesicles with an Ultrastrong Plasmonic 

Coupling Effect for Photoacoustic Imaging and Photothermal Therapy. Angew. Chem., Int. Ed. 2013, 52 

(52), 13958-13964. 

3. Hao, Y.;  Zhang, B.;  Zheng, C.;  Ji, R.;  Ren, X.;  Guo, F.;  Sun, S.;  Shi, J.;  Zhang, H.;  Zhang, Z.;  Wang, 

L.; Zhang, Y., The Tumor-Targeting CoreςShell Structured Dtx-Loaded Plga@Au Nanoparticles for Chemo-

Photothermal Therapy and X-Ray Imaging. J. Controlled Release 2015, 220, 545-555. 

4. Wan, J.;  Fan, B.; Thang, S. H., Sonochemical Preparation of PolymerςMetal Nanocomposites with 

Catalytic and Plasmonic Properties. Nanoscale Adv. 2021, 3 (11), 3306-3315. 

5. You, J.;  Shao, R.;  Wei, X.;  Gupta, S.; Li, C., Near-Infrared Light Triggers Release of Paclitaxel from 

Biodegradable Microspheres: Photothermal Effect and Enhanced Antitumor Activity. Small 2010, 6 (9), 

1022-1031. 

6. Zare, E. N.;  Jamaledin, R.;  Naserzadeh, P.;  Afjeh-Dana, E.;  Ashtari, B.;  Hosseinzadeh, M.;  

Vecchione, R.;  Wu, A.;  Tay, F. R.;  Borzacchiello, A.; Makvandi, P., Metal-Based Nanostructures/Plga 

Nanocomposites: Antimicrobial Activity, Cytotoxicity, and Their Biomedical Applications. ACS Appl. Mater. 

Interfaces 2020, 12 (3), 3279-3300. 

7. Koutsiouki, K.;  Angelopoulou, A.;  Ioannou, E.;  Voulgari, E.;  Sergides, A.;  Magoulas, G. E.;  

Bakandritsos, A.; Avgoustakis, K., Tat Peptide-Conjugated Magnetic Pla-Peg Nanocapsules for the 

Targeted Delivery of Paclitaxel: In Vitro and Cell Studies. AAPS PharmSciTech 2017, 18 (3), 769-781. 

8. Feng, X.;  Jiang, D.;  Kang, T.;  Yao, J.;  Jing, Y.;  Jiang, T.;  Feng, J.;  Zhu, Q.;  Song, Q.;  Dong, N.;  

Gao, X.; Chen, J., Tumor-Homing and Penetrating Peptide-Functionalized Photosensitizer-Conjugated Peg-

Pla Nanoparticles for Chemo-Photodynamic Combination Therapy of Drug-Resistant Cancer. ACS Appl. 

Mater. Interfaces 2016, 8 (28), 17817-17832. 

9. Zhao, N.;  Yan, L.;  Zhao, X.;  Chen, X.;  Li, A.;  Zheng, D.;  Zhou, X.;  Dai, X.; Xu, F. J., Versatile Types 

of Organic/Inorganic Nanohybrids: From Strategic Design to Biomedical Applications. Chem. Rev. 2019, 

119 (3), 1666-1762. 

10. Song, J.;  Pu, L.;  Zhou, J.;  Duan, B.; Duan, H., Biodegradable Theranostic Plasmonic Vesicles of 

Amphiphilic Gold Nanorods. ACS Nano 2013, 7 (11), 9947-9960. 

11. Kawano, T.;  Niidome, Y.;  Mori, T.;  Katayama, Y.; Niidome, T., Pnipam Gel-Coated Gold Nanorods 

for Targeted Delivery Responding to a near-Infrared Laser. Bioconjugate Chem. 2009, 20 (2), 209-212. 

12. Darwish, W. M. A.; Bayoumi, N. A., Gold NanorodςLoaded (Plga-Peg) Nanocapsules as near-

Infrared Controlled Release Model of Anticancer Therapeutics. Lasers Med. Sci. 2020, 35 (8), 1729-1740. 

13. Wang, C. H.;  Chang, C. W.; Peng, C. A., Gold Nanorod Stabilized by Thiolated Chitosan as 

Photothermal Absorber for Cancer Cell Treatment. J. Nanopart. Res. 2011, 13 (7), 2749-2758. 

14. da Silva, D.;  Kaduri, M.;  Poley, M.;  Adir, O.;  Krinsky, N.;  Shainsky-Roitman, J.; Schroeder, A., 

Biocompatibility, Biodegradation and Excretion of Polylactic Acid (Pla) in Medical Implants and 

Theranostic Systems. Chem. Eng. J. 2018, 340, 9-14. 



   

 

126 
 

15. Rabanel, J. M.;  Hildgen, P.; Banquy, X., Assessment of Peg on Polymeric Particles Surface, a Key 

Step in Drug Carrier Translation. J. Controlled Release 2014, 185, 71-87. 

16. Rabanel, J. M.;  Faivre, J.;  Tehrani, S. F.;  Lalloz, A.;  Hildgen, P.; Banquy, X., Effect of the Polymer 

Architecture on the Structural and Biophysical Properties of PegςPla Nanoparticles. ACS Appl. Mater. 

Interfaces 2015, 7 (19), 10374-10385. 

17. Kumar, P. P. P.; Lim, D.-K., Gold-Polymer Nanocomposites for Future Therapeutic and Tissue 

Engineering Applications. Pharmaceutics 2021, 14 (1), 70. 

18. Almada, M.;  Leal-Martínez, B. H.;  Hassan, N.;  Kogan, M. J.;  Burboa, M. G.;  Topete, A.;  Valdez, 

M. A.; Juárez, J., Photothermal Conversion Efficiency and Cytotoxic Effect of Gold Nanorods Stabilized with 

Chitosan, Alginate and Poly(Vinyl Alcohol). Materials Science and Engineering: C 2017, 77, 583-593. 

19. Conde, J.;  Oliva, N.;  Zhang, Y.; Artzi, N., Local Triple-Combination Therapy Results in Tumour 

Regression and Prevents Recurrence in a Colon Cancer model. Nat. Mater. 2016, 15, 1128. 

20. Issels, R. D., Hyperthermia Adds to Chemotherapy. Eur. J. Cancer 2008, 44 (17), 2546-2554. 

21. Lu, N.;  Huang, P.;  Fan, W.;  Wang, Z.;  Liu, Y.;  Wang, S.;  Zhang, G.;  Hu, J.;  Liu, W.;  Niu, G.;  

Leapman, R. D.;  Lu, G.; Chen, X., Tri-Stimuli-Responsive Biodegradable Theranostics for Mild 

Hyperthermia Enhanced Chemotherapy. Biomaterials 2017, 126, 39-48. 

22. Ge, X.;  Fu, Q.;  Su, L.;  Li, Z.;  Zhang, W.;  Chen, T.;  Yang, H.; Song, J., Light-Activated Gold Nanorod 

Vesicles with Nir-Ii Fluorescence and Photoacoustic Imaging Performances for Cancer Theranostics. 

Theranostics 2020, 10 (11), 4809-4821. 

23. Yue, L.;  Yang, K.;  Wei, J.;  Xu, M.;  Sun, C.;  Ding, Y.;  Yuan, Z.;  Wang, S.; Wang, R., Supramolecular 

Vesicles Based on Gold Nanorods for Precise Control of Gene Therapy and Deferred Photothermal 

Therapy. CCS Chem. 2022, 4 (5), 1745-1757. 

24. Lee, A.;  Ahmed, A.;  dos Santos, D. P.;  Coombs, N.;  Park, J. I.;  Gordon, R.;  Brolo, A. G.; Kumacheva, 

E., Side-by-Side Assembly of Gold Nanorods Reduces Ensemble-Averaged Sers Intensity. J. Phys. Chem. C 

2012, 116 (9), 5538-5545. 

25. Kanjanawarut, R.;  Yuan, B.; XiaoDi, S., Uv-Vis Spectroscopy and Dynamic Light Scattering Study of 

Gold Nanorods Aggregation. Nucleic Acid Ther. 2013, 23 (4), 273-280. 

26. Siahpoush, V.;  Ahmadi-kandjani, S.; Nikniazi, A., Effect of Plasmonic Coupling on Photothermal 

Behavior of Random Nanoparticles. Opt. Commun. 2018, 420, 52-58. 

27. Comenge, J.;  Fragueiro, O.;  Sharkey, J.;  Taylor, A.;  Held, M.;  Burton, N. C.;  Park, B. K.;  Wilm, B.;  

Murray, P.;  Brust, M.; Lévy, R., Preventing Plasmon Coupling between Gold Nanorods Improves the 

Sensitivity of Photoacoustic Detection of Labeled Stem Cells in Vivo. ACS Nano 2016, 10 (7), 7106-7116. 

28. Vial, S.;  Nykypanchuk, D.;  Deepak, F. L.;  Prado, M.; Gang, O., Plasmonic Response of DNA-

Assembled Gold Nanorods: Effect of DNA Linker Length, Temperature and Linker/Nanoparticles Ratio. J. 

Colloid Interface Sci. 2014, 433, 34-42. 

29. Chou, L. Y. T.;  Zagorovsky, K.; Chan, W. C. W., DNA Assembly of Nanoparticle Superstructures for 

Controlled Biological Delivery and Elimination. Nat. Nanotechnol. 2014, 9 (2), 148-155. 

30. Xing, H.;  Wang, Z.;  Xu, Z.;  Wong, N. Y.;  Xiang, Y.;  Liu, G. L.; Lu, Y., DNA-Directed Assembly of 

Asymmetric Nanoclusters Using Janus Nanoparticles. ACS Nano 2012, 6 (1), 802-809. 

31. Apostolovic, B.;  Danial, M.; Klok, H. A., Coiled Coils: Attractive Protein Folding Motifs for the 

Fabrication of Self-Assembled, Responsive and Bioactive Materials. Chem. Soc. Rev. 2010, 39 (9), 3541-

3575. 



   

 

127 
 

32. De Crescenzo, G.;  Litowski, J. R.;  Hodges, R. S.; O'Connor-McCourt, M. D., Real-Time Monitoring 

of the Interactions of Two-Stranded De Novo Designed Coiled-Coils: Effect of Chain Length on the Kinetic 

and Thermodynamic Constants of Binding. Biochemistry 2003, 42 (6), 1754-1763. 

33. Murschel, F.;  Fortier, C.;  Jolicoeur, M.;  Hodges, R. S.; De Crescenzo, G., Two Complementary 

Approaches for the Controlled Release of Biomolecules Immobilized Via Coiled-Coil Interactions: Peptide 

Core Mutations and Multivalent Presentation. Biomacromolecules 2017, 18 (3), 965-975. 

34. Roth, A.;  Murschel, F.;  Latreille, P. L.;  Martinez, V. A.;  Liberelle, B.;  Banquy, X.; De Crescenzo, 

G., Coiled Coil Affinity-Based Systems for the Controlled Release of Biofunctionalized Gold Nanoparticles 

from Alginate Hydrogels. Biomacromolecules 2019, 20 (5), 1926-1936. 

35. Stevens, M. M.;  Flynn, N. T.;  Wang, C.;  Tirrell, D. A.; Langer, R., Coiled-Coil Peptide-Based 

Assembly of Gold Nanoparticles. Adv. Mater. 2004, 16 (11), 915-918. 

36. Ernenwein, D.;  Ghosh, P.;  Rotello, V.; Chmielewski, J., Gold Nanoparticle Self-Assembly Promoted 

by a Non-Covalent, Charge-Complemented Coiled-Coil Peptide. J. Mater. Chem. 2010, 20 (27), 5608-5611. 

37. Zhong, L.;  Zhou, X.;  Bao, S.;  Shi, Y.;  Wang, Y.;  Hong, S.;  Huang, Y.;  Wang, X.;  Xie, Z.; Zhang, Q., 

Rational Design and Sers Properties of Side-by-Side, End-to-End and End-to-Side Assemblies of Au 

Nanorods. J. Mater. Chem. 2011, 21 (38), 14448-14455. 

38. Song, L.;  Qiu, N.;  Huang, Y.;  Cheng, Q.;  Yang, Y.;  Lin, H.;  Su, F.; Chen, T., Macroscopic 

Orientational Gold Nanorods Monolayer Film with Excellent Photothermal Anticounterfeiting 

Performance. Adv. Opt. Mater. 2020, 8 (n/a), 1902082. 

39. Yang, K.;  Zhang, S.;  He, J.; Nie, Z., Polymers and Inorganic Nanoparticles: A Winning Combination 

Towards Assembled Nanostructures for Cancer Imaging and Therapy. Nano Today 2021, 36, 101046. 

40. Nikoobakht, B.; El-Sayed, M. A., Preparation and Growth Mechanism of Gold Nanorods (Nrs) Using 

Seed-Mediated Growth Method. Chem. Mater. 2003, 15 (10), 1957-1962. 

41. Jana, N. R.;  Gearheart, L.; Murphy, C. J., Wet Chemical Synthesis of High Aspect Ratio Cylindrical 

Gold Nanorods. J. Phys. Chem. B 2001, 105 (19), 4065-4067. 

42. Hühn, J.;  Carrillo-Carrion, C.;  Soliman, M. G.;  Pfeiffer, C.;  Valdeperez, D.;  Masood, A.;  

Chakraborty, I.;  Zhu, L.;  Gallego, M.;  Yue, Z.;  Carril, M.;  Feliu, N.;  Escudero, A.;  Alkilany, A. M.;  Pelaz, 

B.;  del Pino, P.; Parak, W. J., Selected Standard Protocols for the Synthesis, Phase Transfer, and 

Characterization of Inorganic Colloidal Nanoparticles. Chem. Mater. 2017, 29 (1), 399-461. 

43. Link, S.;  Mohamed, M. B.; El-Sayed, M. A., Simulation of the Optical Absorption Spectra of Gold 

Nanorods as a Function of Their Aspect Ratio and the Effect of the Medium Dielectric Constant. J. Phys. 

Chem. B 1999, 103 (16), 3073-3077. 

44. Quinten, M., Optical Properties of Nanoparticle Systems: Mie and Beyond. John Wiley & Sons 

2010, 502. 

45. Alkilany, A. M.;  Nagaria, P. K.;  Hexel, C. R.;  Shaw, T. J.;  Murphy, C. J.; Wyatt, M. D., Cellular 

Uptake and Cytotoxicity of Gold Nanorods: Molecular Origin of Cytotoxicity and Surface Effects. Small 

2009, 5 (6), 701-8. 

46. Prescott, S. W.; Mulvaney, P., Gold Nanorod Extinction Spectra. J. Appl. Phys. 2006, 99 (12), 

123504. 

47. Pothorszky, S.;  Zámbó, D.;  Deák, T.; Deák, A., Assembling Patchy Nanorods with Spheres: 

Limitations Imposed by Colloidal Interactions. Nanoscale 2016, 8 (6), 3523-3529. 



   

 

128 
 

48. Nie, Z.;  Fava, D.;  Kumacheva, E.;  Zou, S.;  Walker, G. C.; Rubinstein, M., Self-Assembly of Metalς

Polymer Analogues of Amphiphilic Triblock Copolymers. Nat. Mater. 2007, 6 (8), 609-614. 

49. Caswell, K. K.;  Wilson, J. N.;  Bunz, U. H. F.; Murphy, C. J., Preferential End-to-End Assembly of 

DƻƭŘ bŀƴƻǊƻŘǎ ōȅ .ƛƻǘƛƴҍ{ǘǊŜǇǘŀǾƛŘƛƴ /ƻƴƴŜŎǘƻǊǎΦ J. Am. Chem. Soc. 2003, 125 (46), 13914-13915. 

50. Janicek, B. E.;  Hinman, J. G.;  Hinman, J. J.;  Bae, S. h.;  Wu, M.;  Turner, J.;  Chang, H. H.;  Park, E.;  

Lawless, R.;  Suslick, K. S.;  Murphy, C. J.; Huang, P. Y., Quantitative Imaging of Organic Ligand Density on 

Anisotropic Inorganic Nanocrystals. Nano Lett. 2019, 19 (9), 6308-6314. 

51. Silva, J.;  Dias, R.;  Da Hora, G.;  Soares, T.; Meneghetti, M., Molecular Dynamics Simulations of 

Cetyltrimethylammonium Bromide (Ctab) Micelles and Their Interactions with a Gold Surface in Aqueous 

Solution. J. Braz. Chem. Soc. 2018, 29 (1), 191-199. 

52. Rahme, K.;  Chen, L.;  Hobbs, R. G.;  Morris, M. A.;  O'Driscoll, C.; Holmes, J. D., Pegylated Gold 

Nanoparticles: Polymer Quantification as a Function of Peg Lengths and Nanoparticle Dimensions. RSC 

Adv. 2013, 3 (17), 6085-6094. 

53. Hauwiller, M. R.;  Ye, X.;  Jones, M. R.;  Chan, C. M.;  Calvin, J. J.;  Crook, M. F.;  Zheng, H.; Alivisatos, 

A. P., Tracking the Effects of Ligands on Oxidative Etching of Gold Nanorods in Graphene Liquid Cell 

Electron Microscopy. ACS Nano 2020, 14 (8), 10239-10250. 

54. Dileseigres, A. S.;  Prado, Y.; Pluchery, O., How to Use Localized Surface Plasmon for Monitoring 

the Adsorption of Thiol Molecules on Gold Nanoparticles? Nanomaterials 2022, 12 (2), 292. 

55. Hu, Q.;  Gu, G.;  Liu, Z.;  Jiang, M.;  Kang, T.;  Miao, D.;  Tu, Y.;  Pang, Z.;  Song, Q.;  Yao, L.;  Xia, H.;  

Chen, H.;  Jiang, X.;  Gao, X.; Chen, J., F3 Peptide-Functionalized Peg-Pla Nanoparticles Co-Administrated 

with Tlyp-1 Peptide for Anti-Glioma Drug Delivery. Biomaterials 2013, 34 (4), 1135-1145. 

56. Xia, H.;  Gao, X.;  Gu, G.;  Liu, Z.;  Hu, Q.;  Tu, Y.;  Song, Q.;  Yao, L.;  Pang, Z.;  Jiang, X.;  Chen, J.; 

Chen, H., Penetratin-Functionalized PegςPla Nanoparticles for Brain Drug Delivery. Int. J. Pharm. 2012, 

436 (1), 840-850. 

57. Vila, A.;  Gill, H.;  McCallion, O.; Alonso, M. a. J., Transport of Pla-Peg Particles across the Nasal 

Mucosa: Effect of Particle Size and Peg Coating Density. J. Controlled Release 2004, 98 (2), 231-244. 

58. Martínez-Jothar, L.;  Doulkeridou, S.;  Schiffelers, R. M.;  Sastre Torano, J.;  Oliveira, S.;  van 

Nostrum, C. F.; Hennink, W. E., Insights into Maleimide-Thiol Conjugation Chemistry: Conditions for 

Efficient Surface Functionalization of Nanoparticles for Receptor Targeting. J. Controlled Release 2018, 

282, 101-109. 

59. Andrian, T.;  Pujals, S.; Albertazzi, L., Quantifying the Effect of Peg Architecture on Nanoparticle 

Ligand Availability Using DNA-Paint. Nanoscale Adv. 2021, 3 (24), 6876-6881. 

60. Abtahi, S. M. H.;  Burrows, N. D.;  Idesis, F. A.;  Murphy, C. J.;  Saleh, N. B.; Vikesland, P. J., Sulfate-

Mediated End-to-End Assembly of Gold Nanorods. Langmuir 2017, 33 (6), 1486-1495. 

61. Yang, N.;  You, T. T.;  Liang, X.;  Zhang, C. M.;  Jiang, L.; Yin, P. G., An Ultrasensitive near-Infrared 

Satellite Sers Sensor: DNA Self-Assembled Gold Nanorod/Nanospheres Structure. RSC Adv. 2017, 7 (15), 

9321-9327. 

62. Qiu, H.;  Rieger, J.;  Gilbert, B.;  Jérôme, R.; Jérôme, C., Pla-Coated Gold Nanoparticles for the 

Labeling of Pla Biocarriers. Chem. Mater. 2004, 16 (5), 850-856. 

63. De Silva Indrasekara, A. S.;  Norton, S. J.;  Geitner, N. K.;  Crawford, B. M.;  Wiesner, M. R.; Vo-

Dinh, T., Tailoring the CoreςSatellite Nanoassembly Architectures by Tuning Internanoparticle 

Electrostatic Interactions. Langmuir 2018, 34 (48), 14617-14623. 



   

 

129 
 

64. Chen, Y. S.;  Frey, W.;  Kim, S.;  Homan, K.;  Kruizinga, P.;  Sokolov, K.; Emelianov, S., Enhanced 

Thermal Stability of Silica-Coated Gold Nanorods for Photoacoustic Imaging and Image-Guided Therapy. 

Opt. Express 2010, 18 (9), 8867-8878. 

65. Crooks, R. O.;  Baxter, D.;  Panek, A. S.;  Lubben, A. T.; Mason, J. M., Deriving Heterospecific Self-

Assembling Protein-Protein Interactions Using a Computational Interactome Screen. J Mol Biol 2016, 428 

(2 Pt A), 385-398. 

66. Martelli, G.;  Zope, H. R.;  Bròvia Capell, M.; Kros, A., Coiled-Coil Peptide Motifs as 

Thermoresponsive Valves for Mesoporous Silica Nanoparticles. Chemical Communications 2013, 49 (85), 

9932-9934. 

 

 

 

 

 

 

 

 

 

 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

5. CHAPITRE 5 : UNE THERAPIE COMBINEE 
IMMUNOTHERAPIE/PHOTOTHERMIQUE SYNERGIQUE QUI 
CIBLE LES MACROPHAGES POUR UNE AMELIORATION DU 

MICROENVIRONNEMENT TUMORAL DU PDAC 
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5.1  Préambule  

 

Les travaux présentés dans lΩŀǊǘƛŎƭŜ нΣ ont posé les bases de notre approche nanoparticulaire pour le 

traitement du PDAC. Dans ce nouveau chapitre, nous allons explorer plus en profondeur l'application de 

notre système, i.e. l'utilisation de AuNRs@PLA-PEG NPs précédemment développées, comme vecteurs 

capables non seulement d'encapsuler efficacement un inhibiteur de macrophages, mais aussi de le libérer 

de manière contrôlée en réponse à ƭΩƘȅǇŜǊǘƘŜǊƳƛŜ. Cette propriété photothermique ayant été démontré 

comme efficaceΣ Řŀƴǎ ƭΩŀǊǘƛŎƭŜ нΦ 

Il est important de noter que, même si dans ƭΩŀǊǘƛŎƭŜ нΣ des peptides de type coiled-coil ont été utilisés 

pour l'assemblage des NPs, nous avons par la suite optimisé notre approche. La synthèse et le scale-up de 

ces peptides se sont avérés délicats, ce qui nous a conduit à développer une version améliorée de notre 

système sans l'utilisation de ces peptides. 

Dans ce chapitre, nous présenterons donc les effets multi-thérapeutiques in vitro de notre système pour 

le PDAC. 
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Article 3. Nano-thérapie combinée : immunothérapie et photothermie pour 

moduler le microenvironnement tumoral pancréatique 
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5.2  Résumé 

Le but de cette étude est de développer une stratégie thérapeutique contre le PDAC, en combinant la PTT 

et l'immunothérapie. Nous utilisons des NPs composites polymère-métal (AuNRs@PLA-PEG) qui 

encapsulent un inhibiteur de la voie PI3K-ʴΣ LtL-549, permettant de reprogrammer les macrophages anti-

inflammatoires (M2) en pro-inflammatoires (M1). Notre approche vise à moduler le microenvironnement 

tumoral complexe et immunosuppresseur du PDAC ŀǳǎǎƛ ƎǊŃŎŜ Ł ƭΩŜŦŦŜǘ ǘƻȄƛǉǳŜ ƛƴŘƛǊŜŎǘ ŘŜ ƭŀ t¢¢ ǎǳǊ ƭŜ 

recrutement des cellules immunitaires. Notre étude caractérise les propriétés physico-chimiques des NPs 

chargées, évalue leur toxicité, et examine leur efficacité in vitro. L'utilisation de cellules cancéreuses 

pancréatiques (KPC) et de macrophages permet de mieux simuler le microenvironnement du PDAC. 

L'évaluation de l'efficacité dans des modèles 2D et 3D nous a permis de mieux comprendre notamment 

ƭΩŜŦŦŜǘ ŘŜ ƭŀ ǊŜǇƻƭŀǊƛǎŀǘƛƻƴ ŘŜǎ aн ǇŀǊ ǊŀǇǇƻǊǘ Ł ǳƴŜ ƳƻƴƻǘƘŞǊŀǇƛŜ. Ces résultats mettent en évidence le 

potentiel des NPs polymère-métal comme plateforme pour l'immunothérapie et la thérapie 

photothermique combinée dans le PDAC.  

 

5.3  Abstract 

The aim of this study is to develop a therapeutic strategy against PDAC by combining PTT and 

immunotherapy. We utilize composite polymer-metal nanoparticles (AuNRs@PLA-PEG NPs) that 

encapsulate a PI3K-  ɹ pathway inhibitor, IPI-549, enabling the repolarization of anti-inflammatory 

macrophages (M2) into pro-inflammatory (M1). Our approach aims to modulate the complex and 

immunosuppressive tumor microenvironment of PDAC, also leveraging the indirect toxic effect of PTT on 

immune cell recruitment. Our study characterizes the physicochemical properties of the loaded NPs, 

assesses their toxicity, and examines their efficacy in vitro. The use of pancreatic cancer cells (KPC) and 

macrophages allows for a better representation of the PDAC microenvironment. Evaluation of efficacy in 

both 2D and 3D models is essential for a more comprehensive understanding, particularly of the 

synergistic effect of M2 repolarization compared to monotherapy. These results highlight the potential of 

polymer-metal NPs as a platform for combined immunotherapy and photothermal therapy in PDAC. 

 

5.4  Introduction 

Pancreatic ductal adenocarcinoma (PDAC), which accounts for nearly 90% of pancreatic cancers, 

originates from mutations in pancreatic epithelial cells. These mutations typically lead to lesions in the 
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pancreatic duct, followed by the local spread of cancer cells and subsequent metastasis 1. A major 

challenge in treating PDAC is its late detection due to nonspecific symptoms often mistaken for benign 

conditions, leading to diagnosis at an advanced stage. Current treatment options are limited to surgical 

resection, accompanied by pre- and/or post-operative chemotherapy and/or radiation 2. However, this 

procedure is only applicable to resectable PDAC, where complete tumor removal is feasible. Non-

resectable PDAC, which includes cases with vascular involvement or metastasis, constitutes a significant 

percentage of diagnoses and is primarily managed with a combination of individual chemotherapy 

molecules, which rarely shrinks tumors enough for surgical intervention 3. Consequently, the 5-year 

survival rate for PDAC patients is approximately 10% as of 2020, making it the fourth leading cause of 

cancer-related deaths in the United States 4. By 2026, pancreatic cancer is projected to surpass colorectal 

cancer as a leading cause of cancer-related deaths 5. 

The poor prognosis and limited treatment options for advanced PDAC are largely attributed to its unique 

tumor microenvironment (TME). PDAC exhibits low immunogenicity and minimal immune cell mutation, 

resulting in a TME that supports tumor growth by manipulating regulatory pathways. In the early stages 

of the disease, pro-inflammatory immune cells are present; however, over time, these cells are depleted 

and transformed into immunosuppressive phenotypes, including fibroblasts and macrophages 6, 7. 

Moreover, these immunosuppressive cells produce excessive extracellular matrix components, creating a 

dense stroma that constitutes up to 50% of PDAC mass 8. This dense stroma physically isolates the tumor, 

preventing immune cell penetration and hindering the efficacy of therapeutic agents, although this 

paradigm is being questioned 9. 

This highlights the complex interaction between immune and stromal pathways in PDAC, demonstrating 

the urgent need for innovative therapies that can modulate the TME and enhance treatment efficacy. 

Despite the development of various chemotherapeutic combinations, the results have been limited due 

to the challenge of achieving a sustained immune response within the complex TME in human trials 10. 

Research efforts have increasingly focused on combining approved chemotherapy with immunotherapy, 

radiotherapy, or immune checkpoint inhibitors (ICP) in both in preclinical and clinical studies 11-15. 

Immunotherapy research has grown significantly, particularly targeted therapies for PDAC. Targeting 

immune cells, such as tumor-associated macrophages (TAMs), which are abundant in PDAC and play a 

crucial role in disease progression, is a hot topic 16. For example, the molecule IPI-549 (Eganelisib), which 

inhibits PI3K-  ɹpathway, has shown promise in reprogramming TAMs into a pro-inflammatory phenotype 

to stimulate cytotoxic immune responses 17, 18. Although beneficial in certain cancers, its effectiveness in 
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PDAC remains to be seen 19. Additionally, combining therapeutic strategies aided by nanotechnology is a 

focus, considering that the dense stroma in pancreatic tissue continues to impede therapeutic efficacy. 

Mild hyperthermia, which involves raising tumor temperatures to 40-по ϲ/Σ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ǘƻ ǎŜƴǎƛǘƛȊŜ 

tumors to other therapies 20-22. Nanoparticle-based photothermal therapy (PTT) has been employed to 

exert direct physical effects on cancer and stromal cells, aiming to kill cancer cells and reduce interstitial 

pressure. Additionally, in photothermal immunotherapy, PTT is used to induce immunogenic cell death 

(ICD) in cancer cells 23. This process releases tumor-associated antigens, thereby eliciting antitumor 

immune responses. However, neither PTT nor immunotherapy alone has been sufficient to cause 

complete tumor regression in PDAC, highlighting the need to explore their combination. While some 

studies have investigated nanoparticles (NPs) that combine immunotherapy and hyperthermia using ICP 

and VEGF inhibitors 24,25, these approaches have limitations 26. However, few have focused on combining 

macrophage-targeted inhibitors and hyperthermia, with exceptions in colorectal and prostate cancers 

studies 27,28. However, these studies used ICG as PTT agents or through the generation of ROS species in 

the contrary of highly efficient and stable metallic PTT NPs. 

In this study, we explore a novel therapeutic strategy that integrates immunotherapy and PTT using 

composite polymer-metal NPs 29 to modulate the pancreatic tumor microenvironment. Macrophage- 

based immunotherapy with the inhibitor IPI-549 aims to enhance the patient's immune system by 

reprogramming anti-inflammatory macrophages into a pro-inflammatory phenotype that can activate T-

cells and release cytotoxic components to destroy cancer cells 19. Meanwhile, PTT exploits NPs to convert 

light energy into heat, inducing localized tumor cell death and releasing molecules 30, 31. The synergistic 

effect of these therapies, mediated by unique polymer-metal nanoparticles, has the potential to disrupt 

the TME, increase immune cell infiltration, and enhance overall therapeutic outcomes. Our goal is to 

develop a robust and controlled treatment strategy that significantly improves the prognosis for advanced 

pancreatic cancer patients. 

This paper presents the encapsulation of the hydrophobic drug IPI-549 in composite core-satellite gold 

nanorods (AuNRs) and copolymer PLA-b-PEG NPs, and its controlled release via an external near-infrared 

(NIR) laser. We demonstrate the biocompatibility of these NPs with pancreatic cancer cells and 

macrophages. Initially, we show that these NPs can achieve mild and high hyperthermia by adjusting the 

laser power density, differentially affecting cancer cells and macrophages, with a more significant 

decrease in cancer cell viability without compromising macrophages viability. Additionally, we show that 

encapsulated IPI-549 can repolarize M2-like macrophages into the M1-like phenotype as effectively as 
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free IPI-549, with the NIR laser enhancing this repolarization in a 2D in vitro model. Finally, we 

demonstrate that the combination of encapsulated IPI-549 and photothermal therapy can inhibit the 

growth of multicellular pancreatic cancer spheroids and potentiate a long-term immune memory effect 

in repolarized macrophages re-exposed to new cancer cells. This work highlights the potential of polymer-

metal nanoparticles as a versatile platform for combined immunotherapy and photothermal therapy in a 

PDAC model. 

 

5.5  Matériels et méthodes 

 

Synthesis and stability of AuNRs@PLA-b-PEG NPs 

AuNRs were prepared by adapting methods from Nikoobatht et al. and Jana et al., following a two-step 

synthesis. AuNRs were centrifuged twice at 10 000g for 15 minutes and resuspended in Milli-Q water. A 

volume of PEG5000-SH (10 mM), adapted to the concentration of AuNRs, was added and mixed for 6 hours. 

The solution was then centrifuged again at 10 000g for 15 minutes, the supernatant discarded, and the 

pellet resuspended in water. PLA-b-PEG NPs were synthesized using a micromixer in a flash 

nanoprecipitation NanoAssembler. A solution of 5 mL acetone containing 16 mg of PLA-b-PEG and 4 mg 

of PLA-b-PEG-SH was mixed with 5 mL of water at each end of the micromixer at a flow rate 10 mL min-1. 

To obtain fluorescent PLA-b-PEG NPs, 0.9 mg of PLA-Cy5 was added while maintaining the same ratio of 

PLA-b-PEG to PLA-b-PEG-SH polymer. The output solution from the micromixer was poured into 20 mL of 

water with agitation. The solution was then subjected to rotavapor at 80 mbar for 5 minutes and dialyzed 

against Milli-Q water for 1 hour. Finally, NPs were filtered using a 0.45 m˃ PES filter. The solution of NPs 

containing a mixture of PLA-b-PEG-SH and PLA-b-PEG copolymer chains is abbreviated as PLA-b-PEG-SH 

NPs. 

PLA-b-PEG-SH NPs were added to previously low density PEGylated AuNRs at a number ratio of 5:1 for 2 

hours at 4°C. Then, PEG5000-SH (10 mM) was added in excess and mixed slowly for 2 hours. The assembled 

NPs were purified and concentrated using Amicon at 1 000g for 7 min. The NPs were characterized by 

spectrophotometry and TEM. The final NPs are abbreviated as AuNRs@PLA-b-PEG NPs. 

 

Encapsulation of IPI-549 in AuNRs@PLA-b-PEG NPs 
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IPI-549 was encapsulated in AuNRs@PLA-b-PEG NPs at ratios of 1%w, 3%w and 5%w, respectively. IPI-549 

was added to the organic solution of PLA-b-PEG in acetone during the flash nanoprecipitation process. 

Purification followed the procedures described previously. Encapsulation efficiency (EE) and drug loading 

(DL) were determined by taking 100 L˃ of samples diluted in acetone or DMSO and measuring the total 

amount of IPI-549 by absorption spectroscopy. The remaining solution was centrifuged at 44 000g for 2 

hours at 4°C. A portion of the supernatant was frozen at -20°C for HPLC and absorption spectroscopic. The 

rest of the supernatant was discarded, and the pellet was resuspended in either 5 mL of Milli-Q water or 

3 mL of acetone. The pellet resuspended in water was then dispensed into Eppendorf and weighted. After 

lyophilization, the samples were weighted again to determine the polymer concentration of polymer 

(minus the mass of IPI-549). Alternatively, the pellet was resuspended in 3 mL of acetone immediately 

after the supernatant was discarded, mixed and the absorbance spectrum recorded. Calibration curves at 

360 nm in acetone or DMSO and 260 nm in PBS, were prepared ranging from 2 to 50 g˃ mL-1. A solution 

of NPs without IPI-549 served as the blank for spectroscopic quantification. EE was calculated as the 

amount of encapsulated IPI-549 inside PLA-b-PEG NPs divided by the initial amount of IPI-549 added. DL 

was calculated as the amount of IPI-549 encapsulated in PLA-b-PEG NPs divided by the amount of PLA-b-

PEG polymer used. The size and zeta potential of NPs with different IPI-549/polymer ratios were measured 

by DLS, with dilution in water and mixed with 1% NaCl. 

 

IPI-549 stability and release 

To determine the degradation stability of IPI-549, the absorbance at 360 nm was measured to obtain a 

calibration curve over time at different temperatures and under different 808 nm laser irradiation power 

densities. IPI-549 was diluted in PBS at 20 g˃ mL-1, and its stability was assessed at -20°C, 23°C, 37°C and 

50°C. Samples from -20°C to 37°C, were kept for 3 days, with spectra recorded at 2, 5, 24 and 96 hours. 

At 50°C, the stability of samples was assessed after 5 minutes. The stability of IPI-549 under laser 

irradiation was assessed using the same methodology as for temperature stability. The laser was directed 

at an open Eppendorf tube containing IPI-549 solution and turned on for 5 minutes at 0.2, 0.5 and 1 W 

cm-2 at 37°C. The laser fiber was positioned 3 cm from the sample to ensure the correct power density. 

We measured the amount of IPI-549 (at IPI-549/polymer ratio of 5%w) released from AuNRs@PLA-b-PEG 

NPs at 37°C in PBS with or without successive laser irradiations over 96 hours. The power density was set 

at 0.2, 0.5 and 1 W cm-2, with the laser turned on for 5 minutes at 2, 6, 12, 24, 48 and 96 hours. A thermal 

camera was used to monitor the solution temperature, during irradiation, and the data were analyzed to 
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plot the temperature before and during the 5-minute irradiation. All Eppendorf tubes were irradiated 

each time, and 500 ˃L  was taken out to quantify the total amount of IPI-549. The Eppendorf tube was 

then centrifuged at 44 000g for 2 hours. The supernatant was stored at -20°C, and the pellet was 

redispersed in acetone. Samples were filtered (0.45 m˃, PES), and spectra were recorded and analyzed. A 

one-time release irradiation (1 W cm-2) after 15 hours without irradiation was also performed. The release 

of IPI-549 was measured at 1, 12, 15 (after irradiation) and at 48 hours. 

 

Cell culture and macrophage polarization 

The cell culture medium used was Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 1% 

penicillin/streptomycin and 10% fetal bovine serum. RAW 264.7 cells were maintained either unpolarized 

(M0) or polarized (M1 or M2) using the same protocol. Briefly, cells at a concentration of 200 000 to 500 

000 cells mL-1 were seeded in a T-75 flasks or 12-well plates. Once adherent, the cells were treated with 1 

L˃ of LPS and INF-  ɹ (100 g˃ mLҍ1) to induce pro-inflammatory macrophages (M1-like). For anti-

inflammatory macrophages (M2-like), tumor conditioned media (TCM) was used. KPC cells were 

generously given by Pr. Veena Sangwan (McGill). The TCM was prepared by mixing 20 mL of DMEM with 

20 mL of media collected from KPC cells after 3 days of culture, followed by centrifugation at 1 500g for 5 

minutes. Then the cells were incubated for 24 hours and observed under a microscope (Zeiss Axio 

Observer 200). After incubation, the cells were washed two times with PBS and either lyse or scraped for 

further use. 

 

Biocompatibility 

M0 macrophages and KPC cells were seeded in 96-well plates at a density of 100 000 cells mL-1 and 

incubated in DMEM overnight. The cells were washed and exposed to various concentrations of IPI-549 

(2, 5, 10, 20, 40, 50, 80 ug mL-1), dissolved in DMSO, and AuNRs@PLA-b-PEG NPs, along with controls 

containing only DMSO and DMEM, for 48 hours. Laser irradiation toxicity was also assessed, cells were 

irradiated by a 808 nm laser (0.2, 0.5, 1 W cm-2) for 5 minutes, during which the temperature in the wells 

was recorded using a thermal camera. After the incubation with samples or the laser irradiation, cells 

were washed, and the medium replaced before adding 10 L˃ of MTS solution (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2-tetrazolium). Following a 3-hour incubation, the 
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absorbance at 490 nm was measured. The metabolic activity was calculated as a percentage of the 

average absorbance (N=6) of the treated cells compared to the control cells exposed to only DMEM.  

 

Hyperthermia effect and uptake of AuNRs@PLA-PEG NPs 

M1-like/M2-like polarized macrophages and KPC were seeded in 24-well plates at 100 000 cells mL-1 and 

80 000 cells mL-1, respectively, to determine the effect of hyperthermia. Once adherent, a solution of 

AuNRs@PLA-b-PEG NPs was added to the cells at concentrations of 1 g˃ mL-1 and 5 ˃ g mL-1, with PBS 

added as a control (0 ˃g mL-1). After 24 hours of incubation, the wells were irradiated with a 808 nm laser 

at 0, 0.2, 0.5 and 1 W cm-2 for 5 minutes. Following an additional 24 hours of incubation, the metabolic 

activity was measured by adding 40 L˃ of MTS solution and incubating for 3 hours. The metabolic activity 

percentage was calculated using the PBS control as a reference. The temperature increase of the 

corresponding sample was recorded using a thermal camera. 

M1-like, M2-like macrophages and KPC cells were seeded in 24-well plates at 50 000 cells mL-1 and 

incubated in DMEM, or in TCM for M2-like cells, until reaching approximately 70% confluence. Cells were 

washed with PBS and exposed to a solution of AuNRs@PLA-b-PEG-Cy5 NPs (5 ˃g mL-1) or PBS and left in 

the incubator, to determine the uptake efficiency. After 24 hours, the cells were washed three times with 

PBS, then 500 ˃L of lysis buffer was added, and the cells were incubated for at least 2 hours, ensuring with 

a microscope that the membrane of cells was broken. The samples were then collected and centrifuged 

at 1 500 g for 5 minutes. The supernatant was collected, and the fluorescent intensity was measured using 

a spectrophotometer instrument (Tecan Spark). Negative controls consisted of cells treated with PBS, 

while positive controls consisted of the same number of AuNRs@PLA-b-PEG-Cy5 NPs in lysis buffer 

without cells. Some wells were not lysed and used to check the viability by MTS assay. 

 

Repolarization effect of IPI-549 

M2-like macrophages were seeded at 200 000 cells mL-1 in 12-well plates and exposed to PBS, 5 ug mL-1 

of IPI-549, 5 ug mL-1 of AuNRs, and 5 ug mL-1 of IPI-549 encapsulated in AuNRs@PLA-PEG NPs 

(AuNRs@PLA-PEG(IPI-549) NPs) for 24 hours. Then, cells were irradiated with a laser at 1 W/cm2 for 5 

minutes, while controls remained non-irradiated. Cells were then scraped and diluted to approximately 1 

million cells mL-1, and cell viability was assessed. Following viability measurement, the cells were 

centrifuged at 350g for 5 minutes and the supernatant was discarded. The cells were resuspended in 98 
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L˃ of cell staining buffer (CSB) and 2 L˃ of Fc-blocker anti-mouse (125 ˃g/mL), then incubated on ice for 

15 minutes. The cells were centrifuged again at 350g for 5 minutes and the supernatant was discarded. 

The pellet was resuspended in 94 L˃ of CSB, with the addition of 2 ˃L each of the following antibodies: 

Alexa Fluor 647 anti-mouse CD80 (125 ˃g mL-1), PE-eFluor 610 anti-mouse CD11b (125 ug mL-1) and 

APC/Cyanine7 anti-mouse CD163 (125 ug mL-1). The mixture was incubated on ice in the dark for 45 

minutes. Subsequently, the cells were centrifuged at 350g for 5 minutes and the pellet was resuspended 

in 100 ˃ L of Zombie violet dye (100 ˃g/mL). Once again, cells were centrifuged at 350 g for 5 minutes, the 

supernatant was discarded, and 1 mL of CSB was added. This washing step was repeated three times. 

Finally, the cells were resuspended in 0.6 mL of CSB and injected into the flow cytometer. FMO control 

(fluorescence minus one) was done once, and compensation controls were done before each new 

experiment with a new cell phenotype. Unstained cells were used as negative control in the gating 

strategy. This strategy was as follows: debris were first removed, followed by gating of singlet cells, then 

viable cells (Zombie violet dye-), macrophages (CD11b+), and finally the macrophage phenotypes (CD80+ 

or CD163+). The results are presented as the percentage of CD163+ cells in function of the IPI-549 

concentration. Additionally, cell morphology was observed under a microscope at each step. 

 

Multicellular 3D spheroids 

KPC cells and M2-like macrophages cells were mixed at a 7:3 ratio and seeded in an ultralow attachment 

96-well plate (Biofloat) at a density of 5 000 cells in 200 L˃ per well. The plate was incubated for 24 to 48 

hours until the spheroids were formed. Every two days, 100 L˃ of the medium was removed and replaced 

with fresh medium. On day 0, the spheroids were supplemented with PBS, AuNRs@PLA-PEG (5 ˃g mL-1), 

IPI-549 (5 ˃ g mL-1), or AuNRs@PLA-PEG(IPI-549) NPs (5 ug mL-1) for 6 to 14 days. On day 1, spheroids were 

subjected to laser irradiation (1 W/cm2, 5 minutes), while controls remained non-irradiated. The surface 

area of the spheroids was monitored every two days using an inverted microscope (Carl Zeiss Axio 

Observer, 4x magnification) by capturing images. The surface area was calculated using ImageJ software. 

After monitoring the size, the spheroids were washed twice with PBS by replacing only 100 L˃. Then, 150 

L˃ of collagenase type II (0.1 %w/v) was added in the wells and incubated for 30 minutes. After 50 L˃ of 

Trypsin/EDTA (0.25%) was added, cells were dispensed in an Eppendorf and centrifuged at 350g for 5 

minutes. The supernatant was removed, and the pellet redispersed in CSB, before stored at 4°C. Then the 

previously described flow cytometer protocol was performed. In the gating strategy, the percentage of 

macrophages among all viable cells (CD11b+), then the percentage of M2 macrophages among these 
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macrophages (CD163+) was gated. The viability of M2 macrophages was assessed from the zombie violet 

dye afterwards (CD11+ CD163+ Zombie violet-). 

 

Long-term efficacy after re-exposition to KPC cells 

M0 macrophages were seeded in a 12-well plate at a density of 100 000 cells per well and allowed to 

adhere overnight in an incubator. The medium was then replaced by TCM to repolarize the macrophages 

to an M2-like phenotype and were incubated for 48 hours. Subsequently, the culture medium was 

replaced with DMEM containing AuNRs@PLA-PEG(IPI-549) NPs (5 ug mL-1), while control wells received 

PBS. After 24 hours, 500 ˃L of KPC cells were seeded into Transwell inserts at a density of 200 000 cells 

mL-1 and placed into the 12-well plate containing either treated or untreated M2-like macrophages for 48 

hours. Controls remained without Transwell inserts seeded with KPC cells. After this incubation period, 

the culture media in the well-plates with macrophages was replaced with fresh media, and the cells were 

observed under a microscope and scraped for further analysis using flow cytometry, following the 

previously established protocol. The viability of the cancer cells in the inserts was assessed by staining 

with an MTS solution, followed by measurement of cell viability. 

 

5.6  Résultats 

Formulation and on-demand release of IPI-549 from AuNRs@PLA-PEG by an external stimulus 

IPI-549 exhibits hydrophobic properties and potential toxicity, requiring efficient encapsulation strategies 

for its delivery 32. In our previous work, we designed and synthesized a core-satellite polymer-metal 

nanocomposite (AuNRs@PLA-PEG NPs) for multi-therapeutic drug delivery applications 29. The PLA-PEG 

core serves as an effective carrier for hydrophobic molecules, while the satellite AuNRs grafted on to the 

surface enable the generation of controlled hyperthermia gradients around NPs, upon external irradiation 

by a laser. As illustrated in Figure 5.1 A, with a schematic and TEM image, we encapsulated IPI-549 in 

AuNRs@PLA-PEG NPs using flash nanoprecipitation and recorded their respective spectra (Figure 5.1 B). 

We measured the encapsulation efficiency (EE) and drug loading (DL) of IPI-549, along with the size of the 

loaded NPs, as a function of the initial drug-to-polymer ratio (Figure 5.1 C). Using initial ratios of 1%, 3%, 

and 5% of IPI-549 to PLA-b-PEG (w/w), we observed increasing DL of 11.1%, 29.9%, and 45.0%, 

respectively, and decreasing EE of 89.8%, 78.9%, and 69.0%, respectively. Both the pellet (loaded NPs) 

and the supernatant (free IPI-549) were recovered to measure the concentration of IPI-549, resulting in a 
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positive recovery balance of 104 ± 5%. Additionally, the diameter (Ø) and polydispersity indices (PDI) of 

loaded PLA-b-PEG NPs were measured to be 84.4 nm, 100.9 nm, 106.6 nm, and 113 nm with PDI of 0.146, 

0.141, 0.110, and 0.072 at IPI-549/polymer ratios of 0%, 1%, 3%, and 5%, respectively (top of bar diagram, 

Figure 5.1 C). As drug loading increased, EE decreased, and the size of NPs increased, indicating that the 

maximum encapsulation threshold was reached. Further increases in DL would likely reduce EE and 

damage the NPs, causing IPI-549 leakage. The low PDI values confirm that our formulation is 

monodisperse and stable in an aqueous phase. A DL of 45% exhibit AuNRs@PLA-PEG NPs as a very good 

candidate for drug-loading formulation, highly effective for drug delivery applications 33-35. 

 

A) Schematic with TEM image and B) UV-visible spectra of (i) IPI-549 and (ii) AuNRs@PLA-PEG NPs combine to 

formulate (iii) AuNRs@PLA-PEG(IPI-549) NPs. C) Encapsulation efficiency (EE), represented by orange points, and 

drug loading (DL), represented by blue bars, of IPI-549 within PLA-PEG NPs in function of the initial ratio of IPI-549 

to PLA-PEG polymer. Diameter sizes (nm) and polydispersity indices (PDI) of the formulated NPs are indicated above 

the respective bar graphics. 

Figure 5.1 : Characterization of IPI-549 encapsulation. 
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Furthermore, the spectrum of AuNRs@PLA-PEG(IPI-549) NPs (Figure 5.1 B iii) shows that IPI-549 

encapsulation does not alter the plasmonic properties of AuNRs, as evidenced by the absorbance peak at 

a wavelength of 800 nm. We have demonstrated that IPI-549 can be efficiently encapsulated with a high 

drug loading in stable AuNRs@PLA-PEG NPs, laying the groundwork for potential use as an on-demand 

triggered release system via photothermal effects. 

Beforehand, it is necessary to study and validate the stability of the IPI-549 molecule under the conditions 

that it will be exposed to. Indeed, the use of photothermal therapy to increase the surrounding 

temperature and modify PLA-b-PEG structure to release IPI-549 will let it be exposed to higher 

temperature and NIR irradiation. Thus, we looked at the stability under temperature from T=-20°C to 

T=37°C and NIR laser irradiation up to P=1W/cm2 in Figure 5.2. 

 

A) Percentage of the IPI-549 initial dose non degraded at temperatures of T=-20°C, T=23°C and T=37°C for 96 hours 

in PBS. B) Percentage of the IPI-549 initial dose non degraded at T=37°C for 5 minutes under laser irradiation at 

power density of P=0.2 W/cm2, P=0.5 W/cm2 and P=1 W/cm2 in PBS. 

 

In Figure 5.2 A, IPI-549 solutions in PBS were exposed to temperatures of -20°C, 23°C and 37°C for 96 

hours. The remaining IPI-549 concentration was measured at various time points and compared to the 

Figure 5.2 : IPI-549 stability. 
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initial dose. After 24 hours, the remaining IPI-549 concentrations were 81.2%, 72.2%, and 88.7% for -20°C, 

23°C, and 37°C, respectively. After 96 hours, these values decreased to 84.7%, 76.5%, and 73.0%, 

respectively. The stability of IPI-549 at 37°C after 24 hours, 88.7%, is comparable to that at -20°C, 81.2%, 

suggesting that temperature does not significantly affect IPI-549 stability over this period. However, the 

decrease to 73.0% after 96 hours at 37°C could indicate gradual degradation. Interestingly, even at -20°C, 

a decrease to 84.7% was observed, suggesting that some degradation occurs even under favorable storage 

conditions. Based on these results, we conclude that IPI-549 can be maintained at 37°C for a period 

between 24 and 96 hours without significant degradation and a loss of efficiency. As shown in Figure 5.2 

B, IPI-549 solutions were also exposed to NIR laser irradiation (808 nm) at power densities of 0.2, 0.5, and 

1 W/cm² for 5 minutes. The remaining IPI-549 concentrations were 103.5%, 99.9%, and 98.7% of the initial 

dose, respectively, indicating that laser irradiation does not significantly alter IPI-549 stability. 

Consequently, an irradiation duration of 5 minutes was established as non-toxic exposure time for 

subsequent experiments in this study. The stability analysis of IPI-549 demonstrates that under the 

experimental conditions employed in this study, the molecule exhibits overall stability. However, slight 

degradation may occur under extreme conditions, particularly after prolonged exposure (96 hours) at 

37°C. These results support the viability of using NIR irradiation to generate localized heat gradients 

around AuNRs@PLA-PEG(IPI-549) NPs, potentially triggering on-demand release of IPI-549. 

The photothermal efficiency of AuNRs grafted through polymer chains onto PLA-PEG NPs has been shown 

to be comparable to that of AuNRs in solution. We hypothesized that the heat generated by these surface-

bound AuNRs could elevate the local temperature above the glass transition temperature of PLA-b-PEG 

copolymers (approximately 45°C) 36. This temperature increase could reduce polymer chain 

entanglement, potentially facilitating the diffusion and release of encapsulated IPI-549 into the 

surrounding medium. 

We monitored the cumulative release of IPI-549 from AuNRs@PLA-PEG NPs in PBS at 37°C, over 96 hours, 

both with and without laser irradiation (1 W/cm², 5 min), as illustrated in Figure 5.3 A. Without NIR laser 

irradiation (black squares), we observed an initial burst release of 11% over the first 3 hours, followed by 

a sustained release phase reaching 19.7% after 24 hours and 41.3% after 96 hours. To investigate the 

potential for triggered, multi-stage release, we compared this passive release profile to an active release 

induced by multiple laser irradiations. We applied 5-minute irradiations at 2, 6, 12, 24, 48, and 96 hours 

using laser powers of 0.2, 0.5, and 1 W/cm² (blue, green, and red squares in Figure 5.3 A, respectively). 

After each irradiation, we measured the concentration of released IPI-549 (N=3 to 5). The initial burst 
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release was amplified by the first irradiation at 2 hours, with cumulative releases of 32.7%, 49.1%, and 

51.1% for 0.2, 0.5, and 1 W/cm² laser irradiation, respectively. By the fourth irradiation at 24 hours, 

cumulative releases reached 35.1%, 46.6%, and 66.1%, and after the sixth irradiation at 96 hours, they 

increased to 43.1%, 50.7%, and 68.0% for the respective laser powers. The cumulative release of IPI-549 

exhibited a linear dependence on laser power density. As shown in Figure 5.3 B, the maximum 

temperatures reached in the samples at 0, 0.2, 0.5, and 1 W/cm² were 37.8°C, 41.0°C, 50.3°C, and 51.4°C, 

respectively. This confirms our hypothesis that laser-induced temperature increases drive the on-demand 

triggered release of IPI-549 from AuNRs@PLA-PEG NPs. Also, we verified IPI-549 stability at 50°C for 5 

minutes and observed no degradation, as seen in Figure 5.3 C. 

Notably, we did not achieve 100% release of encapsulated IPI-549, suggesting that PLA-b-PEG might not 

be completely disturbed by irradiation or that it is not sufficient to reach the center of PLA-PEG NPs. This 

indicates the potential for achieving higher release rates with increased laser power and temperature. 

While NIR laser irradiation effectively triggered enhanced IPI-549 release by increasing temperature 

around the AuNRs, we observed that multiple irradiations did not induce stepwise releases as initially 

hypothesized. Figure 5.8 A shows that only the first irradiation causes a high release rate compared to 

untriggered NPs, with subsequent irradiations maintaining a sustained release profile similar to 

untriggered samples (Figure 5.3 A). To ensure this wasn't due to loss of photothermal properties after the 

initial irradiation, we verified the temperature increase after each successive irradiation (Figure 5.8 B and 

C), confirming that the AuNRs retained their photothermal properties throughout the experiment. The 

initial burst release likely results from IPI-549 molecules solubilized or adsorbed within the PEG chains at 

the surface of NPs, which dissolve in the aqueous environment. The hydrophilic PEG segments interact 

with water, causing the PLA-PEG copolymer to absorb water, swell, and become more porous. 

In conclusion of this section, our study demonstrates that AuNRs@PLA-PEG(IPI-549) NPs function as an 

efficient NIR-triggered burst release system for IPI-549. The system exhibits a prolonged passive release 

profile, potentially maintaining a steady concentration in the blood, followed by a rapid burst release upon 

NIR irradiation at the site of interest, as illustrated in Figure 5.9. This controlled release mechanism offers 

the potential for precise timely and located drug delivery in cancer therapy. Moreover, the therapeutic 

applications of hyperthermia have been extensively investigated and have shown significant advantages 

in various treatment modalities 37. Building on this foundation, we expanded our research to explore the  

roles of hyperthermia, not only as an external trigger for IPI-549 release but also as a standalone 

therapeutic approach. This strategy aims to synergistically enhance the overall therapeutic efficacy of our 
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NPs system by combining the benefits of controlled drug release with the direct anti-tumor effects of 

hyperthermia through the use of AuNRs. To further validate the clinical potential of our system, the next 

critical step is to comprehensively evaluate its in vitro biocompatibility. 

 

 

Cytotoxicity of AuNRs@PLA-PEG(IPI-549) NPs 

Prior to assessing in vitro efficacy, we investigated the toxicity profiles of AuNRs@PLA-PEG NPs and IPI-

549 on relevant cell lines to establish a range of working concentrations. We used the murine macrophage 

cell line RAW 264.7 and KPC cells, derived from a spontaneous pancreatic cancer mouse model. The 

macrophages were used in their naïve state, allowing for future investigations into the interactions 

between polarized macrophages and pancreatic cancer cells. Figure 5.4 A illustrates the dose-dependent 

effects of IPI-549 on the metabolic activity of KPC (black squares) and naïve RAW 264.7 (M0, red squares) 

cells over a concentration range of 0 to 80 g˃/mL for 48 hours. We fitted a dose response model to obtain 

EC50 of 35.3 ˃g/mL and 41.0 ˃g/mL, respectively. These results indicate potential toxicity of IPI-549 at 

concentrations exceeding 35 ˃g/mL for both cell types, establishing an upper limit for free IPI-549 

concentration in subsequent experiments The impact of 808 nm laser irradiation (0 to 1 W/cm²) on cell 

metabolic activity was assessed, as shown in Figure 5.4 C. Notably, no significant toxicity was observed 

for either KPC or RAW 264.7 cells across the tested different power. Figure 5.4 B presents the toxicity of 

A) Cumulative release of IPI 549 from AuNRs@PLA-PEG without laser irradiation (P=0 W/cm2) and with consecutive 

irradiations of 5 minutes at laser powers of P=0,2 W/cm2, P=0,5 W/cm2 and P=1 W/cm2 in PBS. B) Maximum 

temperature (Tm) recorded by thermal camera during the cumulative release of IPI-549 (panel A) at laser powers of 

P= 0 W/cm2, P=0,2 W/cm2, P=0,5 W/cm2 and P=1 W/cm2. C) Initial dose percentage of IPI-549 at temperatures of 

T=50°C for 5 minutes. 

Figure 5.3 : On-demand burst release of IPI-549. 
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AuNRs@PLA-PEG NPs on KPC and RAW 264.7 cells. Dose-response modeling provided EC50 values of 11.7 

g˃/mL and 7.7 ˃g/mL, respectively. 

 

These metabolic activity assays provide crucial guidance for determining optimal concentrations of both 

IPI-549 and AuNRs@PLA-PEG NPs in subsequent in vitro experiments. It shows that IPI-549 should be used 

at concentrations below 30 ˃g/mL and below 5 ˃g/mL for AuNRs@PLA-PEG NPs. We observed a quite 

strong toxicity of naïve macrophages M0 to NPs, that is mainly due to AuNRs, as reported by Tang et al. 

38. 

Multi -therapeutic NPs properties  

To comprehensively understand the therapeutic effects of our nanoparticle system, we initially assessed 

the hyperthermia and repolarization effects separately before investigating potential synergistic 

behaviors. This approach allows us to outline the individual contributions of each mechanism and explore 

how hyperthermia might influence macrophage repolarization, and vice versa. We began by evaluating 

the hyperthermia effect on different cell types. 

Efficacy of in vitro photothermal therapy  

Figure 5.5 A illustrates the temperature changes and metabolic activity of M1 and M2 macrophages, as 

well as KPC cells, when exposed to AuNRs@PLA-PEG NPs with or without laser irradiation. We examined 

these parameters as a function of laser power density (0, 0.2, 0.5, and 1 W/cm²) and AuNRs concentration 

(0, 1, and 5 ˃g/mL). In the absence of AuNRs@PLA-PEG NPs (0 ˃g/mL, serving as negative controls), we 

observed no decrease in metabolic activity across all cell lines, regardless of laser power. This is correlated 

Metabolic activity of KPC and RAW 264.7 incubated with A) IPI-549 and B) AuNRs@PLA-PEG NPs at different 

Metabolic activity of KPC and RAW 264.7 incubated with A) IPI-549 and B) AuNRs@PLA-PEG NPs at different 

concentrations, and C) irradiated by 808 nm laser at different laser power. The metabolic activity is calculated 

with a negative control as reference. In panel A, DMSO represents the volume of DMSO added in the samples. 

Figure 5.4 : Cellular cytotoxicity of IPI-549, AuNRs@PLA-PEG NPs and laser irradiation. 












































































