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Liste des abre viations 
AFM: Atomic force microscopy 
ALL: Acute lymphoblastic leukemia 
Ag: Silver 
ATR-FTIR: Spectroscopie infrarouge à transformée de Fourier en mode réflectance totale 
atténuée 
Au: Gold 
BCR: B cell receptor  
B-ALL: B cell acute lymphoblastic leukemia 
BHT: Butylhydroxytoluène 
CAR: Chimeric antigen receptor  
CL: Constant Light chain 
CH: Constant Heavy chain  
Chol: Choline 
CLL: Chronic lymphocytic leukemia 
CTAB: Bromure de céthyltriméthylammonium 
CV : Voltammétrie cyclique 
DLS: Diffusion de la lumière 
DOTAP: 1,2-dioleoyl-3-trimethylammoniumpropane 
DOPE: Dioleoylphosphatidylethanolamine 
DSPE: Distearoylphosphatidylethanolamine 
EC: European Commission  
EDC: (1-ethyl-3-(3- dimethyl-aminopropyl)carbodiimide hydrochloride 
EDX: Energy dispersive X-ray spectroscopy 
EggPC: Egg yolk phosphatidylcholine 
EPR: Enhanced Permeation and Retention 
Fab: Variable region 
Fc region: Constant region  
FDA: US Food-and-Drug-Administration 
FTO:àOǆideàd͛ĠtaiŶàfluoƌĠ 
HES: Hémalun eosine safran 
IFNγ: Interferon gamma 
IL6: Interleukin 6 
IONP:àNaŶopaƌtiĐuleàd͛oǆǇdeàdeàfeƌ 
HD37-CCH: Hybridomas HD37-c-myc-Cys-His5 scFv 
HSPC: Hydrogenated soy phosphatidylcholine 
LBL: Couche par couche 
LNP: Liposomal nanoparticle  
mAb: Monoclonal antibody 
MGITC: Malachite Green Isothiocyanate  
MHC-Ig: Major Histocompatibility Complex-Immunoglobulin 
MPS: Mononuclear phagocyte system  
MRI: Magnetic Resonance Imaging 
MRI/CT: Magnetic resonance imaging/ Computerized tomography  
MRI/PET: Magnetic resonance imaging/ Positron emission tomography 
NHS: N-hydroxysuccinimide 
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NP:Nanoparticle 
NTA: Nanoparticle tracking analysis  
PA : Photoacoustique 
PAA: polyacrylique 
PBLG-b-HA: poly(g-benzyl-L-glutamate)-block-hyaluronan 
PCL: poly(cprolactone) 
PDT : Therapie photodynamique 
PDADMAC: poly(diallyl dimethylammoniumchloride) 
PEG: Polyethylene glycol 
PEG-DEG: poly(ethyleneglycol) diglycidyl ether 
PEI: Poly(ethylèneimine) 
PET : Positron emission tomography 
PLA: Acide polylactique 
PLGA: Poly(lactic-co-glycolic acid) 
PMMA: Poly(methacrylate de méthyle) 
PPG-DEG: poly(propylèneglycol) diglycidyl ether 
PS: Polystyrène 
PSS : Polystyrène sulfonate 
PTT: Therapie photothermale 
PVP: Polyvinylpyrrolidone  
QD: Quantum dots 
RES: Reticuloendothelial system 
SEM: Scanning electron microscopy 
SERS: Surface Enhanced Raman Scattering 
SiO2: Silicon dioxide  
siRNA: Small interference RNA  
SMCC: N-succinimidyl 4-(N maleimidomethyl)cyclohexane-1-carboxylate 
SPDP: N-succinimidyl 3-(2-pyridylthio)propionate  
SPECT: Single photon emission computed tomography 
scFv: Single-chain variable fragment 
SYK: Spleen Tyrosine Kinase 
TCR: T cell receptor 
TEM: Transmission electron microscopy 
THF: Tétrahydrofurane 
TPM: Methacryloxypropyltrimethoxysilane 
UCNPs: Up-converting nanoparticles  
US: Ultrasons 
VL: Variable Light chain 
VH: Variable Heavy chain 
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 


polǇŵğƌesàăàďloĐsà soŶtàdesàĐopolǇŵğƌesàaŵphiphilesà Đ͛estdiƌeàƋu͛ilsà ĐoŵpoƌteŶtàuŶàďloĐà

hǇdƌophileà aiŶsià Ƌu͛uŶà ďloĐà hǇdƌophoďe.à Laà stƌatĠgieà d͛asseŵďlageà ĐoŶsisteà ăà faiƌeà ǀaƌieƌà laà ďalaŶĐeà

eàpolǇŵğƌeàăàs͛agƌĠgeƌ.

Laàpƌeŵiğƌeàǀoieàd͛oďteŶtioŶàdeàĐapsulesàdeàŶaŶopaƌtiĐulesàfaitàl͛usageàdeàĐopolǇŵğƌesàăàďloĐs.àIlà

s͛agità deà polǇŵeƌsoŵesà ĐoŶteŶaŶtà desà ŶaŶopaƌtiĐules.à IŶitialeŵeŶtà lesà polǇŵeƌsoŵesà soŶtà desà Đapsulesà

ŵaisàleuƌàdĠǀeloppeŵeŶtàaàĐoŶduitàăàl͛eŶĐapsulatioŶàeŶà

leuƌàĐœuƌàdeàpƌiŶĐipesàaĐtifsetàplusàƌĠĐeŵŵeŶtàăàl͛iŶ


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





d͛hĠliĐesà.

LoƌsƋueà desà paƌtiĐulesà soŶtà pƌĠseŶtesà daŶsà leà ŵilieuà loƌsà deà l͛asseŵďlageà oŶà paƌleà deà

             





                  

l͛asseŵďlageFigure 2



: VaƌiĠtĠ d’asseŵďlages de ŶaŶopaƌtiĐules d'oƌ




L͛autƌeàŵĠthodeàtƌğsàutilisĠeàĐoŶsisteàăàfoŶĐtioŶŶaliseƌàlaàpaƌtiĐuleàăàl͛aideàdeàpolǇŵğƌesàăàďloĐs.à

DaŶsà Đeà Đasà laà paƌtiĐuleà està aussià ĐoŶsidĠƌĠeà Đoŵŵeà aŵphiphileà età l͛oŶà paƌleà d͛auto 

pƌiŶĐipalesà paƌtiĐulesà utilisĠesà soŶtà d͛oƌigiŶeà iŶoƌgaŶiƋuesà età deà tailleà deà l͛oƌdƌeà deà ϱà Ŷŵà ăà ƋuelƋuesà



deàpaƌtiĐulesàd͛oƌà ;áuNPͿ  

    EŶà effet,à lesà pƌopƌiĠtĠsà plasŵoŶiƋuesà deà l͛oƌ,à peƌŵetteŶtà deà ĐoƌƌĠleƌà lesà

ǀaƌiatioŶsàd͛aďsoƌďaŶĐeàauǆàdiffĠƌeŶtsàĠtatsàd͛agƌĠgatioŶ.


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Figure 3: Iŵages “EM d’auto-assemblage de nanobâtonnets d'or en forme (a) d'anneau et (b) de chaînes assemblées dans un 

mélange diméthylformamide/eau 6 et 20% en ratios volumiques respectivement, (c,d) de nanosphères assemblées dans un 

mélange tétrahydrofurane/eau 6/20% en ratios volumiques respectivement et (e) de ballots assemblés dans un mélange 

teƌŶaiƌe DMF/THF/Eau ϰϮ.ϱ/ϰϮ.ϱ/ϭϱ % eŶ ƌatios ǀoluŵiƋues. Baƌƌes d’ĠĐhelle ϭϬϬŶŵ, adaptĠe de 7
. 

Dans cet exemple, Nie et al. oŶtà eŶà ƌeŶduà desà ŶaŶoďątoŶŶetsà d͛oƌà aŵphiphilesà eŶà

fonctionnalisant les faces basales par un polymère hydrophobe de type polystyrène (PS). Les faces latérales 

soŶtà ƋuaŶtà ăà ellesà hǇdƌophilesà età ƌeĐouǀeƌtesà d͛uŶà teŶsioaĐtif,à leà CTáBà ;Bƌoŵuƌeà deà

cétyltriméthylammonium). Par cette technique ils ont pu considérer ces nanobâtonnets comme une sorte 

de  « tribloc »àaŵphiphileàetàoŶtàfaitàǀaƌieƌàlesàfoƌŵesàd͛asseŵďlageàseloŶàlesàĐoŵpositioŶsàdesàŵĠlaŶges.à

De plus, en changeant la taille des blocs ainsi que la taille des particules, He et. al ont aussi pu contrôler les 

distances interparticules au sein de capsule.14 

Enfin plus récemment, la forme des assemblages et la densité des particules sont aussi contrôlées. 

En utilisant des particules au caractère amphiphile et en présence de copolymères à blocs, des structures 

de vésicules à patĐhsàoŶtàĠtĠàoďteŶues.àC͛est-à-dire des vésicules dont la paroi comprend différentes zones 

plus ou moins riches en particules. Liu et al. ont ainsi créer des vésicules hémisphères ainsi que des disques 

et qui confère des caractères Janus aux assemblages.15 

Un des points importants à propos des assemblages formés est leur taille. Très dépendant de la 

taille des particules utilisées, certains auteurs ont réussi à contrôler le nombre de particules assemblées et 

doŶĐàlaàtailleàdesàoďjetsàfoƌŵĠs.àáiŶsiàilàestàpossiďleàd͛oďteŶiƌàdesàstƌuĐtuƌesà« core@shell » avec une, deux, 

ouà daǀaŶtageà deà paƌtiĐulesà auà seiŶà duà Đœuƌ.16 Laà plupaƌtà desà asseŵďlagesà oďteŶusà soŶtà deà l͛oƌdƌeà deà

quelques centaines de nanomètres. 
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

 


Laà seĐoŶdeà stƌatĠgieà d͛ĠlaďoƌatioŶà deà ŶaŶoĐapsulesà deà paƌtiĐulesà ƌeposeà suƌà uŶeà stƌatĠgieà





                

l͛asseŵďlageàseàfaitàăàlaàsuƌfaĐeàd͛uŶàgaďaƌit.àLaàplupaƌtàdesà«

    DaŶsà Đetteà stƌatĠgie,à lesà iŶteƌaĐtioŶsà Ƌuià ƌĠgisseŶtà l͛auto 





daŶsàl͛oďteŶtioŶàdesàĐapsulesààŶaŶopaƌtiĐulesàpaƌà«

  »àestàuŶeàĐapsuleàetà l͛as



 

Đƌeuǆ.àLaàplupaƌtàduàteŵpsàilàs͛agitàd͛uŶàtƌaiteŵeŶtàtheƌŵiƋue

 ».àC͛estàaussià ĐeàgeŶƌeàdeà tƌaiteŵeŶtàƋuià ĐoŶduitàăà laà foƌŵatioŶàde












Ilàestàaussiàpossiďleàd͛eŶǀisageƌàplusieuƌsàĐouĐhesàdeàpaƌtiĐules



             



   s͛agitàsouǀeŶtàdeàpƌĠĐuƌseuƌsàouà iŶteƌŵĠdiaiƌesà


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C͛estàeŶsuiteàleàpƌoĐĠdĠàhǇdƌotheƌŵalàƋuiàeŶtƌaiŶeàlaàŶuĐlĠatioŶàetàlaàĐƌoissaŶĐeàdesàpaƌtiĐulesàeŶàsuƌfaĐe,à

toutàeŶàƌetiƌaŶtàpaƌfoisàleàĐœuƌàpour aboutir in fine à une capsule. Les traitements thermiques permettent 

également un contrôle de la porosité de la capsule (Figure 4d).21 DaŶsà d͛autƌesà tƌaǀauǆ,à laà sǇŶthğseà duà

« template » est modifiée pour y inclure ces précurseurs, qui formeront des cristaux ou clusters ensuite 

duƌaŶtà l͛Ġtapeà deà Đhauffage.23 Grâce à cette stratégie la taille des capsules est très modulable et des 

asseŵďlagesàdeàl͛oƌdƌeàdeàƋuelƋuesàdizaiŶesàdeàŶaŶoŵğtƌes24 à plusieurs microns ont été préparées.25 

1.3 Propriétés et applications des nanocapsules de particules 
 

Les colloidosomes trouvent de nombreux domaines d͛appliĐatioŶà puisƋu͛iŶtƌiŶsğƋueŵeŶtà ilsà

peuǀeŶtàġtƌeàĐoŶstituĠsàdeàŶaŶopaƌtiĐules,à ĐlusteƌsàetàŶaŶoĠdifiĐesàd͛uŶeà tƌğsàgƌaŶdeàǀaƌiĠtĠàd͛ĠlĠŵeŶtsà

ĐhiŵiƋues.à áiŶsià ilsà tƌouǀeŶtà desà appliĐatioŶsà daŶsà lesà doŵaiŶesà duà stoĐkageà deà l͛ĠŶeƌgieà aǀeĐà desà

assemblagesàăàďaseàd͛oǆǇdesàd͛ĠtaiŶ,àdeàtitaŶe,àouàdeàĐoďaltàƋuiàŵoŶtƌeŶtàdesàaĐtiǀitĠsàiŶtĠƌessaŶtesàdaŶsà

le développement de batteries lithium-ion.26,27 DaŶsàleàĐasàdeàl͛ĠtaiŶ,àDeŶgàetàLeeàoŶtàĐoŵpaƌĠàlesàĐapaĐitĠsà

de charge/décharge de capsules de SnO2 et de sphères de SnO2. Les nanocapsules présentent de meilleures 

capacités grâce à leur microporosité et permettent une meilleure réactivité du lithium. 

DesàasseŵďlagesàăàďaseàdeàŵĠtauǆàŶoďlesàĐoŵŵeàleàplatiŶe,àl͛oƌàouàleàpalladiuŵ,àoŶtàĠtĠàutilisĠsà

comme nanoréacteurs et engagés dans des réactions de catalyse hétérogène classiques de type Suzuki28 ou 

eŶĐoƌeàd͛oǆǇdatioŶàetà ƌĠduĐtioŶàd͛alĐools.20,29,30 Lorsque les capsules sont comparésàauǆàsphğƌes,àĐ͛està leà

caractère poreux qui explique la meilleure réactivité des capsules, notamment grâce à une meilleure 

diffusioŶàdesàespğĐesàouàuŶàphĠŶoŵğŶeàdeàŵultiƌĠfleĐtioŶàd͛uŶàƌaǇoŶŶeŵeŶtàluŵiŶeuǆàdaŶsàleàĐasàd͛uŶeà

réaction photocatalytique.  

L͛Ġtude des interactions électriques et magnétiques inter-paƌtiĐulesà auà seiŶà d͛asseŵďlagesà deà

paƌtiĐulesà plasŵoŶiƋues,à iŶtĠƌesseà ďeauĐoupà leà doŵaiŶeà deà l͛optiƋueà età deà Ŷouǀellesà pƌopƌiĠtĠsà soŶtà

oďseƌǀĠesà daŶsà l͛Ġtudesà desàŵĠtaŵatĠƌiauǆ.31 Dans ce cas, lorsque les assemblages sont soumis à une 

irradiation lumineuse, des phénomènes de résonnance plasmonique permettent de générer une réponse 

magnétique. 

Enfin les applications biomédicales figurent parmi les plus nombreuses et les particules 

magnétiques, plasmoniques, luminescentes suscitent un grand intérêt dans le développement de la 

nanomédecine. En effet, les propriétés intrinsèques des nanoparticules ont déjà montrés des résultats 

pƌoŵetteuƌsà daŶsà lesà diǀeƌsesàŵĠthodesà d͛iŵageƌieà pƌĠĐliŶiƋueà età ĐliŶiƋue,à desàŵĠthodesà deà dĠteĐtioŶ,à

mais aussi des applications thérapeutiques. DaŶsà Đeà ĐoŶteǆte,à l͛aǀaŶtageàdesàŶaŶoĐapsulesàdeàpaƌtiĐulesà

peut être considéré comme multiple.  
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

PƌeŵiğƌeŵeŶtàilàpeƌŵetààd͛asseŵďleƌàplusieuƌsàtǇpesàdeàpaƌtiĐulesàauàseiŶàd͛uŶeàŵġŵeàĐapsule.àLiuà

͛oǆǇdesàdeàfeƌàetàd͛oƌàetàoŶtàdĠŵoŶtƌĠàleuƌàeffiĐaĐitĠà

eŶà iŵageƌieà duale.à EŶà effet,à lesà Đapsulesà pƌĠseŶteŶtà uŶà effetà d͛ageŶtà deà ĐoŶtƌasteà eŶà iŵageƌieà paƌà

ƌĠsoŶŶaŶĐeàŵagŶĠtiƋueà;I‘MͿàaiŶsiàƋu͛eŶàiŵageƌieàphotoaĐoustiƋueà;PáͿà



: Asseŵďlages hǇďƌides et ŵiǆtes d’oǆǇdes de feƌ et d’oƌ pouƌ l'iŵageƌie duale IRM/PhotoaĐoustiƋue. ;aͿ MiĐƌogƌaphie 
“EM, TEM, aŶalǇse ED“, ďaƌƌes d’ĠĐhelle ϱϬϬŶŵ ;ďͿ Iŵages MR 





D͛autƌesàĐoŵďiŶaisoŶsàoŶtàdĠjăàŵoŶtƌĠàleuƌàeffiĐaĐitĠà

l͛iŵageƌieàpaƌàĠŵissioŶàdeàpositƌoŶsà;PETͿàĐouplĠeàăàlaàPá,͛iŵageƌieàpaƌàultƌasoŶà;U“ͿàĐouplĠeàăàl͛I‘M,

ouàeŶĐoƌeàl͛I‘Màetàl͛iŵageƌieàsĐaŶŶeƌà;CTͿ

               

  ».à Ilà està paƌfoisà eŶǀisagĠà d͛eŶĐapsuleƌà ouà deà   

aĐtiǀesà età deà dĠĐleŶĐheƌà paƌà diǀeƌsà stiŵulià leuƌà ƌelaƌgage.à Paƌà eǆeŵpleà l͛utilisatioŶà deà polǇŵğƌesà



               

               

aŶtiĐaŶĐĠƌeuseà;doǆoƌuďiĐiŶeͿàdaŶsàdesàĐapsulesàdeàpaƌtiĐulesàd͛oƌàauǆƋuellesàestàĐouplĠàuŶàaŶtiĐoƌps,àdaŶsà

leà ďutà deà Điďleƌà desà Đellulesà tuŵoƌales.à L͛asseŵďlageà possğdeà uŶeà sigŶatuƌeà ‘aŵaŶà tƌğsà spĠĐifiƋueà Ƌuià

                  



EŶfiŶ,àd͛autƌesàstiŵuliàpeuǀeŶtàeŶtƌaŠŶeƌàdesàƌĠpoŶsesàĐhiŵiƋuesàouàtheƌŵiƋuesàetàăàlaàfoisàjoueƌà

deàthĠƌapie.àC͛estàŶotaŵŵeŶtàleàĐasàdeàl͛hǇpeƌtheƌŵieàouàdeà

      

           

                

polǇŵeƌsoŵesàăàďaseàd͛oǆǇdesàdeàfeƌ.àLesàĐapsulesàoŶtàuŶàeffetàd͛ageŶtàdeàĐoŶtƌasteàeŶàI‘M,àuŶeàeffiĐaĐitĠà




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



ĐapsulesàdeàŶaŶoďątoŶŶetsàd͛oƌàƋuiàĐoŵďiŶeŶtàlaàďiŵodalitĠàeŶàiŵageƌieàPETàetàPáàaiŶsiàƋueàlaàpƌopƌiĠtĠà



DaŶsàĐeàĐas,àouàlaàĐoŵďiŶaisoŶàdeàlaàthĠƌapieàăàl͛iŵageƌieàăàlieuàauàseiŶàduàŵġŵeàŶaŶoŵatĠ





 
     

  »à liƋuides,à Đ͛est         

ŶotioŶsà ăà pƌoposà deà l͛ĠŵulsioŶà staŶdaƌdà aiŶsià Ƌu͛auà sujetà desà ĠŵulsioŶsà deàPiĐkeƌiŶgà Ƌuià doŶŶeŶtà aussià



 




eŶàgĠŶĠƌalàeauàetàhuile,àƋuiàĐoŶstitueŶtàuŶeàphaseàdispeƌsĠeàdaŶsàuŶeàautƌeàphaseàĐoŶtiŶue.àL͛iŶteƌfaĐeàestà

LesàteŶsioaĐtifsàsoŶtàdesàŵolĠĐulesàaŵphiphilesàĐ͛estdiƌeàĐoŵposĠesàd͛uŶeà

paƌtieàhǇdƌophileà ;tġteàpolaiƌeͿàetàd͛uŶeàpaƌtieà lipophileà ;ƋueueàapolaiƌeͿ.àCetteàstƌuĐtuƌeà leuƌàpeƌŵetàdeà

s͛adsoƌďeƌàauàeŶàŵoŶoĐouĐheàăàl͛iŶteƌfaĐeàhuile/eauàetàdeàstaďiliseƌàl͛

ĐoŶstitueà laà phaseà ĐoŶtiŶue,à l͛ĠŵulsioŶà està diteà deà tǇpeà huileà daŶsà eauà ;H/EͿ.à áà l͛iŶǀeƌse,à loƌsƋueà l͛eauà

ĐoŶstitueàlaàphaseàdispeƌsĠe,àoŶàpaƌleàd͛ĠŵulsioŶàeauàdaŶsàhuileà;E/HͿàouàd͛ĠŵulsioŶà




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Les émulsions sont souvent classées selon leur stabilité, taille des gouttes, composition qui sont 

évidemment des critères intrinsèquement liés ce qui peut parfois porter à confusion.  

2.1.1. Microémulsions et Nanoémulsions 

 

DaŶsàleàĐasàdesàŵiĐƌoĠŵulsioŶs,à l͛ĠŶeƌgieàliďƌeàdeàlaàdispeƌsioŶàĐolloïdaleàăàl͛Ġtatàd͛ĠŵulsioŶàestà

plusàfaiďleàƋueàl͛ĠŶeƌgieàliďƌeàdesàdeuǆàphasesàsĠpaƌĠes,àĐ͛estàpouƌƋuoiàoŶàditàƋueàlesàŵiĐƌoĠŵulsioŶsàsoŶtà

theƌŵodǇŶaŵiƋueŵeŶtà staďles.à CepeŶdaŶtà ilà eǆisteà toujouƌsà uŶeà ďaƌƌiğƌeà d͛ĠŶeƌgieà d͛aĐtivation  (∆ܩ∗) 

sĠpaƌaŶtàĐesàdeuǆàĠtats,àƋuiàdĠteƌŵiŶeàl͛ĠŶeƌgieàŶĠĐessaiƌeàauàsǇstğŵeàpouƌàfoƌŵeƌàl͛ĠŵulsioŶà;Figure 7). 

 

Figure 7: Schéma du diagramme d'énergie libre de microémulsions et nanoémulsions comparées aux systèmes des 

phases sĠpaƌĠes aǀeĐ ΔG* l'ĠŶeƌgie d'aĐtiǀatioŶ. AdaptĠe de 37
. 

En effet, même si les microémulsions peuvent en principe être formées de manière spontanée simplement 

en amenant les trois composés ensemble, en pratique il est souvent nécessaire d͛appoƌteƌà deà l͛ĠŶeƌgieà

eǆteƌŶeà;sousàfoƌŵeàd͛agitatioŶàouàdeàĐhauffageͿàafiŶàdeàfƌaŶĐhiƌàlesàďaƌƌiğƌesàd͛aĐtiǀatioŶàĐiŶĠtiƋue. 

Lesà ŶaŶoĠŵulsioŶsà soŶtà ĐoŶstituĠes,à Đoŵŵeà leuƌà Ŷoŵà l͛iŶdiƋue,à deà gouttesà deà tailleà

nanométrique (20-500 nm). On retrouve dans la littérature plusieurs autres dénominations comme les 

émulsions sub-microniques, émulsions ultrafines ou encore les miniémulsions.38 áà l͛iŶǀeƌseà desà

microémulsions, elles sont thermodynamiquement instables (Figure 7). 

Les microémulsions peuvent également comporter des gouttes de tailles nanométriques et donc 

les préfixes utilisés portent à confusion. Cette confusion résulte du développement historique dans la 

science des colloïdes puisque le terme microémulsion est employé depuis 196139 alors que le terme 

ŶaŶoĠŵulsioŶà Ŷ͛aà faità soŶà appaƌitioŶà Ƌueà ďieŶà plusà taƌd,à eŶà ϭϵϵϲ40 avec le développement croissant du 

domaine des nanotechnologies.  
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LaàĐoŵpositioŶàdesàdeuǆàtǇpesàd͛ĠŵulsioŶsàestàideŶtique, cependant quelques différences sont à 

ŶoteƌàăàpƌoposàdeàlaàĐoŶĐeŶtƌatioŶàeŶàsuƌfaĐtaŶtsàƋuiàestàdeàl͛oƌdƌeàdeà;Ϯà- 10 % wt) pour les nanoémulsions 

aloƌsàƋu͛elleàdĠpasseà lesàϮϬà%àǁtàpouƌà lesàŵiĐƌoĠŵulsioŶs.41 OŶàƌetƌouǀeàpaƌfoisàaussià l͛utilisatioŶàdeàĐo-

surfactants. 

En principe les microémulsions peuvent être obtenues de manière spontanée alors que les 

nanoémulsions requièrent des processus de fabrication plus énergétiques. Les nanoémulsions, 

ĐoŶtƌaiƌeŵeŶtàauǆàŵiĐƌoĠŵulsioŶs,àƌeƋuiğƌeŶtàtoujouƌsàuŶàappoƌtàd͛ĠŶeƌgieàeǆtĠƌieuƌeàpuisƋueàellesàsoŶtà

thermodynamiquement instables. 

2.1.2. Applications des émulsions  

 

Lesà ĠŵulsioŶsà oŶtà stiŵulĠà l͛iŶŶoǀatioŶà daŶsà l͛iŶdustƌieà aliŵeŶtaiƌe,à ĐosŵĠtiƋueà età

pharmaceutique et dans les applications de  « delivery ».42 DaŶsà l͛iŶdustƌieàaliŵeŶtaiƌe,à lesàĠŵulsioŶsàoŶtà

peƌŵisà l͛eŶĐapsulatioŶà deà Đoŵposés hydrophobes comme des vitamines, des couleurs, des antioxidants. 

DaŶsà Đesà Đasà l͛eŶĐapsulatioŶà deà ŵolĠĐulesà hǇdƌophoďesà peutà appoƌteƌà plusieuƌsà aǀaŶtages : elle peut 

faĐiliteƌà soŶà iŶĐoƌpoƌatioŶà daŶsà uŶà pƌoduit,à aŵĠlioƌeƌà saà ďiodispoŶiďilitĠà ouà eŶĐoƌeà leà pƌotĠgeƌà d͛uŶeà

dégradation chimique.44,45 Par exemple, dans les cas des vitamines de la famille des caroténoïdes qui sont 

desàĐoŵposĠsàseŶsiďlesàăàlaàluŵiğƌe,àăàl͛oǆǇgğŶeàetàăàlaàĐhaleuƌ,àleuƌàeŶĐapsulatioŶàpeƌŵetàuŶeàŵeilleure 

adŵiŶistƌatioŶàetàadsoƌptioŶàpaƌàl͛oƌgaŶisŵe.45,46 áiŶsiàdeàŶoŵďƌeuǆàtƌaǀauǆàoŶtàpoƌtĠsàsuƌàl͛aŵĠlioƌatioŶà

de la stabilité des émulsions dans les conditions de pH et de température physiologiques.47 

Les émulsions ont également permis la diversification des méthodes de synthèse de 

nanomatériaux. De nombreux procédés reposent sur les nano et microémulsions pour le contrôle de la 

taille, dispersion, porosité des nanoparticules.48–50 EŶà s͛appuǇaŶtà suƌà uŶeàŵiĐƌoĠŵulsioŶà iŶǀeƌseà deà tǇpeà

ĐǇĐloheǆaŶe/eauà eŶà pƌĠseŶĐeà d͛uŶà suƌfaĐtaŶtà ;TƌitoŶà X-100 : polyoxyéthylène tert-octylphényléther) et 

d͛uŶàĐo-surfactant (hexanol) Lin et al. ont réussi à synthétiser des nanoparticules de silice sphériques, des 

nanocapsules et des particules type hochet en changeant simplement les quantités de précurseurs.50 

D͛autƌesàappliĐatioŶsàiŵpoƌtaŶtesàƌeposeŶtàsuƌàlesàpƌopƌiĠtĠsàdoŶtàŶousàŶ͛aǀoŶsàpasàeŶĐoƌeàpaƌlĠà

qui sont les propriétés rhéologiques de ces émulsions. Certains travaux ont démontrés des propriétés 

similaires à certains gels51 et de la thermoréversibilité52 qui pourraient trouver des applications dans les 

ŵatĠƌiauǆàadhĠsifs,àouàl͛iŵpƌessioŶ 3D. 

Nousà aǀoŶsà ǀuà Ƌueà lesà ĠŵulsioŶsà soŶtà staďilisĠesà paƌà desà teŶsioaĐtifs,àŵaisàd͛autƌesà ĐoŵposĠsà

peuvent être utilisés pour stabiliser ces interfaces tels que des polymères synthétiques ou encore des 

protéines globulaires,53,54 des virus,55 des spores,56 des bactéries,57 et jouent le rôle de stabilisant. 
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

CepeŶdaŶtàdaŶsàĐesàeǆeŵples,àl͛ageŶtàstaďilisaŶtàdeàl͛iŶteƌfaĐeàestàdeàtailleàďieŶàsupĠƌieuƌeàăàuŶàteŶsioaĐtifà

             





 


            

plaĐeà deà suƌfaĐtaŶts.à Ceà phĠŶoŵğŶeà aà d͛aďoƌdà ĠtĠà oďseƌǀĠà paƌà      

desàĠŵulsioŶsàĐlassiƋues,àlesàpaƌtiĐulesàsolidesàs͛adsoƌďeŶtà

ăà l͛iŶteƌfaĐeà huile/eauà età l͛oŶà paƌleà ĠgaleŵeŶtà d͛ĠŵulsioŶsà huileà daŶsà eauà ;H/EͿà aiŶsià Ƌu͛eauà daŶsà huileà











LesàpaƌtiĐulesàs͛oƌgaŶiseŶtàăà l͛iŶteƌfaĐeàetà l͛oŶàpeutàdĠfiŶiƌàuŶàtauǆàdeàĐouǀeƌtuƌeà

               

d͛aƌƌaŶgeŵeŶtsàdeàpaƌtiĐulesàsousàfoƌŵesàdeàĐhaŠŶesàouàautƌesàstƌuĐtuƌesàpoŶtĠesàoŶtàĠtĠàƌepoƌtĠesàpouƌà

–

ŵďƌeuǆàsǇstğŵesàpeuǀeŶtàġtƌeàoďteŶusàgƌąĐeàăàĐeàtǇpeàd͛ĠŵulsioŶsàƋuiàpeuǀeŶtàĠgaleŵeŶtà

              

d͛iŶteƌfaĐesàeau/gazà
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On trouve parmi ces matériaux les « bijels » (biscontinuous interfacially jammed emulsion gel),65 les gouttes 

sèches,66–68 ou encore des matériaux poreux comme les « polyHIPEs » (polymerized High Internal Phase 

Emulsions).69,70 Ces émulsions trouvent aussi de nombreuses applications en cosmétique, en 

agroalimentaire, et dans le domaine des mousses.71 

L͛adsoƌptioŶàdesàpaƌtiĐulesà ăà l͛iŶteƌfaĐeàhuile/eauàestà ĐaƌaĐtĠƌisĠàpaƌàdiffĠƌeŶtesà gƌaŶdeuƌsàƋueà

nous allons décrire dans la partie suivante. La compréhension de ces systèmes repose sur les interactions 

inter-particules en solution ainsi que les comportements aux interfaces. Dans cette partie nous allons 

tƌaiteƌàdesàfoƌĐesàetà iŶteƌaĐtioŶsàŵisesàeŶàjeuà loƌsàdeà l͛adsoƌption de particules au sein des émulsions de 

Pickering. 

 

2.2.1. Physicochimie des particules solides à l’interface liquide/liquid 

 

D͛apƌğsà lesà tƌaǀauǆàdeàBiŶks,à LeǀiŶeàetàBoǁeŶ,à laà staďilisatioŶàdesàĠŵulsioŶsàpaƌàdesàpaƌtiĐulesà

dans un système non coalescent se fait en quatre étapes72–75 : 

1. Formation des gouttes par fracture 

2. áppƌoĐheàdesàpaƌtiĐulesàdeàl͛iŶteƌfaĐeàetàĐollisioŶ 

3. Adsorption des particules 

4. Formation du réseau de particules et stabilisation 

 

Nousà alloŶsà Ŷousà iŶtĠƌesseƌà plusà paƌtiĐuliğƌeŵeŶtà pƌiŶĐipalesà foƌĐesà Ƌuià s͛appliƋueŶtà loƌsà deà

l͛ĠtapeàϯàĐ͛est-à-diƌeàloƌsàdeàl͛adsopƌtioŶàdesàpaƌtiĐulesàăàl͛iŶteƌfaĐeàliƋuide/liƋuide. 

2.2.2. Tension de surface 

Dans un système où coexistent deux phases (liquide/liquide ou liquide/gaz), il existe une énergie 

liĠeàăàl͛iŶteƌfaĐeàeŶtƌeàĐesàdeuǆàphases.àL͛ĠŶeƌgieàiŶteƌŶeààݏܨ de cette interface, selon Gibbs 76 est définie 

par :  

ݏܨ =  �ி�஺ � =  ����� (Eq. 1) 

La tension interfaciale, notée ����,àĐaƌaĐtĠƌiseàlaàǀaƌiatioŶàd͛ĠŶeƌgieàiŶteƌŶeàݏܨ associée à une variation de 

suƌfaĐeàeŶtƌeàlesàdeuǆàphases.àElleàestàdoŶĐàdĠfiŶieàĐoŵŵeàuŶeàĠŶeƌgieàpaƌàuŶitĠàdeàsuƌfaĐeàetàs͛eǆpƌiŵeà

eŶà N/ŵ.à Lesà ŶaŶopaƌtiĐulesà s͛adsoƌďeŶtà deà ŵaŶiğƌeà spoŶtaŶĠeà ăà l͛iŶteƌfaĐe,à Đaƌà aiŶsià ellesà diŵiŶueŶtà

l͛ĠŶeƌgieàiŶteƌfaĐialeàduàsǇstğŵe. 
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

 

DaŶsà leà Đasàd͛ĠŵulsioŶsàdeàPiĐkeƌiŶgà lesàpaƌtiĐulesà sphĠƌiƋuesàadsoƌďĠesàăà l͛iŶteƌfaĐeàeau/huileà

soŶtàĐaƌaĐtĠƌisĠesàpaƌàuŶàaŶgleàdeàĐoŶtaĐtàθàƋuiàdĠĐƌitàlaàŵouillaďilitĠàdeàlaàpaƌtiĐule.àLaàloiàdeàYouŶgàƌelieà

cos � =  �� �⁄  − �� �⁄   �� �⁄   
 �� �⁄  , �� ா⁄     �� ா⁄        






θ.

L͛aŶgledeàĐoŶtaĐtàetàlaàŵouillaďilitĠàdeàlaàpaƌtiĐuleàsoŶtàƌeliĠsàăàsaàŶatuƌeàĐhiŵiƋueàaiŶsiàƋu͛ăàsoŶà

Ġtatà deà suƌfaĐe.à CoŶsidĠƌoŶsà uŶeà ĠŵulsioŶà ăà ǀoluŵesà Ġgauǆà huile/eau.à DaŶsà leà Đasà d͛uŶeà paƌtiĐuleà

aƋueuseàetàl͛aŶgleàdeàĐoŶtaĐtàestàiŶfĠƌieuƌàăà



suƌfaĐeà deà laà paƌtiĐuleà età l͛aŶgleà foƌŵĠà està supĠƌieuƌà ăà ϵϬ°à         

ŵouilleà d͛aǀaŶtageà laà paƌtiĐuleà està laà phaseà ĐoŶtiŶueà deà l͛ĠŵulsioŶ.à Paƌà ĐoŶsĠƋueŶt,à lesà paƌtiĐulesà

             



 
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



adsoƌďĠe à l'iŶteƌfaĐe huile/eau pouƌ uŶ aŶgle de ĐoŶtaĐt θ ;aͿ de ϵϬ°, ;ďͿ iŶfĠƌieuƌ à ϵϬ° 




LesàĠtudesàdeàKaptaǇà suggğƌeŶtàƋueàpouƌà staďiliseƌàuŶeàĠŵulsioŶàH/Eà l͛aŶgleàdeà ĐoŶtaĐtàθà idĠalà seà situeà



DaŶsàleàĐasàpaƌtiĐulieƌàoùàl͛aŶgleàdeàĐoŶtaĐtàestàĠgalàăàϵϬ°,àleàsǇstğŵeàestàdaŶsà

età lesà paƌtiĐulesà Ŷeà seà tƌouǀeŶtà pasà pƌĠfĠƌeŶtielleŵeŶtà ŵouillĠesà paƌà uŶeà phaseà ouà l͛autƌeà ŵaisà soŶtà

dispeƌsĠes.à Ilà s͛agità duà Đasà paƌtiĐulieƌàoùà l͛oŶàoďseƌǀeà uŶeà iŶǀeƌsioŶà deà phaseàetà oùà l͛ĠŵulsioŶà Ŷ͛està pasà

puisƋueàl͛ĠŶeƌgieàduàsǇstğŵeàestà



 Energie d’ancrage et de 





l͛ĠŶeƌgieà ăà appoƌteƌà auà sǇstğŵeàpouƌà dĠstaďiliseƌà l͛ĠŵulsioŶà ƌepƌĠseŶteà uŶeàďaƌƌiğƌeà iŵpoƌtaŶte.à “ià l͛oŶà

ݎăàl͛i�
d͛adsoƌptioŶàest: ܧ� =  �� ா⁄ ²ሺͳݎ�  − cos �ሻ²





peĐtiǀeŵeŶtàl͛ĠŶeƌgieàd͛aďsoƌptioŶàeŶàfoŶĐtioŶàdeàl͛aŶgleàdeà

� = 9Ͳ°

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



uŶe paƌtiĐule à l'iŶteƌfaĐe H/E eŶ foŶĐtioŶ de l’aŶgle de ĐoŶtaĐt �
�� �⁄  = �૟ ��. �−૚

� = �૙°�� �⁄  = ૞૙ ��. �−૚
Cetteà ƌelatioŶà ŵoŶtƌeà Ƌueà pouƌà uŶeà paƌtiĐuleà deà ϭϬà Ŷŵ,à l͛ĠŶeƌgieà ŶĠĐessaiƌeà pouƌà saà dĠsoƌptioŶà deà

l͛iŶteƌfaĐeàH/EàestàdeàͳͲͲͲ �஻ �ĐeàƋuiàtƌaduitàl͛iƌƌĠǀeƌsiďilitĠàdeàl͛adsoƌptioŶàdesàpaƌtiĐulesàĐoŶtƌaiƌeŵeŶtà

             

            

suƌfaĐtaŶtsàetàuŶàĠƋuiliďƌeàd͛ĠĐhaŶgeàeŶtƌeàlaàsuƌfaĐeàdesàgouttesàetàleàŵilieuàpouƌƌaitàeǆisteƌ.



 




            



lesà diffĠƌeŶtesà pƌopƌiĠtĠsà desà paƌtiĐulesà puisƋueà l͛Ġtatà deà dispeƌsioŶà deà paƌtiĐulesà ăà l͛iŶteƌfaĐeà dĠpeŶdà

             

               

ŵĠlaŶge.àNousàpaƌleƌoŶsàĠgaleŵeŶtàdeàl͛iŶflueŶĐeàdesàpƌopƌiĠtĠsàdesàdeuǆàphases.

 
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

 

 Taille, rapports d’aspects et rugosité



         dĠĐƌiǀeŶtà l͛iŶflueŶĐeà deà laà tailleà deà paƌtiĐulesà deà

polǇstǇƌğŶeàsuƌàlaàtailleàdesàgouttesàdeàl͛ĠŵulsioŶàetàoŶtàoďseƌǀĠàuŶeàĠǀolutioŶd͛aďoƌdàuŶeàĐƌoissaŶteàpuisà

atteigŶaŶtàuŶàplateauàpouƌàdesàpaƌtiĐulesàd͛eŶǀiƌoŶàϭàµŵ.



desàpaƌtiĐulesàellipsoïdalesàdeàdiffĠƌeŶtsà ƌappoƌtsàd͛as  

d͛aƌgileà;UŶeàĠtudeàdeàŵodĠlisatioŶàs͛estàĐoŶĐeŶtƌĠeàsuƌàdesàĠŵulsioŶsàdeàPiĐ

staďilisĠesà paƌà desà ŶaŶoďątoŶŶetsà deà taille,à ƌappoƌtsà d͛aspeĐtsà ;loŶgueuƌà /à diaŵğtƌeͿà età Ŷoŵďƌeà

 






de  ;ĐͿ de paƌtiĐules ellipsoïdales d’hĠŵatite. AdaptĠe de 

    

ŵaisàilàŶ͛ǇàaàpasàăàĐeàjouƌàďeauĐoupàd͛ĠtudesàăàpƌopƌeŵeŶtàpaƌleƌàeŶàfoŶĐtioŶàdeàlaàfoƌŵeàdesàpaƌtiĐules.à



»àƋuiàs͛appaƌeŶteàăàdesàaggloŵĠƌatsàfƌaĐtals,àdeàstƌuĐtuƌeàŶoŶàĐoŶtƌƀlĠeàdeàpaƌtiĐulesàd͛uŶeàdizaiŶeà

                

l͛iŶteƌfaĐeàgƌąĐeàăàlaàstƌuĐtuƌeàfƌaĐtaleàdeàla

D͛autƌesà Ġtudesà seà soŶtà ĠgaleŵeŶtà iŶtĠƌessĠesà ăà desà paƌaŵğtƌesà Ƌuià soŶtàŵoiŶsà peƌtiŶeŶtsà età

ŵoiŶsàaĐĐessiďlesàdaŶsà leàĐasàdeàŶaŶopaƌtiĐules.àDaŶsà leàĐasàdeàŵiĐƌopaƌtiĐules,à l͛aspeĐtàdeàsuƌfaĐeàetàdeà

   

      tƌaiteŵeŶtà etàoŶtà aiŶsià faità ǀaƌieƌà l͛Ġtatà deà ƌugositĠ.à Ilsà oŶtà doŶĐà faità



 

deàl͛ĠŵulsioŶàtaŶtà


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2.3.1.2 Nature chimique, mouillabilité 

CoŵŵeàeǆpliƋuĠàauàpaƌagƌapheàpƌĠĐĠdeŶt,à laàŵouillaďilitĠà està ƌelatiǀeà ăà l͛Ġtatàdeà suƌfaĐeàdeà laà

particule et est donc modifiable physiquement ou chimiquement. Les premières études rapportées par 

Binks et al. oŶtàpeƌŵisàdeàŵettƌeàeŶàĠǀideŶĐeàlaàdiŵiŶutioŶàdeàlaàtailleàdesàgouttesàaiŶsiàƋueàl͛affiŶeŵeŶtàdeà

Đesà distƌiďutioŶsà loƌsƋueà l͛hǇdƌophilieà deà paƌtiĐulesà deà siliĐeà augŵeŶte.85 Plus tard ils ont également 

considérer une particule Janus et donc plusieurs angles de contact, définis à partir des trois domaines de 

l͛iŶteƌfaĐeàhuile/paƌtiĐule/eau.85–88 Plusieurs exemples montrent des modifications chimiques afin de faire 

ǀaƌieƌàleàĐaƌaĐtğƌeàhǇdƌophile/hǇdƌophoďeàetàaiŶsiàdiƌeĐteŵeŶtàŵodifieƌàl͛aŶgleàdeàĐoŶtaĐtàăàl͛iŶterface.89 

Plus, récemment Noguchi et al. ont étudié le comportement de particules amphiphiles Janus en 

faisaŶtà ǀaƌieƌà lesà ƌatiosà ǀoluŵiƋuesà deà l͛ĠŵulsioŶ.à Ilsà oŶtà oďseƌǀĠà l͛ĠǀolutioŶà deà laà stƌuĐtuƌeà desà

asseŵďlagesà seloŶà leà ƌatioà ǀoluŵiƋueà eauà /à paƌtiĐules.à áà tƌğsà faiďleà ƋuaŶtitĠà d͛eauà ϵ%,à desà agƌĠgatsà deà

quelques particules se forment.  Puis les agrégats prennent une forme de bâtonnets pour une quantité 

d͛eauà lĠgğƌeŵeŶtà supĠƌieuƌeà Ϯϳ%.à EŶfiŶà ăà paƌtiƌà deà ϲϬ%à d͛eauà lesà asseŵďlagesà pƌeŶŶeŶtà laà foƌŵeà deà

gouttes sphériques. Ils ont déduits de ces trois observations que les particules Janus avaient des 

caractéristiques à la fois proches des surfactants et des colloides.90 

2.3.1.3 Etat de dispersion, concentration 

L͛ĠtatàdeàdispeƌsioŶàouàeŶĐoƌeàd͛agƌĠgatioŶàdesàpaƌtiĐulesàpeutàġtƌeàƌeliĠàăàlaàsaliŶitĠàdeàlaàphaseà

aqueuse, son pH et les interactions interparticules ont une importance non négligeable dans la stabilisation 

desàĠŵulsioŶsàdeàPiĐkeƌiŶg.àPlusieuƌsà tƌaǀauǆà seŵďleŶtàdiƌeàƋueà lesàpaƌtiĐulesàoŶtàďesoiŶàd͛ġtƌeàdaŶsàuŶà

ĠtatàŶaissaŶtàdeàfloĐulatioŶàpouƌàstaďiliseƌàauàŵieuǆàl͛ĠŵulsioŶ.91 

L͛ĠtatàdeàdispeƌsioŶàdesàpaƌtiĐules,àĐ͛est-à-dire leur dispersion initiale dans la phase huile ou bien 

eauàaǀaŶtàl͛Ġtapeàd͛ĠŵulsifiĐatioŶ,àaàaussiàĠtĠàĠtudiĠe.àBiŶksàet al. oŶtàĠtudiĠàlesàphĠŶoŵğŶesàd͛iŶǀeƌsioŶà

deà phaseà daŶsà uŶà sǇstğŵeà eau/tiglǇĐĠƌides/paƌtiĐuleà deà siliĐeà d͛hǇdƌophoďiĐitĠà ǀaƌiaďle.à Ilsà oŶtà ĐoŶstatĠà

ƋueàleàtǇpeàd͛ĠŵulsioŶàfoƌŵĠàdĠpeŶdàdeàlaàphaseàdaŶsàlaƋuelleàsoŶtàdispeƌsĠesàlesàpaƌtiĐules.àáiŶsi,àsiàles 

paƌtiĐulesà soŶtà daŶsà laà phaseà aƋueuse,à aloƌsà l͛ĠŵulsioŶà H/Eà seƌaà iŶǀeƌsĠeà eŶà ĠŵulsioŶà E/Hà loƌsƋueà laà

ƋuaŶtitĠàd͛eauàestàaugŵeŶtĠe.àáà l͛iŶǀeƌse,à sià lesàpaƌtiĐulesà soŶtà iŶitialeŵeŶtàdaŶsà l͛huile,à lesàauteuƌsàoŶtà

oďseƌǀĠàpouƌàlaàpƌeŵiğƌeàfoisàloƌsàdeàl͛iŶǀeƌsioŶàdeàl͛ĠŵulsioŶàE/H,àlaàpƌĠseŶĐeàdeàdouďleàĠŵulsioŶàE/H/E.92 
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Nous avons mentionné plus haut que la concentration avait un impact sur le taux de 

ƌeĐouǀƌeŵeŶtà deà l͛iŶteƌfaĐe.92,93 La plupart de ces études présentent des émulsions de Pickering où la 

quantité de particules représente entre 0,5 et 5 % de la masse totale. Cette grandeur est rarement 

uniformisée à cause de la nature des partiĐulesàutilisĠes.àIlàestàpaƌfoisàĐoŵpliƋuĠàdeàl͛appƌĠheŶdeƌàpuisƋu͛ilà

estàpossiďleàdeà l͛eǆpƌiŵeƌàsousà laà foƌŵeàd͛uŶeàĐoŶĐeŶtƌatioŶàŵolaiƌeàd͛uŶàseulàĠlĠŵeŶt,àd͛uŶàŵotifàd͛uŶà

polǇŵğƌeàouàduàpolǇŵğƌeàeŶtieƌ,àouàeŶĐoƌeàsousà laàfoƌŵeàd͛uŶeàsuƌfaĐeàspĠĐifiƋueà lorsque les particules 

sont poreuses. Dans la suite de ces travaux de thèse, les informations de concentration seront le plus 

souǀeŶtàeǆpƌiŵĠesàeŶàŵoleàdeàl͛ĠlĠŵeŶtàd͛iŶtĠƌġtàouàďieŶàeŶàŵasseàdeàpaƌtiĐules. 

2.3.2. Caractéristiques des phases liquides 

2.3.2.1 Phase aqueuse 

Masliyah et al. oŶtàĠtudiĠàl͛effetàduàpHàdeàlaàphaseàaƋueuseàdeàpaƌtiĐulesàd͛aƌgileàsuƌàlaàtailleàdesà

ĠŵulsioŶs.à IlàseŵďleàƋu͛ăàpHàϲà leàtauǆàdeàƌeĐouǀƌeŵeŶtàsoitàŵaǆiŵal.àLaàtailleàdeàgoutteàĐƌoitàĠgaleŵeŶtà

avec le pH94. Les études de Binks et al. complètent les précédents résultats avec la variation de la quantité 

de sels afin de rendre la surface des particules plus ou moins chargée et donc influencer la stabilité de 

l͛ĠŵulsioŶ.87,95,96 DaŶsà leà Đasà deà paƌtiĐulesà deà siliĐeà hǇdƌophile,à l͛ajoutà d͛ageŶtsà ĐatioŶiƋuesà aŵĠlioƌeà

ĐoŶsidĠƌaďleŵeŶtàlaàstaďilitĠàdeàl͛ĠŵulsioŶ.àL͛adsoƌptioŶàdesàŵolĠĐulesàăàlaàsuƌfaĐeàdesàpaƌtiĐules rend les 

interactions électrostatiques entre gouttes plus importantes. Dans ce cas, les particules peuvent créer une 

sorte de réseau interconnecté entre les gouttes améliorant considérablement les propriétés rhéologiques 

deà l͛ĠŵulsioŶ.à Lesà iŶteƌaĐtioŶs inter-paƌtiĐulesà ĐoŶduiseŶtà ĠgaleŵeŶtà ăà l͛augŵeŶtatioŶà deà laà tailleà desà

gouttes.95 

2.3.2.2 Phase huileuse 

Plusieurs travaux ont aussi confronté la polaƌitĠàdeàlaàphaseàhuileuseàăàlaàstaďilitĠàdeàl͛ĠŵulsioŶ.97,98 

Ils ont corrélé les angles de contact liquide/liquide et la mouillabilité de particules hydrophiles dans ces 

mélanges. Dans les phases huiles polaires la mouillabilité est accrue et la stabilité étendue.86,87 

 

Enfin Fournier et al. ont étudié des huiles de différentes viscosités pour déterminer son rôle dans la 

staďilitĠàdeà l͛ĠŵulsioŶ.à IlsàoŶtàŵesuƌĠà laàƋuaŶtitĠàdeàǀoluŵeàĠŵulsioŶŶĠàpaƌàƌappoƌtàauàǀoluŵeàtotalàdesà

deuǆàphases,àseloŶàuŶàpƌoĐĠdĠàd͛ĠŵulsifiĐatioŶàpƌĠĐis.àIlsàoŶtàĐoŶĐluàƋueàplusàlaàǀisĐositĠàaugŵente, plus le 

ǀoluŵeàƌĠelleŵeŶtàĠŵulsifiĠàdiŵiŶueàetàdoŶĐàƋueàlaàstaďilitĠàdeàl͛ĠŵulsioŶàestàfoƌteŵeŶtàiŵpaĐtĠe.99 
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3. Colloidosomes 

 

Nous allons ici nous intéresser plus particulièrement aux capsules nommées colloïdosomes. 

Teƌŵeà iŶtƌoduità eŶàϮϬϬϮ,à ilà s͛agità deà ĐapsulesàdoŶtà laàpaƌoià està ĐoŵposĠeàdeàpaƌtiĐulesàetà foƌŵĠàpaƌà lesà

stratégies template.100 La taille des capsules peut varier de quelques centaines de nanomètres à plusieurs 

ŵilliŵğtƌes,àeŶàfoŶĐtioŶàdeàlaàtailleàiŶitialeàdesàpaƌtiĐulesàetàdesàgouttesàdeàl͛ĠŵulsioŶ. 

Les premiers colloidosomes ont été développés à partir de particules de polymère type 

polystyrène (PS), polyméthacrylate de méthyle (PMMA)100 ou à partir de sols de silice (latex).101 Dans 

ĐhaĐuŶàdeàĐesàĐasàlesàpaƌtiĐulesàǀieŶŶeŶtàseàplaĐeƌàăàl͛iŶteƌfaĐeàhuileà/àeauàpouƌàfoƌŵeƌàuŶeàĐapsule. 

Velev et. al oŶtàĠtĠàpaƌŵiàlesàpƌeŵieƌsàăàƌappoƌteƌàeŶàϭϵϵϲàl͛asseŵďlageàdeàpaƌtiĐulesàeŶàutilisaŶtà

lesà gouttesà d͛ĠŵulsioŶsà comme « template ».102–104 Par un procédé en cinq étapes ils ont formé des 

assemblages de particules de polystyrène sulfate (PSS). Une première étape consiste à rendre partiellement 

hydrophobe les particules, les « sensibiliser »àafiŶàdeà lesàadsoƌďeƌàăà l͛iŶteƌfaĐe.à IŶitialeŵent les particules 

pƌĠseŶteŶtà eŶà suƌfaĐeàdesà foŶĐtioŶsà sulfatesà ĐhaƌgĠsàŶĠgatiǀeŵeŶtà ăàpHàϲ.àPaƌà l͛adsoƌptioŶàd͛uŶeà lǇsiŶeà

positivement chargée à pH 6, les auteurs ont modifié la charge des latex. Ensuite la phase huileuse est 

émulsifiée et les particules ǀieŶŶeŶtà staďiliseƌà l͛ĠŵulsioŶà H/E.à UŶeà pƌeŵiğƌeà Ġtapeà deà staďilisatioŶà està

ƌeŶdueà possiďleà paƌà l͛ajoutà deà ĐasĠiŶeà afiŶà d͛Ġǀiteƌà uŶà effetà deà ĐƌĠŵageà età peƌŵettƌeà l͛oďseƌǀatioŶà deà

l͛ĠŵulsioŶà auà ŵiĐƌosĐope.à Laà ĐasĠiŶeà joueà leà ƌƀleà deà ĐoagulaŶtà paƌtielà età seŵble créer un faible lien 

iŶteƌpaƌtiĐuleàƋuiàŵaiŶtieŶtàpaƌtielleŵeŶtàlaàstƌuĐtuƌe.àC͛estàpouƌƋuoiàuŶeàĠtapeàdeàplusàfoƌteàĐoagulatioŶà

estàŶĠĐessaiƌeàpouƌàfigeƌàl͛asseŵďlage.àL͛ajoutàd͛HClàetàCaCl2 iŶduità l͛agƌĠgatioŶàdesàpaƌtiĐulesàdeàlateǆàauà

sein de la moŶoĐouĐheà foƌŵĠeà autouƌà deà l͛ĠŵulsioŶ.à Cetteà Ġtapeà ƌeŶdà possiďleà eŶsuiteà leà tƌaŶsfeƌtà desà

asseŵďlagesà daŶsà uŶeà phaseà uŶiƋueŵeŶtà aƋueuse.à L͛Ġtapeà deà ĐoagulatioŶà ;aggloŵĠƌatioŶ,à fƌittageͿà està

nécessaire pour figer et maintenir la structure de capsule. 

Il existe plusieurs procédés permettant de stabiliser la structure, conduisant ainsi à une grande 

variété de colloidosomes. Nous allons détailler dans la suite de cette partie les principales stratégies 

présentées dans la Figure 13. 
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


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



 


L͛asseŵďlageàdeàďillesàdeàpolǇstǇƌğŶeàestàŵaiŶteŶuàăà l͛iŶteƌfaĐeàdeà l͛ĠŵulsioŶàpaƌàuŶeàĠtapeàdeà



leàd͛iŶteƌstiĐesàautouƌàdeàϭϱ



laàpossiďilitĠàdeàĐoŶtƌƀleƌàlaàpoƌositĠàdeàĐolloidosoŵesàjusƋu͛ăàlaàƌ

 

l͛Ġtapeàdeà fƌittageàăàdesà teŵpĠƌatuƌesà ƌelatiǀeŵeŶtàĠleǀĠeà ;ϭϬϱ°CͿàetà ƌeŶdà iŵpossiďleà l͛eŶĐapsulatioŶàdeà

heƌŵoseŶsiďlesàouàdeàǀolatilitĠàiŶfĠƌieuƌe.àC͛estàpouƌƋuoià“alaƌiàoŶtàeuàƌeĐouƌsàăàd͛autƌesà



uƌŵoŶtĠeàgƌąĐeàăàl͛utilisatioŶàdeàĐopolǇŵğƌesàăàďloĐkàdeà
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Figure 14: Images de microscopie électronique à balayage de colloidosomes de polystyrène, frittés 5minutes à 105°C à différents 

grandissements.
100ďaƌƌes d’ĠĐhelles ;aͿ Ϯµŵ, ;ďͿ ϭµŵ et ;ĐͿ Ϭ.ϱµŵ. 

 

3.2  « Layer By Layer » (LBL) 
 

D͛autƌesà polǇĠleĐtƌolǇtesà peuǀeŶtà appoƌteƌà plusà deà ƌoďustesseà ăà l͛asseŵďlageà età peuǀeŶtà ġtƌeà

ajoutĠsàauàseiŶàdesàdeuǆàphasesàdeàl͛ĠŵulsioŶ:àplusieurs couches peuvent être envisagées par adsorption 

couche par couche (Layer-by-LaǇeƌͿ.à Liàetà“toǀeƌàoŶtàd͛aďoƌdà ƌeŶduàatioŶiƋueà laà suƌfaĐeàdeàpaƌtiĐulesàdeà

silice en adsorbant du PSS. Ils ont ensuite formé les colloidosomes avec les particules de silice 

fonctionnalisées. Enfin, en venant superposer une autre couche cationique de poly(diallyl 

dimethylammoniumchloride) (PDADMAC), ils stabilisent et renforcent la structure du colloidosome.108 

Rossier-Miranda et al. ont également adopté le LBL en intercalant des couches de protéines issues 

du lactosérum (cationiques), de pectine metoxylée (anionique) et de silice, créant ainsi une multitude de 

combinaisons pour maintenir la structure du colloidosome de silice présenté Figure 15.109 

PlusàƌĠĐeŵŵeŶtàdesàĠtudesàdeàƌelaƌgageàd͛iďupƌofğŶeàeŶĐapsulĠàauàseiŶàdeàĐolloidosoŵesàăàďaseà

de particules de laponite ont été réalisées par Liu et al. Ils ont démontré le contrôle de la porosité des 

colloidosomes en fonction du nombre de couche de polyelectrolytes présentes.110 
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



 


UŶeà autƌeà teĐhŶiƋueà deà staďilisatioŶà desà Đolloidosoŵesà ĐoŶsisteà ăà gĠlifieƌà leà Đœuƌà daŶsà leà Đasà

d͛uŶeà ĠŵulsioŶà eauà daŶsà huile.à Laà gĠlifiĐatioŶà à d͛agaƌose,à ouà eŶĐoƌeà d͛algiŶateà ĐoŶteŶuà daŶsà leà Đœuƌà

tàd͛aĐĐƌoŠtƌeàlaàstaďilitĠàdeàlaàstƌuĐtuƌeàetàdoŶĐàleà

          oŶtà soluďilisĠà deà l͛agaƌoseà ăà ϳϱ°Cà daŶsà laà

phaseàaƋueuseàaǀaŶtàdeàĐƌĠeƌà l͛ĠŵulsioŶ.àápƌğsà l͛ajoutàdeàpaƌtiĐulesàdeàpolǇstǇƌğŶe,à laàgĠlifiĐa 

loƌsàduàƌefƌoidisseŵeŶtàdeàl͛ĠŵulsioŶàăàϮϱ°CàfigeaŶtàaiŶsiàleàĐœuƌ.

DeàlaàŵġŵeàŵaŶiğƌe,àdaŶsàleàĐasàd͛ĠŵulsioŶsàhuileàdaŶsàeau,àlesàpƌopƌiĠtĠsàdeàlaàphaseàhuileuseà

oŶtàĠtĠàeǆploitĠesàafiŶàdeàĐƌistalliseƌàleàĐœuƌàhuileuǆàeŶàĐiƌe.CetteàŵĠthodeàpeƌŵetàl͛utilisatioŶàd͛uŶà

   

ŶatuƌeàphǇsiƋue.àDeàplus,àĐetteàǀoieàpeƌŵetàl͛oďseƌǀatioŶàpaƌàteĐhŶiƋueàdeàŵiĐ

phaseàĐoŶstituaŶtàleàĐœuƌ,àuŶeàfoisàfigĠe,àetàpeƌŵetàdoŶĐàlaàĐaƌaĐtĠƌisatioŶàdeàgƌaŶdeuƌàtelleàƋueàl͛aŶgleàdeà

    

l͛aideàd͛uŶàsuƌfaĐtaŶtàĐatioŶiƋue,à l͛oďseƌǀatioŶàdesàtƌousà laissĠsàpaƌà lesàpaƌtiĐulesàsuƌà laàĐiƌeàoŶtàpeƌŵisàăà



-37-



 

Il est important ici de signaler que ces études sont possibles dans le cas de colloidosomes de grande taille. 

DaŶsàlesàeǆeŵplesàpƌĠseŶtĠsàdaŶsàĐetteàpaƌtie,àlaàtailleàdesàpaƌtiĐulesàsolidesàestàdeàl͛oƌdƌeàduàŵiĐƌoŶàetàlesà

ĐolloidosoŵesàfoƌŵĠsàpƌĠseŶteŶtàdesàtaillesàdeàl͛oƌdƌeàdeàlaàĐeŶtaiŶeàdeàŵiĐƌons.  

 

Figure 16: Clichés SEM de particules de silice adsorbées à l'interface cire/eau laissant apparaitre des creux plus ou moins 

iŵpoƌtaŶts seloŶ le ĐaƌaĐtğƌe hǇdƌophoďe ĐƌoissaŶt des paƌtiĐules. Baƌƌes d’ĠĐhelle ϱ µŵ.  AdaptĠe de 89
. 

 

3.4 Polymerisation et réticulation 
 

Les colloidosomes peuvent aussi servir de réacteurs et certaines modifications chimiques peuvent 

ġtƌeà iŶitiĠesàăàpaƌtiƌàd͛uŶàdesàĐoŶstituaŶtsàdeà l͛ĠŵulsioŶàdeàPiĐkeƌiŶgà :àdeà laàphaseàĐoŶtiŶue,àdeà laàphaseà

disĐoŶtiŶueàouàdeàl͛iŶteƌfaĐeàpaƌàl͛iŶteƌŵĠdiaiƌeàdesàpaƌtiĐules.àPaƌàeǆeŵple,àdaŶsàleàĐasàd͛ĠŵulsioŶsàhuile 

daŶsàeau,àlaàŵodifiĐatioŶàdeàsuƌfaĐeàdesàpaƌtiĐulesàpaƌàuŶàiŶitiateuƌàpeƌŵetàuŶeàpolǇŵĠƌisatioŶàd͛hǇdƌoǆǇ-

méthacrylate en surface du colloidosome.112 

Une autƌeà stƌatĠgieà ĐoŶsisteà ăà soluďiliseƌà l͛iŶitiateuƌà daŶsà laà phaseà huileuseà età aiŶsià iŶitieƌà laà

polǇŵĠƌisatioŶàpaƌà leàĐœuƌàduàĐolloidosoŵe.113 EŶfiŶ,à toujouƌsàdaŶsà leàĐasàd͛ĠŵulsioŶàhuileàdaŶsàeau,àeŶà

soluďilisaŶtà uŶà polǇŵğƌeà deà tǇpeà polǇŵĠthǇlaĐƌǇlateà ;PMMáͿà auà seiŶà d͛uŶà Đœuƌà

dichlorométhane/hexadécane, la polymérisation ou plutôt la précipitation a lieuà loƌsàdeàdeà l͛ĠǀapoƌatioŶà

paƌtielleà duà Đœuƌ.à EŶà effetà leà diĐhloƌoŵĠthaŶeà s͛Ġǀapoƌeà daŶsà uŶà pƌeŵieƌà teŵpsà laissaŶtà leà Đœuƌà

esseŶtielleŵeŶtàĐoŵposĠàd͛heǆadĠĐaŶe,àŵauǀaisàsolǀaŶtàpouƌàleàPMMá.àLeàpolǇŵğƌeàpƌĠĐipiteàaloƌsàetàseà

ƌetƌouǀeàpiĠgĠàăàl͛iŶteƌfaĐeàpar la couronne de particules.114 
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

CetteàteĐhŶiƋueàestàaussiàdĠĐƌiteàĐoŵŵeàpƌoĐĠdĠàdeàƌĠtiĐulatioŶàpuisƋu͛ilàǇàaàƌĠaĐtioŶàĐhiŵiƋueà

auà seiŶà deà l͛ĠŵulsioŶà deà PiĐkeƌiŶg.à à Tƌğsà souǀeŶtà ilà s͛agit      

;ƌadiĐalaiƌe,à ouǀeƌtuƌeà deà ĐǇĐleͿàoŶtà ĠtĠàŵisesà eŶàœuǀƌe.Cesà stƌatĠgiesà susĐiteŶtà ďeauĐoupàd͛iŶtĠƌġtsà

puisƋu͛ellesà peƌŵetteŶtà d͛appoƌteƌà uŶeà Ŷouǀelleà foŶĐtioŶŶalitĠà ăà l͛asseŵďlageà gƌąĐeà ăà desà polǇŵğƌesà



              

              

            

          

d͛ĠŵulsioŶsàdouďlesàƌepƌĠseŶtĠsà

leàĐoŶtƌƀleàdeàlaàŵouillaďilitĠàdesàpaƌtiĐulesàpeƌŵetàdeàďasĐuleƌàd͛uŶeàĠŵulsioŶàH/EàăàE/H.à




Đolloidosoŵes eŶ soluďilisaŶt l’ageŶt ƌĠtiĐulaŶt PPG
Đolloidosoŵes paƌ l’ajout eŶ 

deuǆ fois de l’ageŶt ƌĠtiĐulaŶt ;PEG
ase ;ďͿ huileuse au seiŶ de l’ĠŵulsioŶ douďle E/H/E et ;ĐͿ aƋueuse. AdaptĠe de 



             

ƌĠtiĐulatioŶàpeutàġtƌeàeffeĐtuĠeàăàlaàfoisàdaŶsàlesàphasesàhuileuseàouàaƋueuseàeŶàutilisaŶtàl͛ageŶtàƌĠtiĐulaŶtà



              



ġtƌeàdoŵŵageaďleàpouƌàl͛espğĐeàeŶĐapsulĠe.àCepeŶdaŶtàloƌsƋueàlaàstaďilisatioŶàseàfaitàpaƌàǀoieàĐhiŵiƋue,à
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laà Ŷatuƌeà età loĐalisatioŶà deà l͛ageŶtà ƌĠtiĐulant doivent être choisis avec précaution afin de minimiser les 

iŶteƌaĐtioŶsà aǀeĐà l͛espğĐeà eŶĐapsulĠe.à D͛uŶeà ŵaŶiğƌeà gĠŶĠƌale,à leà gƌaŶdà Đhoiǆà deà paƌtiĐulesà età deà

polǇŵğƌesà peƌŵetteŶtà d͛oďteŶiƌà desà Đolloidosoŵesà foŶĐtioŶŶelsà pouƌà desà appliĐatioŶsà paƌtiĐuliğƌes. Par 

exemple, des colloidosomes thermosensibles116 ou magnétosensibles121, ou pH sensibles117 ont été 

oďteŶus.à Lesà Đolloidosoŵesà offƌeŶtà deà Ŷoŵďƌeusesà poteŶtialitĠsà pouƌà l͛eŶĐapsulatioŶ,à ŵaisà Ƌuià ƌesteŶtà

cependant limités à quelques heures dans le cas de petites molécules122. 

Celaà seŵďleà oƌieŶteƌà ǀeƌsà leà deà dĠpƀtà d͛uŶeà Ŷouǀelleà ĐouĐheà pƌoteĐtƌiĐe,à ouà ǀeƌsà l͛eŶĐapsulatioŶà deà

ŵaĐƌoŵolĠĐulesàƋuiàdiffuseƌoŶtàplusàleŶteŵeŶtàǀeƌsàl͛eǆtĠƌieuƌ. 

4. Effet ouzo 

4.1 Principes et définitions 
 

Parfois appelé nanoprécipitation, déplacement de solvant, émulsification spontannée123,à l͛effetà

OuzoàtiƌeàsoŶàŶoŵàd͛uŶeàĐĠlğďƌeàďoissoŶàalĐoolisĠeàgƌeĐƋueà;l͛OuzoͿàetàl͛oŶàƌetƌouǀeàĐeàphĠŶoŵğŶeàdaŶsà

d͛autƌesàďƌeuǀagesàĐoŵŵeà le Pastis en France ou encore le Raki en Turquie. Ce phénomène prend place 

daŶsà uŶàŵĠlaŶgeà teƌŶaiƌeà ĐoŵposĠà deà deuǆà liƋuidesàŵisĐiďlesà età d͛uŶà solutĠàhǇdƌophoďeà eŶà tƌğsà petiteà

quantité.  

DaŶsà l͛eǆeŵpleà duà pastis,à ilà s͛agità d͛uŶà ŵĠlaŶgeà d͛eau,à d͛alĐoolà aiŶsià que du trans-anéthol 

(0.2 %).124 CetàaƌƀŵeàestàsoluďleàdaŶsà l͛alĐoolàaǀeĐàƋuià ilà ĐoŶstitueà laàphaseàsolǀaŶt. Cependant le soluté 

Ŷ͛estàpasàsoluďleàdaŶsàl͛eauàetàloƌsƋueàĐeàŵĠlaŶgeàestàdiluĠàaǀeĐàdeàl͛eau,àuŶàphĠŶoŵğŶeàdeàsuƌsatuƌatioŶà

a lieu, conduisant à la nanoprécipitation du soluté. Cette précipitation conduit à la formation de gouttes de 

soluté qui donne un aspect turbide à la solution. A basse température la cristallisation des gouttes peut 

être observée. 

Considérons un mélange ternaire composé de : 

 un soluté :àŵolĠĐuleàpouǀaŶtàs͛appaƌeŶteƌàăàuŶeàphaseàhuile,àuŶàpolǇŵğƌe,àpaƌfoisàliƋuideàouàsolide 

 un solvant dans lequel le soluté est soluble 

 uŶàseĐoŶdàsolǀaŶt,àtƌğsàsouǀeŶtàdeàl͛eau,àdaŶsàleƋuelàleàsolutĠàŶ͛estàpasàsoluďle,àŵaisàtotaleŵeŶtà

miscible au premier solvant 

L͛ĠŵulsifiĐatioŶàspoŶtaŶŶĠeàduàsolutĠàauàseiŶàduàŵĠlaŶgeàseàfaitàdaŶsàuŶeàzoŶeàŵĠtastaďle (zone 

Ouzo) située entre les courbes binodales et spinodales (Figure 18). La courbe binodale représente la limite 

de solubilité tandis que la courbe spinodale correspond à la limite de la stabilité thermodynamique du 

système. La binodale sépare donc le domaine homogène à une seule phase du domaine métastable ou 
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deux phases apparaissent. La spinodale délimite quant à elle le domaine dans lequel la séparation de phase 

a lieu selon un procédé de nucléation croissance, du domaine ou les phases apparaissent spontanément 

(Figure 18). La zone Ouzo se trouve entre ces deux courbes et pour de faibles quantités de soluté. Elle est 

ĐaƌaĐtĠƌisĠeà paƌà uŶeà ĠŵulsifiĐatioŶà spoŶtaŶĠeà eŶà gouttesà deà tailleà hoŵogğŶeà daŶsà leà Đasà d͛uŶà solutĠà

liƋuide.àDaŶsàleàĐasàd͛uŶàsolutĠàsolide,àdesàŶaŶopaƌtiĐulesàsolidesàdeàtailleàhomogènes sont obtenues. 124–127 

 

Figure 18: Diagramme de phase d'un système ternaire soluté/solvant/eau. Adaptée de 
125

. 

Depuis quelques anŶĠesà leàpƌoĐĠdĠàŶ͛appaƌaitàplusàĐoŵŵeàuŶàĐasàŵĠtastaďleàaĐĐideŶtelàetàdesà

effoƌtsà soŶtà faitsàpouƌàĐoŵpƌeŶdƌeàĐeàphĠŶoŵğŶeàpaƌtiĐulieƌàƋueà l͛oŶàpeutàaussià ĐoŶsidĠƌeƌàĐoŵŵeàuŶeà

émulsion sans surfactant. Plusieurs systèmes ternaires ont été étudiés dans le domaine Ouzo afin de 

ĐoŵpƌeŶdƌeàetàd͛eǆpliƋueƌàĐeàphĠŶoŵğŶe.àLesàtaillesàdeàgouttesàpeuǀeŶtàǀaƌieƌàdeàl͛oƌdƌeàd͛uŶeàĐeŶtaiŶeà

de nanomètre128 ăàplusieuƌsàŵiĐƌoŵğtƌes,àdĠpeŶdaŶtàesseŶtielleŵeŶtàdeàl͛eǆĐğsàdeàsolutĠ.129 Cependant le 

phénomène Ouzo forme des gouttes remarquablement monodisperses.130 

DaŶsà leà doŵaiŶeà Ouzo,à desà gouttesà oŶtà d͛aďoƌdà ĠtĠà oďseƌǀĠà daŶsà desà ŵĠlaŶgesà deà tǇpeà

divinylbenzene/éthanol/eau ou trans-anéthol/éthanol/eau.128,130–133 Laàtailleàdeàgoutteàaàd͛aďoƌdàĠtĠàƌeliĠeà

ăà l͛eǆĐğsà deà ĐoŶĐeŶtƌatioŶà duà solutĠà daŶsà laà phaseà solǀaŶt,à Đ͛est-à-diƌeà ăà l͛eǆĐğsà deà ĐoŶĐeŶtƌatioŶà paƌà

rapport à la valeur de concentration à saturation dans la phase continue solvant/eau : plus cet excès est 

important, plus le diamètre moyen des gouttes est élevé. 134  

Plus tard les techniques de RMN ont permis de proposer un mécanisme par la formation 

iŶitialeŵeŶtàdeàpetitsàagƌĠgatsàd͛eŶǀiƌoŶàϮàŶŵ,àpuisàuŶeàƌapideàĐoalesĐeŶĐeàeŶàdesàgouttesàŵiĐƌoŵĠtƌiƋuesà

observables alors par les techniques de diffusion de la lumière ou de neutrons.128 Cette croissance rapide 

s͛eǆpliƋueàd͛apƌğsàleàŵĠĐaŶisŵeàd͛agƌĠgatioŶàliŵitĠàpaƌàlaàdiffusioŶàdaŶsàleƋuelàlesàpetitsàagƌĠgatsàĐƌoissent 

plusàƌapideŵeŶtàƋueàlesàgƌos.àD͛autƌesàĠtudesàoŶtàĠgaleŵeŶtàpuàŵoŶtƌeƌàl͛eǆisteŶĐeàdeàgouttesàd͛eŶǀiƌoŶà

200 nm en utilisant une plus grande quantité en soluté. 
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Dans des mélanges tertiaires de type eau/solvant/soluté Bouchemal et al. ont montré que la taille 

des gouttes diminues lorsque la viscosité du solvant est élevée.129 Il également important de noter que dans 

cette étude les solutés sont des molécules amphiphiles de type acide gras (tocophérol, Myritol®, hexyl 

laurate, etc). 

La température est un facteur qui joue également un rôle sur la taille et la distribution des gouttes 

obtenues puisque la solubilité du soluté est aussi fonction de la température. A plus haute température, la 

solubilité augmente et la quantité de soluté en excès est alors plus faible, ce qui conduit à des gouttes de 

plus petites taille et à une distribution plus fine.126,134,135 

 

4.2 Nanoprécipitation par effet Ouzo 
 

Beaucoup de travaux ont été menés dans le développement de particules polymériques et les 

phĠŶoŵğŶesà deà pƌĠĐipitatioŶà soŶtà ďieŶà ĐoŶŶus.à CepeŶdaŶt,à leà phĠŶoŵğŶeà d͛ĠŵulsifiĐatioŶà spoŶtaŶĠeà

dans la région métastable a probablement mal été interprété dans certains cas.126 Plusieurs observations 

ont été décrites dans le cas de solutés solides tels que des polymères, biopolymères, copolymères ou 

terpènes. Dans ces travaux les mécanismes sont identifiées comme émulsification spontanée, précipitation 

spontanée, polymérisation spontanée ou encore polycondensation spontanée. Ganachaud et al. ont 

pƌoposĠà uŶeà ƌĠiŶteƌpƌĠtatioŶà deà Đesà phĠŶoŵğŶesà paƌà l͛effetà Ouzo.126 Nous allons voir dans cette partie 

plusieuƌsà eǆeŵplesà Ƌuià peuǀeŶtà ġtƌeà assoĐiĠsà ăà l͛effetà Ouzoà età Ƌuià ĐoŶduiseŶtà ăà desà ŶaŶopaƌtiĐulesà ouà

nanocapsules. 

Stainmess et al. oŶtàŵoŶtƌĠàdaŶsàleàĐasàdeàpolǇ;ĐpƌolaĐtoŶeͿà;PCLͿàƋueàlaàpƌĠseŶĐeàd͛uŶàsuƌfaĐtant 

Ŷ͛ĠtaitàpasàŶĠĐessaiƌe.àIlsàoŶtàoďseƌǀĠàlaàŶaŶopƌĠĐipitatioŶàdeàlaàPCLàeŶàpaƌtiĐulesàd͛eŶǀiƌoŶàϭϮϬàŶŵàloƌsƋueà

laàPCLàseàtƌouǀeàsoluďilisĠeàeŶàfaiďleàƋuaŶtitĠàdaŶsàl͛aĐĠtoŶeàetàeŶàpƌĠseŶĐeàd͛uŶeàphaseàaƋueuse.136 Dans 

ce cas, les auteurs établissent la relation entre la quantité de PCL et la constante diélectrique du mélange 

final pour prédire la taille des particules. Par la suite, de nombreux travaux ont mis en évidence la 

ŶaŶopƌĠĐipitatioŶàd͛autƌesàpolǇŵğƌesà137 et de copolymères à blocs138 parfois en présence de surfactants. 

Certains travaux ont utilisés des solutés solides et de taille plus petite que les polymères, par 

exemple des composés de la famille des terpénoïdes. Couvreur et al. ont envisagé une approche pro-

drogue en couplant le squalène à différents principes actifs.139,140 Les composés amphiphiles résultants 

possğdeŶtàlaàpaƌtiĐulaƌitĠàdeàs͛asseŵďleƌàdaŶsàuŶàŵĠlaŶgeàĠthaŶolà/àeau,àeŶàdesàpaƌtiĐulesàd͛eŶǀiƌoŶàϭϱϬà

nm (Figure 19). 
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DaŶsàĐeƌtaiŶsàĐasàl͛eauàouàleàsolǀaŶtàpeuǀeŶtàdĠĐleŶĐheƌàlaàpolǇŵĠƌisatioŶàduàsolutĠ.àPaƌàeǆeŵpleà

dans le cas des poly(cyanoacrylates), la polymérisation anionique peut être initiée en préseŶĐeàd͛uŶeàpetiteà

ƋuaŶtitĠàd͛OH-.141 Dans ce cas on parle de polymérisation spontanée. Dans ces conditions les phénomènes 

deà pƌĠĐipitatioŶà età polǇŵĠƌisatioŶà soŶtà eŶà ĐoŵpĠtitioŶà età loƌsà deà l͛ĠŵulsifiĐatioŶà deà

poly(alkylcyanoacrylates), des nanocapsules et nanoparticules sont obtenues.142,143 

 

Figure 19: ;aͿ Đouplage de l’aĐide sƋualeŶiƋue aǀeĐ la geŵĐitaďiŶe et auto-asseŵďlage daŶs l’eau paƌ ŶaŶopƌĠĐipitatioŶ, 
foƌŵaŶt des paƌtiĐules d’eŶǀiƌoŶ ϭϯϬŶŵ. ;ďͿ MiĐƌogƌaphies ĐƌǇo-TEM des nanoparticules squalenoyl-paclitaxel (gauche) 

et squalenoyl-peniciline G (droit). Adaptée de 
124

. 

Des observations similaires de nanocapsules avaient déjà été reportées en 1989 par Fessi et al. 

oŶt.àCesàpƌeŵieƌsàtƌaǀauǆàoŶtàĠtĠàƌĠalisĠsàdaŶsàuŶàŵĠlaŶgeàd͛aĐĠtoŶeàĐoŶteŶaŶtàdeàl͛iŶdoŵĠtaĐiŶeàĐoŵŵeà

solutĠàetàd͛uŶeàphaseàaƋueuse.àEŶàŵettaŶtàĠgaleŵeŶtàeŶàpƌĠseŶĐeàuŶàd͛aĐideàpolǇlaĐtiƋueà;PLáͿ,àFessiàet 

al. ont ainsi observé des capsules de l͛oƌdƌeàdeàϮϯϬàŶŵ.144 D͛autƌesàtƌaǀauǆàŵeŶtioŶŶĠsàdaŶsàlaàpaƌtieà1.1 

en présence de poly(g-benzyl-L-glutamate)-block-hyaluronan (PBLG-b-HA) conduisent à des capsules de 

polǇŵğƌesà;polǇŵeƌsoŵesͿàetàoŶtàpaƌfoisàĠtĠàĐoƌƌĠlĠsàăàl͛effetàOuzo.4,124  

EŶfiŶ,àdaŶsàdeàƌaƌesàĐasàl͛utilisatioŶàdeàŶaŶopaƌtiĐulesàiŶoƌgaŶiƋuesàaàĠtĠàŵiseàeŶàœuǀƌeàdaŶsàĐesà

conditions. Sacana et al. ont mis en jeu du methacryloxypropyltrimethoxysilane (TPM) et des oxydes de fer 

eŶàpƌĠseŶĐeàd͛eau.àL͛ĠŵulsifiĐatioŶàspoŶtaŶĠeàĐoŶduitàăàdesàasseŵďlagesàdeàϱϬàŶŵàstaďlesàdaŶsàleàteŵps.à

Cependant pour faĐiliteƌàl͛oďseƌǀatioŶàlesàauteuƌsàiŶitieŶtàpolǇŵĠƌisatioŶàdesàgouttesàdeàTPMàƋuiàsolidifieàleà

Đœuƌàetàpeƌŵetàd͛oďseƌǀeƌàauàŵiĐƌosĐopeàĠleĐtƌoŶiƋueàlesàsphğƌesàsuƌàlesƋuellesàsoŶtàpiĠgĠsàlesàpaƌtiĐulesà

d͛oǆǇdesàdeàfeƌ.145 
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Dans la plupart de ces travaux, la nanoprécipitation de solutés polymériques conduit à 

l͛asseŵďlageàdeàŶaŶosphğsƌes.àCepeŶdaŶt,àdaŶsàĐeƌtaiŶsàĐasàl͛oďseƌǀatioŶàdeàŶaŶoĐapsules soulèvent des 

questions à propos des phénomènes interfaciaux. Le comportement et la structuration des solutés dans la 

zone Ouzo est sont encore  

Dans ce contexte, nous nous sommes intéressés au comportement de nanoparticules dans ces 

conditions. Dans laà suiteà deà Đetteà thğse,à Ŷousà pƌĠseŶtoŶsà uŶà pƌoĐĠdĠà d͛asseŵďlageà deà ŶaŶoĐƌistauǆà

iŶoƌgaŶiƋuesà d͛eŶǀiƌoŶà ϱà Ŷŵà eŶà ŶaŶoĐapsulesà d͛eŶǀiƌoŶà ϭϬϬŶŵ.à Nousà aďoƌdeƌoŶsà daŶsà leà Đhapitƌeà Ϯà leà

développement de ce procédé ainsi que la caractérisation des nanocapsules formées, et ce à plusieurs 

ĠĐhelles.à EŶsuite,à daŶsà leà Đhapitƌeà ϯ,à à Ŷousà pƌĠseŶteƌoŶsà l͛utilisatioŶà desà ŶaŶoĐapsulesà Đoŵŵeà ďuildiŶgà

block dans la construction de films nanostructurés, multifonctionnels et sensibles. Dans un quatrième 

chapitre nous aborderons les potentialités des nanocapsules en tant que plateforme en nanomédecine. 

EŶfiŶàdaŶsàuŶàultiŵeàĐhapitƌe,àŶousàĠlaƌgiƌoŶsà leàpƌoĐĠdĠàd͛asseŵďlagesàăàdesàĐlusteƌsàŵĠtalliƋues.àNousà

présenterons leur auto-assemblage en de nouvelles nanosphères et nanocapsules.  
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1. Contexte initial : des agrégats aux nanocapsules. 

DaŶsàĐeàĐhapitƌeàŶousàalloŶsàŶousàiŶtĠƌesseƌàăàlaàpƌeŵiğƌeàfaŵilleàd͛asseŵďlagesàdĠǀeloppĠeà

lors de cette thèse. Ce travail fait suite à la thèse du Dr. G. Casterou en co-tutelleàeŶtƌeàl͛I“C‘à;Dƌ.àF.à

Gauffre) et le LCC à Toulouse (Dr. M. Kahn). 

G. Casterou a consacré la première partie de son travail à la synthèse de nanoparticules 

d͛oǆǇdesàdeàfeƌà;IONPͿàpaƌàuŶeàappƌoĐheàoƌgaŶoŵĠtalliƋue.à“esàtƌaǀauǆàoŶtàĐoŶsistĠàăàl͛optiŵisatioŶà

deà laà sǇŶthğseà d͛uŶeà phaseà ĐƌistalliŶeà puƌeà deà type maghémite Fe2O3, un contrôle de la taille des 

ŶaŶopaƌtiĐulesàafiŶàd͛optiŵiseƌà leuƌsàpƌopƌiĠtĠsàsupeƌpaƌaŵagŶĠtiƋuesà ;ŵagŶĠtisatioŶàăàsatuƌatioŶà

Mv et relaxivités transversales r2)
1. Dans une seconde partie, il s͛estàeŶsuiteàiŶtĠƌessĠàăàl͛asseŵďlageà

deàĐesàŶaŶopaƌtiĐulesàafiŶàd͛eǆaĐeƌďeƌàăàŶouǀeauàlesàpƌopƌiĠtĠsàŵagŶĠtiƋues.àEŶàeffet,àilàestàƌepoƌtĠà

dans plusieurs travaux que les propriétés magnétiques des particules dépendent de leur taille et 

Ƌu͛uŶeà paƌtiĐuleà de taille inférieure à 30 nm présente de meilleures propriétés.2 De plus, 

l͛asseŵďlageà deà tellesà paƌtiĐulesà sousà foƌŵesà d͛agƌĠgatsà peƌŵetà desà iŶteƌaĐtioŶsà iŶterparticules 

diffĠƌeŶtesàseloŶàl͛ĠtatàdeàsuƌfaĐeàdesàpaƌtiĐules,àlaàtailleàetàlaàfoƌŵeàdesàagƌĠgats.àáiŶsiàilàestàpossiďleà

d͛atteiŶdƌeàdesàǀaleuƌsàdeàƌ2 élevées avec de forts potentiels comme agent de contraste en imagerie 

de résonnance magnétique (IRM)1,3.àLaàstƌatĠgieàd͛asseŵďlageàĠtaitàďasĠeàsuƌà l͛effetàsolǀophoďe.à Ilà

s͛agità deàŵettƌeà lesà ŶaŶopaƌtiĐulesà eŶà pƌĠseŶĐeà d͛uŶàŵauǀaisà solǀaŶtà età aiŶsià lesà dĠstaďiliser, les 

ĐoŶtƌaiŶdƌeà ăà s͛agƌĠgeƌà paƌà iŶteƌaĐtioŶsà hǇdƌophoďes.à Lesà ŶaŶopaƌtiĐulesà foŶĐtioŶŶalisĠesà paƌà uŶà

ligaŶdà deà tǇpeà oĐtǇlaŵiŶe,à oŶtà d͛aďoƌdà ĠtĠà dispeƌsĠesà daŶsà leà tĠtƌahǇdƌofuƌaŶeà ;THFͿ.à EŶsuite,à

plusieuƌsàƋuaŶtitĠsàd͛eauàoŶtàĠtĠàajoutĠesàetàdiffĠƌeŶtes compositions eau/THF ont été étudiées par 

spectroscopie UV-Visible afin de déterminer la stabilité colloïdale des suspensions. Dans les cas où les 

suspeŶsioŶsà Ŷeà soŶtà pasà staďles,à l͛Ġtudeà duà suƌŶageaŶtà peƌŵetà l͛estiŵatioŶà deà laà fƌaĐtioŶà

sédimentée. Les suspensions ont également été caractérisées par diffusion de la lumière (DLS) ainsi 

que par microscopie électronique à transmission (TEM) dans le but de caractériser la taille et la 

structure de ces agrégats. Il a été remarqué plusieurs types de comportements dans ces suspensions 

de nanoparticules dans des mélanges eau/THF. Pour des fractions volumiques en eau ϕw comprises 

eŶtƌeàϮàetàϯϬà%àlesàsuspeŶsioŶsàŶ͛ĠtaieŶtàpasàstaďlesàetàlesàpaƌtiĐulesàsĠdiŵeŶtaieŶtàϭϲàhàapƌğsàajoutà

du mauvais solvant. En revanche, pour des suspensions plus riches en eau, 35 < ϕw < 60 %, les 

suspensions apparaissent stables 16 h après ajout du mauvais solvant4 (Figure 20b). 
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eǆĐlusiǀeŵeŶtàaƋueuse,àlaàstƌatĠgieàaàĠtĠàd͛ajouteƌàuŶàpolǇŵğƌeàdeàtǇpeàpolǇ;ǀiŶǇlpǇƌolidoŶeͿà;PVPͿ,à
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

              
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

              
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ŶaŶopaƌtiĐules,àĐ͛est
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EŶàeffetàplusieuƌsàtƌaǀauǆàpƌoposeŶtà l͛eǆisteŶĐeàdeàŵĠsostƌuĐtuƌes,9 inhomogénéités10,11 ou encore 

des nanobulles de CO2
12 au sein des mélanges miscibles utilisés qui pourraient avoir une influence 

dans le mécanisme de formation desàagƌĠgatsàfoƌŵĠsàjusƋu͛ăàpƌĠseŶt. 

Nousà aǀoŶsà ĠgaleŵeŶtà ĠteŶduà Đetteà Ġtudeà ăà d͛autƌesà tǇpesà deà ŶaŶopaƌtiĐulesà daŶsà leà ďutà

d͛iŶǀestigueƌà desà asseŵďlagesà ĐoŵposĠsà deà paƌtiĐulesà plasŵoŶiƋuesà deà ŵĠtalà Ŷoďleà ;áuͿ,à

luminescentes comme des semi-conducteurs (quantums dots = QD de type CdSe@ZnS), des 

particules up-converting (UCNP) à base de lanthanides, ainsi que leur combinaisons. Ces premiers 

dĠǀeloppeŵeŶtsàoŶtàĐoŶduitsàăàl͛ĠlaďoƌatioŶàdeàŶaŶoĐapsules,àappelĠesàHǇďƌidosoŵes®.àLeàpƌoĐĠdĠà

d͛autoàasseŵďlageàdeàĐesàĐapsulesàhǇďƌidesàaàĠgaleŵeŶtàĐoŶduitàauàdĠpƀtàd͛uŶàďƌeǀet13 aiŶsiàƋu͛ăàlaà

puďliĐatioŶàd͛uŶàaƌtiĐleàpƌĠseŶtĠàĐi-après dans la partie 2.14 
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Self-Assembly

Simple Engineering of Polymer–Nanoparticle Hybrid
Nanocapsules

Flavien Sciortino,[a] G�rald Casterou,[a, b] Pierre-Antoine Eliat,[c] Marie-B�reng�re Troadec,[d]

C�dric Gaillard,[e] Soizic Chevance,[a] Myrtil L Kahn,*[b] and Fabienne Gauffre*[a]

Abstract: A general method to generate hybrid hollow

capsules is reported. The process is based on the stabiliza-

tion of solvent droplets by nanoparticles, in macroscopi-

cally miscible mixtures of tetrahydrofuran (THF) and water.

After addition of a crosslinking polymer and removal of

the solvent core, capsules of diameter ca 100 nm are ob-

tained. This novel strategy does not require the use of

block copolymers. In contrast, most methods reporting

the formation of hybrid nanocapsules incorporate nano-

particles into block-copolymer polymersomes or use nano-

particles tethered with block-copolymers. The nanocap-

sules were characterized using a full set of techniques in-

cluding nanoparticle tracking analysis, electron microsco-

py and liquid phase atomic force microscopy. Our results

show that the vesicular shape of the nanocapsules is tem-

plated by the liquid droplets. Nanocapsules were prepared

from quantum dots, gold nanoparticles, superparamagnet-

ic iron oxide nanoparticles and mixtures of particles. The

entrapment of a fluorescent dye was also demonstrated.

Thus, nanocapsules with dual properties (e.g. , magnetic

and fluorescent) are easily obtained. Interestingly, the

magnetic nanocapsules enable magnetic resonance imag-

ing contrast enhancement of tumors in vivo.

The interest in forming assemblies of inorganic nanoparticles

and polymers is diverse. On the one hand, the nanoparticles

bring optical or magnetic properties that can be used for sens-

ing, imaging, or heating, whereas on the other hand the poly-

mers provide functions such as response to external stimuli

(pH, temperature), stealthiness and molecular recognition.[1] Al-

though such assemblies hold much promise as multifunctional

platforms for nanomedicine, the control of their size and mor-

phology remains a daunting challenge. A variety of strategies

have been proposed to design nanoparticle-polymer assem-

blies.[2] For instance, the in situ synthesis of nanoparticles

within linear or hyperbranched polymers is generally a conven-

ient one-pot procedure in which the polymer promotes the

nucleation of the particle while preventing uncontrolled clus-

tering.[3,4] Alternatively, nanoparticles can be encapsulated

within block-copolymer micelles[5,6] or co-assembled with poly-

mers via nanoprecipitation or electrostatic interactions.[7,8] Re-

cently, many efforts have been devoted to the design of

hybrid nanoparticle-polymer nanocapsules, which offer the

possibility to encapsulate and potentially release drugs. Thus,

polymersomes incorporating inorganic nanoparticles into their

membranes were fabricated via the cooperative self-assembly

of amphiphilic block-copolymers and nanoparticles.[9] Alterna-

tively, preformed polymersomes were armored with a layer of

nanoparticles via electrostatic interactions.[10] It was also dem-

onstrated that inorganic nanoparticles tethered with block-co-

polymers self-assemble into superstructures such as clusters

and vesicles.[11–15] All these strategies have in common the use

of block copolymers which direct the self-assembly.

We report here for the first time a general process to gener-

ate hybrid hollow capsules without the need for block-copoly-

mers. The formation of the vesicles is templated by solvent

droplets in mixtures of water and THF. Indeed, although water

and THF are macroscopically miscible, nanodroplets are

formed in the water rich region, which we used as templates

for the self-assembly of the nanoparticles. After crosslinking
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the nanoparticles with a suitable polymer the solvent core can

be removed. The resulting vesicles possess a “composite” or

“hybrid” nanoparticle-polymer shell. In the following we will

refer to them as hybridosomes. Based on these findings, we

elaborated hybridosomes from a variety of nanoparticles and

evaluated the in vivo MRI efficiency of hybridosomes made

from superparamagnetic iron oxide nanoparticles (SPION).

We have all learned from our textbooks that water is misci-

ble in all proportions with THF. However, dynamic light scatter-

ing (DLS) and small angle neutron scattering measurements

clearly evidence fluctuations of concentrations for specific

compositions of water/THF mixtures. Such fluctuations have

also been reported for mixtures of water with other “miscible”

solvents such as acetone or alcohols,[16–18] the nature of which

is still under debate.[19] It has been suggested that they could

be either solute droplets[16] or air bubbles.[20] Using nanoparti-

cle tracking analysis (NTA) and analytical centrifugation, Sedlak

et al. have provided convincing evidence of the existence of

droplets of about 100 nm in diameter in various mixtures of

miscible liquids.[16]

Inspired by these results, we hypothesized that such drop-

lets could template the formation of nanoparticle shells, simi-

larly to Pickering emulsions. Nanoparticles are not amphiphilic

but strongly adsorb at interfaces between polar and non-polar

liquids.[21] We first looked for solvent droplets in water/THF

mixtures in a wide range of compositions (fw=0.05–0.9, water

vol. fraction). Time fluctuations were clearly measured using

DLS, with faster dynamics as more water was added (Figure S1

in the Supporting Information). Particularly, a mode corre-

sponding to the Brownian motion of small objects (length

scale~100 nm) appeared for compositions close to fw=0.8.

Note that DLS is sensitive to any fluctuation and that the dy-

namic modes that were measured do not necessarily corre-

spond to droplets. To verify the presence of droplets, NTA was

undertaken for compositions with the fastest correlation

modes (fw=0.8–0.9). The results clearly evidenced finite struc-

tures with a hydrodynamic diameter Dh=110�35 nm

(Figure S2).

We then investigated the water/THF/NP (NP=nanoparticles)

mixtures using dodecanthiol-coated gold nanoparticles (AuNP)

(Figure S3a). In the presence of small or moderate amounts of

water (fw=0.05 to 0.4), a bad solvent for the NPs, they rapidly

aggregate and sediment as expected. However, stable suspen-

sions were found at higher water contents (0.5<fw<0.9), the

most stable samples (fw=0.8) showing no sign of sedimenta-

tion over more than one year. A similar behavior was found for

g-Fe2O3 (maghemite) SPION (Figure S3b). Transmission electron

microscopy (TEM) revealed relatively ill-defined structures for

fw=0.42, whereas regular spherical aggregates with a diameter

of ca 100 nm were obtained at fw=0.8. DLS measurements

clearly evidenced the stabilization of the smaller droplets at

the expenses of larger ones in the presence of the nanoparti-

cles (Figure S4).

Based on these findings, we proposed a general strategy to

elaborate stable nanoparticle–polymer capsules (Figure 1).

Starting from THF solutions of hydrophobic nanoparticles the

self-assembly is triggered by adding water to a final volume

fraction fw=0.8. This causes the nanoparticles to gather at the

surface of solvent droplets (step 1). Upon addition of a suitable

polymer, a crosslinked network of nanoparticles and polymers

forms around the droplets (step 2). Finally, the removal of the

organic solvent yields the hybridosomes (step 3).

As a proof of principle, we first created magnetic hybrido-

somes from SPIONs. Assemblies of SPIONs are of particular in-

terest in a wide range of applications including magnetic reso-

nance imaging (MRI)[22] and protein separation,[23] among

others. However, due to their small size, single SPIONs are diffi-

cult to collect under a magnetic field and make poor MRI con-

trast agents. A large number of theoretical and experimental

studies have demonstrated that clustering of SPIONs increases

the transversal relaxivity r2, thereby enhancing the efficiency as

T2 contrast agent.
[24–27]

Magnetic hybridosomes were prepared following the

scheme depicted in Figure 1. Poly(acrylic acid) (PAA) was se-

lected as the polymer for its ability to link to iron oxide, via the

multiple carboxylic acid functions.[28] Alternatively, we used

a poly(ethylene glycol)-co-PAA diblock copolymer to prepare

PEGylated hybridosomes (Figure 5a, see below).[29] The scan-

ning electron microscopy (SEM) analysis of the dried samples

at step 1 and step 2 clearly evidenced deflated capsules (indi-

cated by arrows, Figure 2) together with spherical ones. In

their hydrated state, the hybridosomes adopt a swollen shape

as shown by AFM analysis in water (Figure 3). To confirm their

hollow structure, we imaged the hybridosomes using TEM to-

mography (Figure 4, Movie S1). Due to the small size of the

pristine nanoparticles, it is difficult to identify them individually

on the 3-dimensional reconstruction. However, the hollow

structure is clearly confirmed both by the animated tilted pro-

jection (Movie S1) and the 3D-reconstruction. The templating

effect of droplets clearly appears when a lower amount of

nanoparticles is used as in Figure S5. In this case, the partial

coverage of the surface by nanoparticles underlines the shape

of the initial droplet. All together, these analyses strongly sup-

port the hypothesis that the hybridosomes are soft hollow

capsules. The hybridosomes were easily separated from the su-

pernatant by applying a magnet and then resuspended with-

out any noticeable aggregation.

Mixed hybridosomes of AuNP and SPIONs as well as hybrid-

osomes from quantum dots (QDs) were also prepared (Fig-

ure 5b–c). TEM (Figure 5b) and energy-dispersive X-ray spec-

Figure 1. Creation process of the hybrid nanocapsules.
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troscopy (EDX) (Figure S6) analysis of the mixed AuNP/SPION

hybridosomes both confirm the co-localization of gold and

iron. Since the PAA does not link to the AuNP, a collapse of the

AuNP within the core of the hybridosomes on removal of THF

cannot be excluded. However, the blue resonance characteris-

tic of coupled AuNp was not observed.

SPIONs hybridosomes could also be loaded with a fluores-

cent BODIPY dye, simply by dissolving the dye in the THF solu-

tion at the initial stage of the process, yielding dual magnetic

and fluorescent features (Figure S7).

The transversal relaxivities r2 of the magnetic hybridosomes

were found comparable to those of commercial contrast

agents such as Feraspin« in vitro (Figure S8). Therefore, we

evaluated their imaging ability for in vivo magnetic resonance

(MR) using a mouse model. The T2*-weighted images show

a significant extinction of the liver signal after retro-orbital in-

travenous injection (Figure S9). Interestingly, AuNP/SPION hy-

bridosomes also yielded significant contrast, which augurs in-

teresting prospects for theranostics with MR-imaging and

gold-based thermotherapy (Figure 6a–b). A further beneficial

effect is the increased tumor detection (Figure 6c–d). We eval-

uated the in vitro cytotoxicity (Figure S10) to HEK cells for hy-

bridosomes made from two types of particles (SPION and

SPION/AuNp) and stabilized with the two polymers used in

this study (PAA450k and PEG-PAA). After 48 h of exposure at

an iron concentration of 100 mg per 106 cells, both SPION/

PAA450k and SPION/PEG-PAA hybridosomes show no detecta-

ble toxicity. Mixed SPION/AuNP hybridosomes stabilized with

PAA450k show only a slight toxicity, with 85% of viability rela-

tive to the control, despite the high metal concentration

([Fe]= [Au]=100 mg per 106 cells).

Figure 2. SEM images of (a,b) assemblies of SPIONs in water/THF mixtures;

and (c,d) magnetic hybridosomes. (a) [Fe]=65 mgmL�1; (b) [Fe]=80 mgmL�1

(c,d) [Fe]=25 mgmL�1; polymer: PAA450k. Bars : (a, c)=1 mm; (b,d)=100 nm.

White arrows indicate deflated capsules.

Figure 3. AFM of SPIONs hybridosomes in aqueous solution. (a, a’) 3D topog-

raphy; (b,b’) lateral views; (c) TEM image of the corresponding sample.

[Fe]=65 mgmL�1; PAA450k.

Figure 4. Top view of the 3D density map reconstructed from TEM-tomogra-

phy of magnetic hybridosomes (SPION [Fe]=50 mgmL�1; polymer:

PAA450k). Scale bar=20 nm.

Figure 5. TEM of (a) SPION hybridosomes ([Fe]=50 mgmL�1; polymer: PEG-

PAA); (b) mixed hybridosomes from AuNP and SPIONs, the AuNP appear

with darker contrast ([Fe]= [Au]=26 mgmL�1; polymer: PAA450k) ; (c) SEM of

(CdSe@ZnS)QD-hybridosomes ([QD]=26 mgmL�1, PAA450k). Bars:

(a) 500 nm; (b) 50 nm; (c) 100 nm.
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In summary, based on the observation that THF and water

mixtures contain droplets of well-defined size, we propose

a new strategy to form hybrid nanoparticle–polymer nanocap-

sules, using these droplets as templates. In contrast with previ-

ous methods, this novel strategy does not require the use of

amphiphilic block-copolymers and produces vesicles of smaller

size. We demonstrated that such vesicles can be readily ob-

tained from nanoparticles of various chemical composition

provided that the polymer crosslinks the nanoparticles as it is

the case for PAA with iron oxide or with CdSe@ZnS. Particular-

ly, SPION-containing hybridosomes provide efficient MRI con-

trast enhancement, enabling the imaging of tumor areas at

low dose and show low if any toxicity. Not only does this

study demonstrate a versatile method for the facile engineer-

ing of well-defined assemblies with combined plasmonic, mag-

netic and/or fluorescent properties, but it also brings into light

the role of preformed solvent droplets in the formation of ve-

sicular aggregates.
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Figure 6. T2*-weighted MR images of healthy (a,b) and tumor-bearing (c,d)

mice acquired before (a, c) and at 30 min (b,d) after injection of the AuNP/

SPION hybridosomes (0.5 to 0.9 mgkg�1).
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1. Experimental section 

 

Materials. Octylamine was purchased from Sigma–Aldrich and stored as received in an argon-filled 

glove box. {Fe[N(SiMe3)2]2} (purchased from Nanomeps) was stored as received in the fridge of the 

glove box. 5.4 nm dodecanthiol coated gold NP (AuNP) were purchased from Nanocomposix. 

Tetrahydrofuran (VWR) was used as received. Poly(acid acrylic) PAA (1.88k or 450k) was purchased 

from Aldrich. The BODIPY 1 was kindly provided by O. Mongin (ISCR) and synthesized following a 

reported procedure.
[1]

 Octadecylamine-coated CdSe@ZnS core-shell quantum dots in powder form 

were purchased from Sigma-Aldrich. The MRI constrast agent Feraspin XXL™ was purchased from 
Miltenyi Biotec. 

 

SPION synthesis. The synthesis of the maghemite (-Fe2O3) SPIONs was achieved via hydrolysis of 

an organometallic Fe(II) precursor following a recently reported procedure.
[1]

 The reaction was 

achieved in pure octylamine and in mild conditions of pressure and temperature. H2O was 

deoxygenated by bubbling argon 30 mins before the reaction and stored under argon. The precursor 

{Fe[N(SiMe3)2]2} and octylamine (2 eq. to the precursor) were introduced in vials in a glovebox under 

argon. After a dark homogeneous liquid was obtained the vials were placed in a closed reactor, 

removed from the glovebox, and set to 40°C. After 15 min, H2O (2.1 eq.) was introduced in the 

reactor. The reaction was stopped after 3 days by putting the reactor under vacuum. The mixture was 

then exposed to air and dispersed in THF. The solution was then centrifuged at 19 000 rcf for 10 min 

and the pellet discarded. The mean diameter measured from TEM analysis was 5.56 nm (0.60 nm 
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standard deviation). After air oxidation, superparamagnetic magnetite nanocrystals with a mean 

diameter d= 5.5 nm and a narrow size distribution (standard deviation 1.0 nm) are obtained.
[1]

 

Elaboration of the hybridosomes. The hybridosomes were prepared by adding water to a THF 

solution containing the hydrophobic NP, in order to reach the composition φw=0.8, promptly followed 
by vortexing (total metal concentration C=26-66 µg/mL). After ca 15 h, PAA (2.1 mMol.L-1 in AA 

unit) or PEG-PAA (2.7 mMol.L-1, in AA unit) were added to the mixture. The THF was then totally 

removed by slow evaporation (15h at 40°C), after which the remaining volume was ca 500 µL. It was 

verified that after this treatment, no traces of THF could be detected by 1H NMR. 

Nanoparticle Tracking Analysis (NTA) and Dynamic Light scattering (DLS). NTA was carried 

out with a Nanosight LM10 device system equipped with a 40 mW laser working at  = 638 nm. 

Video sequences were recorded via a CCD camera operating at 30 frames per second and evaluated 

via the NANOSIGHT NTA 2.0 Analytical Software Suite. A blank NTA measurement with pure 

water was performed to exclude a possible contamination with scatterers. Calculations of the 

hydrodynamic diameters were achieved taking 1.22 cP as the viscosity of THF/water mixture at φw= 

0.8, from Nayak et al.
[2]

 DLS measurements were performed by using a NanoZS Instrument (Malvern) 

with Contin analysis to yield the size distribution by intensity.  

 

Scanning Electronic Microscopy (SEM). A few microliters of a solution of hybridosomes were 

dropped onto a polished silicium wafer. Observation of sample was done with a JEOL 7100f ttls SEM 

at 10kV equipped with a tungsten tip and a Everhart-Thornley detector. 

Transmission Electronic Microscopy (TEM). A 200mesh copper grid, covered with a 

carbon/formvar film was dipped into the solution of hybridosomes (at [Fe]=1mM) and allowed to dry 

in ambient conditions. The samples were examined using a JEOL 1400 TEM operating at 120kV and 

equipped with a GATAN Orius 1000 camera or alternatively a JEOL 2100 LaB6 equipped with a 

GATAN Orius 200D and a SDD detector for Energy-Dispersive X-ray Spectroscopy  (EDS) analysis. 

For TEM tomography a GATAN dual orientation 927 tomography sample holder was used. Tilted 

projection images were recorded at 1° tilt intervals from -50° to +30° and we used Digital micrograph 

software to convert the TEM projections into the 3-dimensional reconstructed image. 

 

Atomic Force Microscopy (AFM). Samples were imaged in fluid over an area of 500 nm
2
 to 20 mm

2
 

at 0.2 to 0.5 Hz operated in PeakForce Tapping mode on a BioScope Catalyst AFM (Bruker AXS, 

Santa Barbara, CA) using a small volume liquid cell and a set-point of around 1-2 nN. SCANASIST-

Fluid AFM tips (Bruker AFM Probes, Camarillo, CA) with a nominal spring constant, resonant 

frequency and radius of 0.7 N/m, 150 kHz and 20 nm respectively, were used for each experiment. 

AFM data were analyzed using the Nanoscope Analysis 1.5 software (Bruker AXS, Santa Barbara, 

CA). 

 

Relaxivity measurements.  Relaxivity measurements of hybridosomes were performed by measuring 

T2 values at various iron concentrations in water (determined by ICP-OES). Acquisitions were 

performed at 4.7 T on a Bruker Biospec 47/40 horizontal MRI system equipped with a 72 mm inner 

diameter volume transmit/receive quadrature coil. The T2 values were measured by using a multi-echo 

spin echo sequence with 16 echoes, an echo time spacing of 8 ms, and a repetition time (TR) of 2000 
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ms. The T2 maps were generated with ImageJ using the MRI analysis Calculator V1 by fitting the 

signal decay to a monoexponential function. Other imaging parameters were an image matrix size of 

128 x 128, a field of view (FOV) of 51.2 mm, a slice thickness of 3 mm, and one signal average per 

phase-encoding step. The measurements were performed at room temperature (20.0±0.5°C). For each 

sample, a circular region of interest (ROI) was drawn from which T2 maps and then the mean T2 and 

standard deviations were calculated. 

 

Cytotoxicity. HEK cells were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented 
with 10% fetal calf serum and 1% antibiotics. The hybridosomes were dialyzed against cell culture 

medium for 4 h prior to cell exposure. The cells were then exposed to hybridosomes (100 µg of iron 

per 106 cells) for 48 h at 37°C in cell culture medium. Viability assays were carried out by measuring 

MTS (3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)  

activity.  

 

In vivo MRI. Animal experiments were conducted in line with French Agriculture Ministry 

guidelines. The C57BL/6 healthy mice and tumor bearing mice received SPION hybridosomes (1mg 

iron/kg body weight, stabilized with PAA 450k) or SPION-AuNP hybridosomes (0.5 to 0.9mg iron/kg 

body weight, stabilized with PAA 450k or PAA 1.8k) by retro-orbital intravenous injection, after 

anesthesia with isoflurane. MR imaging sequences were recorded prior to the injection of the contrast 

agent, and 30 mins and 24 h after injection, using the 4.7 T (Brucker) small animal imager. Magnetic 

Resonance (MR) images were acquired using a Bruker Biospec 47/40 (Bruker Biospin, Wissembourg, 

France) with a 4.7 T magnet with a BG-06 gradient insert. Anesthetized animals were placed in a 

supine position in a 3.5-cm bird-cage resonator. Images were acquired using a gradient echo (FLASH) 

sequence with TR = 300 ms, TE = 5 ms, Flip Angle = 30°, 4 averages per phase-encoding step, a 212 

x 212 matrix and FOV = 3.2 x 3.2. Fifteen 1 mm thick axial slices covering the mouse abdomen were 

acquired. Respiratory gating was used during the acquisition. A tube filled with water was used as 

reference. Respiratory triggering was performed using a highly sensitive pneumatic system placed 

under the mouse. Body temperature was maintained with a warming blanket. 

2. Investigation of THF/water and THF/water/NP mixtures 

a) THF/water mixtures 

For dynamic light scattering measurements of THF/water mixture, great care was taken to avoid any 

impurities: water was filtered through a 0.2 µm cellulose filter before use and THF was never in 

contact with any plastic material. Only glassware was used for all syringes, flasks and measurements 

cell. Dynamic light scattering (DLS) measurements of mixtures of THF and water were achieved for 

various volume fractions of water (φw) in the range φw = 0.05-0.9 (Figure S1). The relaxation times 

extracted from the correlograms are interpreted in terms of Brownian motion of spherical particles. 

Figure S1 shows that fluctuations of concentrations are measured over the whole range of 

compositions. As the fraction of water increases, faster dynamics is observed, corresponding to 

smaller length scale. 
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Figure S1: DLS measurements of THF/water mixtures. Volume fraction of water φw as indicated on graph.  

A mode corresponding to the Brownian motion of spherical objects of ca 250 nm can be observed at 

φw= 0.78 and φw= 0.89. Since DLS is sensitive to any fluctuation, the dynamic modes that were 

measured do not necessarily correspond to defined long-lived structures. Therefore, Nanoparticle 

Tracking Analysis (NTA) analysis was undertaken for compositions where the fastest correlation 

modes were observed (φw= 0.8-0.9). NTA is a microscopic analysis of individual trajectories of 

spotlights scattered by scattering objects in solution. It was shown to accurately analyze the size 

distribution of polydisperse samples, which is not the case for DLS. Individual objects were clearly 

observed (Figure S2) using NTA. The size distribution profile shows a narrow distribution with a main 

mode at Dh = 110±35 nm.  

 

 

Figure S2: NTA analysis of a THF/water mixture for φw =0.8. Left: size distribution profile. Right: optical microscopy 

image of the scattered spotlights. 
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b) Investigation of water/THF/NP mixtures 

 

Figure S3: (a) Picture of solutions of AuNP in water/THF (the white figures on caps indicate the water volume 

fraction φw). (b) Stability of SPION in water/THF and TEM pictures obtained from the supernatants. Scale bars: 

50 nm. 
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c) Effects of nanoparticles over THF/water mixtures (DLS) 

 

Figure S4: Correlograms (a) and size distribution (b) (by scattered intensity) from DLS measurements of water/THF 

mixtures (φw=0.8) in absence of NP (blue) and in presence of SPION (green) and AuNP (red). 

 

 

 

Figure S5: TEM picture of assemblies of SPION at low nanoparticle concentration, in order to evidence the 

templating effect of liquid droplets. [Fe]=5 µg/ml; polymer: PAA450k. Scale bar: 100 nm 

 

 

 

 

 

-74-



3. Energy dispersive X-ray spectroscopy (EDX) 

EDX analysis was coupled to TEM observation to demonstrate the colocalization of iron and gold in a 

single AuNP/SPION hybridosome. 

 

Figure S6: Energy dispersive X-ray spectroscopy of a single AuNP/SPION hybridosome showing the co-localization of 

iron and gold. 

4. Fluo-magnetic hybridosomes  

The magnetic SPION hybridosomes could also be loaded with a fluorescent BODIPY dye, simply by 

dissolving the dye into the THF solution at the initial stage of the fabrication process. The selected dye 

(BODIPY 1, Figure S7) is not soluble in water and fluoresces both in its dissolved and aggregated 

states. Two cycles of magnetic separation and washing with water were achieved to obtain bright 

fluorescent hybridosomes and a dye free supernatant as demonstrated by absorbance and emission 

measurements. Figure S7a shows the absorbance and emission spectra of the supernatant after the two 

cycles of washing, and Figure S7b shows the fluorescent hybridosomes after redispersion in water. No 

significant leakage of the dye was observed over months. 

 

Figure S7: Elaboration of magnetic and fluorescent hybridosomes: chemical structure of the BODIPY 1. (a) 

Absorbance and emission spectra of the supernatant after removal of the fluo-magnetic hybridosomes using magnetic 

separation. (b) Absorbance and emission spectra of the suspension after redispersion of the hybridosomes in water. 
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5. Transversal relaxivities 

The transversal relaxivities of SPION and SPION/AuNP hybridosomes stabilized with PAA or PEG-

PAA were measured in water using a 4.7 T magnetic resonance (MR) scanner (Figure S8). The 

measured values were r2 = 274±35 mM
-1

.s
-1

, 285±37 mM
-1

.s
-1

 and 257±15 mM
-1

.s
-1 for the 

SPION/PAA, SPION/PEG-PAA, and SPION/AuNP PAA hybridosomes, respectively. All measured 

values compare Feraspin™, a commercial contrast agent for pre-clinical imaging, measured in the 

same conditions (r2 = 307±80 mM
-1

.s
-1

). The choice of the polymer, PAA or PEG-PAA, has no 

significant effect on the relaxivity of SPION hybridosomes in water. Mixed SPION/AuNP 

hybridosomes show a sligthly lower relaxivity, most probably due to a lesser extent of magnetic 

coupling between SPION.   

 

Figure S8: MR images obtained at 4.7 T of phantoms containing hybridosomes solutions of decreasing concentrations 

of (iron concentration as indicated) and graphs of reciprocal measured relaxation times vs iron concentrations for 

hybridosomes (a) SPION/PAA450k, (b)SPION/PEG-PAA, (c)SPION/AuNP/PAA450k and (d) commercial contrast agent 

Feraspin™ XXL. 
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6. In vivo MRI 

 

 

 

 

 

 

 

Figure S9: T2*-weighted MR images of healthy bearing mice injected with SPION hybridosomes stabilized with 

PAA450k (a-c) or PEG-PAA (d-f) and acquired at t=0; 30 min and 24 h after intravenous injection, showing a clear 

extinction of the liver. 
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7. In vitro toxicity 

 

 

 

 

 Figure S10: Viability of HEK cells after incubation 48h with the magnetic SPION ([Fe]=100µg/106cells) or 

SPION/AuNP ([Fe]=[Au]=100µg/106cells) hybridosomes used as MRI contrast agents. 

8. TEM tomography of hybridosomes 

Movie S1 shows animated slab of images collected at tilted intervals.  
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LoƌsàdeàĐeàpƌeŵieƌàaƌtiĐle,àŶousàŶeàfaisoŶsàpasàŵeŶtioŶàdeà l͛effetàOuzoàpouƌàĠǀeŶtuelleŵeŶtà

expliquer le procédé de formation de « gouttes ». Plusieurs expériences de diffusion de la lumière 

oŶtà ĠtĠà ŵeŶĠesà suƌà lesà ŵĠlaŶgesà THF/eauà età d͛autƌesà ŵĠlaŶgesà ŵisĐiďlesà pouƌà ĐoŵpƌeŶdƌeà leà

phénomène. Plusieurs mesures préliminaires de DLS présentent des « structures » dont la taille est 

comprise entre 100 et 300 nm. Plusieurs études ont été également initiées plus particulièrement sur 

leàsǇstğŵeàTHF/eauàeŶàǀaƌiaŶtàleàgƌadeàetàlaàŶatuƌeàduàTHF.àEŶàƌĠalitĠ,àleàTHFàutilisĠàjusƋu͛ăàpƌĠseŶtà

pour observer ces structures de « gouttes » contient un stabilisant, utilisé comme antioxydant : le 

BHT (butylhydroxytoluğŶeͿ.à Ilà s͛agità d͛uŶà alĐoolà plutƀtà hǇdƌophoďeà Ƌuià pƌĠǀieŶtà laà foƌŵatioŶà deà

peroxydes, composé parfois explosifs. En milieu fortement acide le THF peut également subir une 

polymérisation et les produits de cette polymérisation ou bien de dégradation du THF pourraient 

aussiàġtƌeàăàl͛oƌigiŶeàdesàgouttesàoďseƌǀĠes.àDesàpƌeŵiğƌesàeǆpĠƌieŶĐesàdeàGC-MS (chromatographie 

en phase gazeuse couplée à une détection de masse) sur différents types de THF stabilisés, ont 

permis de mettre en évidence plusieurs autres espèces. De ce fait, ces observations peuvent 

suggĠƌeƌàlaàpƌĠseŶĐeàdeàŶoŵďƌeusesàautƌesàespğĐesàauàseiŶàd͛uŶàTHFàstaďilisĠà;ƌĠsidusàdeàsǇŶthğse,à

produits de dégradation etc), dont le grade de pureté mentionné par les fournisseurs se situe entre 

99 et 100%. 

Ces espğĐesà pouƌƌaieŶtà ġtƌeà desà pƌoduitsà deà dĠgƌadatioŶà duà BHT,à sousà laà foƌŵeà d͛espğĐesà

oǆǇdĠesà deà tǇpeà alĐoolà aƌoŵatiƋues.à Lesà espğĐesà foƌŵĠesà loƌsà deà l͛oǆǇdatioŶà duà BHTà oŶtà uŶà

caractère amphiphile encore plus prononcé que le BHT lui-même, ce qui peut laisser penser que 

toutesà ĐesàespğĐesàeŶàpetiteàƋuaŶtitĠà ;BHTàdeà l͛oƌdƌeàduàppŵàseloŶà lesà spĠĐifiĐatioŶsà fouƌŶisseuƌͿà

aieŶtàuŶàƌƀleàdaŶsàl͛eǆisteŶĐeàdeàĐesàgouttes.àCesàespğĐesàpƌĠseŶteŶtàdesàsoluďilitĠsàtƌğsàfaiďlesàdaŶsà

l͛eauà;Ϭ.ϲŵg/L-1) et des solubilités bien plus importantes dans les solvants de types alcanes, alcools 

ouàĠtheƌsàĐǇĐliƋuesàetàseŵďleŶtàdesàĐaŶdidatsàidĠauǆàdaŶsàl͛effetàOuzo. 
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

         

  esà eŶà foŶĐtioŶà desà ƋuaŶtitĠsà d͛IONPà età deà Páá,à aiŶsià Ƌu͛ăà leuƌsà



LesàoďseƌǀatioŶsàfaitesàjusƋu͛ăàpƌĠseŶtàŶousàoŶtàpeƌŵisàdeàd͛ideŶtifieƌàlaàstƌuĐtuƌeàdeàĐapsuleà

deàl͛asseŵďlage.àUŶeàĠtudeàdeàtoŵogƌaphieàTEMàaàpuàġtƌeàƌĠalisĠeàauàseiŶà

;UM“àϮϬϬϭà“ĐaŶMáTͿàaǀeĐàl͛aideàdeàV.àDoƌĐet.àLaàƌeĐoŶstƌuĐtioŶàdeàĐetteàĠtudeàestàpƌĠseŶtĠàsousàlaà

foƌŵeàd͛uŶeàǀidĠoàaĐĐessiďleàauàlieŶàĐi

aŶtà;“uppoƌtiŶgàIŶfoàaƌtiĐleàϯͿ.àOŶàǇàapeƌçoitàuŶàHǇďƌidosoŵeàd͛eŶǀiƌoŶà

ϴϬàŶŵàdaŶsàuŶàĠtatàŶoŶàdĠgoŶflĠ.àL͛aĐƋuisitioŶàdeàϳϲàiŵagesàdeà















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





              





Deà plus,à lesà pƌeŵiğƌesà oďseƌǀatioŶsà TEMà ăà diffĠƌeŶtesà ĐoŶĐeŶtƌatioŶsà d͛IONPà seŵďlaieŶtà

               




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Structure and elasticity of composite
nanoparticle/polymer nanoshells
(hybridosomesss)†

F. Sciortino, a M. Thivolle, a M. L. Kahn, b C. Gaillard,c S. Chevance a and

F. Gauffre *a

Our group recently introduced a new process to synthesize nanoparticle shells of about 100 nm, named

‘‘hybridosomess’’. Here, the structure and mechanical properties of hybridosomess made from iron oxide

nanoparticles and poly(acrylic acid) are characterized using TEM, AFM and an osmotic compression

technique. For the latter, the size distribution of the hybridosomes is monitored by nanoparticle tracking

analysis (NTA) in the presence of poly(ethylene glycol)s of different molecular weights. It is found that the

size of the hybridosomess can be tuned from ca. 80 nm to over 110 nm by adjusting the amount of

nanoparticles and that their shell consists of a single layer of nanoparticles, with a porous structure. The size

of the pores is estimated from osmotic compression experiments at ca. 4000 g mol�1. The mechanical

properties are measured both at the ensemble level using size measurements under osmotic pressure

and at the single nanoparticle level by atomic force microscopy nanoindentation. Both osmotic and AFM

experiments are analyzed in the framework of the continuum elastic theory of thin shells and yield a

value of Young’s modulus of the order of MPa.

A. Introduction

Capsules are abundant in nature where membranes (of cells,

nucleus, exosomes. . .) and shells (of eggs) provide a protective

barrier, while enabling selective exchange. At the age of modern

technology, micro- and nanocapsules (or vesicles) are used

as protection shells for enzymes, vessels for drug or gene

vectorization, nanoreactors for confined chemical reactions

and heterogeneous catalysis, or to template the formation of

new materials.1–3 A lot of effort has been devoted to the

elaboration of submicronic synthetic capsules, each of them

having their own advantages and disadvantages. Among them,

liposomes, polymersomes and multilayered polyelectrolyte

nanocapsules are the most documented.4–9 More recently, nano-

particle shells have appeared as highly desirable for the elaboration

of metamaterials10–12 as well as for biomedical applications such as

imaging and theranostics.13,14 The methods that have been devel-

oped so far to elaborate nanoparticle shells fall into two categories.

The first one makes use of amphiphilic block copolymers to direct

the self-assembly.15,16 The second family is based on the use of

sacrificial templates, either silica or latex particles over which a layer

of nanoparticles is deposited.6 A calcination step is generally

required to remove the templating core.

Recently, our group introduced a simple and robust procedure

to elaborate hybrid polymer/nanoparticle capsules (diameter

B 100 nm), which were coined hybridosomess.17 The shell of

the capsules is made from inorganic nanoparticles crosslinked

by polymers. Interestingly, hybridosomes made from superpara-

magnetic iron oxide nanoparticles (IONPs) (maghemite) and

crosslinked with poly(acrylic acid) (PAA) showed excellent proper-

ties as MRI contrast agents and can easily encapsulate hydro-

phobic compounds. Their bench stability as dispersions was

demonstrated to be at least 1 year. In addition, hybridosomess

were prepared from various inorganic nanoparticles including

quantum dots, plasmonic and upconverting nanoparticles,

with the only limitation being that they should be coated by a

hydrophobic layer. Thus, these capsules of a new type hold much

promise particularly for imaging and theranostic applications.

Obviously, the shell permeability and mechanical properties

of the capsules are of great importance in many aspects such

as encapsulation, triggered release, deformation into flow,

rheology, and even adhesion. For instance, the protein shells

of viruses are extremely rigid and tailored to resist internal

pressure generated by the encapsulated genetic material, as

high as 10 MPa.18,19 In contrast, red blood cells are among the
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less rigid materials, but nevertheless can withstand extreme

stretching forces and squeeze into very small capillaries.20 Both

liposome and polymersome membranes are bilayers composed of

phospholipids or amphiphilic block copolymers, respectively.

Liposomes are generally characterized by thermal membrane

fluctuations and a high lateral mobility due to the low molecular

weight (o1 kDa) of their constituent phospholipids. Polymer

membranes are more resistant to rupture, and interestingly the

membrane properties of polymersomes can be tailored by a

precise molecular design of the constituting blocks.21,22 There

has also been much interest in the investigation of the mechanical

properties of multilayered polyelectrolyte nanocapsules because

the thickness of the shell is directly related to the number of layers

and can be tuned to a large extent.23–27

In this paper, we investigated the shell structure andmechan-

ical properties of hybridosomess made from IONPs and PAA.

An osmotic technique, associated with nanoparticle tracking

analysis (NTA) was introduced to investigate the effect of isotropic

compression. To this aim, hybridosomess were suspended into

solutions of poly(ethylene glycol) (PEG) of various sizes, and the

size distribution of the capsules was measured. This technique

also enables us to determine the porosity of the shell, since low

molecular weight PEGs obviously equilibrate between the interior

and the exterior of the capsules. In complement to osmotic

pressure experiments, the effect of local stress was investigated

using the Atomic Force Microscopy (AFM) nanoindentation

technique. The results were interpreted using the theory of thin

shell elasticity to determine the Young’s modulus of the compo-

site shell. The compositions of the polymer and nanoparticles

were varied, to determine their respective role in the size and

shell properties of hybridosomess.

B. Experimental
Materials

Octylamine was purchased from Sigma-Aldrich and stored as

received in an argon-filled glove box. The iron precursor,

{Fe[N(SiMe3)2]2}, was purchased from Nanomeps and stored

as received in the fridge of the glove box. (VWR) was used as

received. Poly(acrylic acid) PAA (450 000 g mol�1) was purchased

from Aldrich.

Nanoparticle synthesis

The synthesis of the maghemite (g-Fe2O3) IONPs was achieved

via hydrolysis of an organometallic Fe(II) precursor following a

recently reported procedure.40 The reaction was achieved in pure

octylamine and under mild conditions of pressure and tempera-

ture. Water was deoxygenated by bubbling argon 30min before the

reaction and stored under argon. The precursor {Fe[N(SiMe3)2]2}

and octylamine (2 eq. to the precursor) were introduced in vials in

a glovebox under argon. After a dark homogeneous liquid was

obtained, the vials were placed in a closed reactor, removed from

the glovebox, and the temperature was set to 40 1C. After 15 min,

H2O (2.1 eq.) was introduced into the reactor. The reaction

was stopped after 3 days by placing the reactor under vacuum.

The mixture was then exposed to air and dispersed in THF.

The solution was then centrifuged at 19 000 rcf for 10 min

and the pellet was discarded. After air oxidation, superpara-

magnetic magnetite nanocrystals with amean diameter d = 5.5 nm

and a narrow size distribution (standard deviation 1.0 nm)

were obtained.

Preparation of stock dispersions of hybridosomes

The hybridosomes were prepared by adding water into a THF

solution containing the IONPs, in order to reach a water volume

fraction of 0.8, promptly followed by vortexing. After ca. 15 h,

PAA was added into the mixture as a concentrated aqueous

solution. Then, THF was totally removed by slow evaporation

(15 h at 40 1C), after which the remaining volume was ca.

500 mL. It was verified that after this treatment, no traces of

THF could be detected by 1H NMR.

Nanoparticle tracking analysis

Stock suspensions of hybridosomes were diluted 100 times

prior to NTA measurements. For each sample, 3 acquisitions

with an acquisition time of 60 s were performed. The relative

standard deviation was calculated using SD � 100/mean.

Osmotic compression

5 mL of the stock dispersion were first diluted into water and

then mixed with appropriate volumes of PEG aqueous solution

and 200 nm calibrated latex solution to reach a final volume

500 mL and the desired PEG concentration. The osmotic pressure

was determined from the PEG concentration. At very low PEG

concentrations, the osmotic pressure (P) can be derived from the

molar concentration (C) using the law of ideal gas P = RTC.

However, one should be careful to take into account the

divergence from ideality at higher concentrations.41 The con-

version from molarity to osmotic pressure was extrapolated

from experimental data by Money (PEG 1k, 4k, 10k)41 and

Shaykewich (PEG 20k).42

Transmission electron microscopy

A 40 mL drop of the solution was first placed on a carbon-coated

TEM copper grid (Quantifoil, Germany). The samples were then

negatively stained with 2% w/w uranyl acetate (Merck, Germany)

previously filtered using a 0.2 mm filter unit. The grid was then

air-dried before introducing it into the electron microscope. The

samples were viewed using a JEM 1230 ‘Cryo’ microscope (JEOL,

Japan) operated at 80 kV and equipped with a LaB6 filament. All

the micrographs were recorded on a Gatan 1.35k � 1.04k � 12 bit

ES500W CCD camera.

Atomic force microscopy

Samples were imaged in fluid over an area of 500 nm2 to 20 mm2

at 0.2 to 0.5 Hz operated in the peak force tapping mode on a

BioScope Catalyst AFM (Bruker AXS, Santa Barbara, CA) using a

small-volume liquid cell and a set-point varying from 4 nN to

115 nN according to the strength applied in order to progressively

crush the particles. SCANASYST-Fluid AFM tips (Bruker AFM

Probes, Camarillo, CA) with a nominal spring constant,
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resonant frequency and radius of 1.5 N m�1, 150 kHz

and 20 nm, respectively, were used for each experiment. The

thermal noise method was systematically used to refine the

spring constant value of the cantilevers. Force spectroscopy

curves were acquired in water by approaching a tip onto the

sample at a pulling speed of 1 mm s�1. Sensitivity calibration

was determined in water solution over a piece of freshly silicon

substrate at room temperature (25 1C). Force curves were

recorded at different locations on the particles, in order to

account for any heterogeneity in the coverage of the surface.

Force measurements were acquired from around 500 different

points at the surface. AFM data were analyzed using the

Nanoscope Analysis 1.5 software (Bruker AXS, Santa Barbara,

CA) to extract the effective Young’s modulus as the slope of the

linear elastic region of the approach–retract curves.

C. Results and discussion

All details about the synthesis of the hybridosomess were

described previously.17 Briefly, the process consists in three steps

(Fig. 1). First, liquid droplets are coated with the hydrophobic

nanoparticles in a water/THF (80 : 20) mixture forming the

primary nanoparticle shell (Step 1). Then, the nanoparticle shell

is crosslinked by a coordinating polymer (Step 2). Finally, the

solvent is removed by evaporation, yielding the hybridosomess

with an aqueous core, and the samples are purified by magnetic

separation (Step 3). All the hybridosomess used in this study

were prepared from iron oxide nanoparticles (IONP; 5.5 nm �

1 nm) crosslinked with poly(acrylic acid) (PAA 450 000 g mol�1).

TEM analysis of hybridosomess after negative staining occa-

sionally shows some open structures (urns, Fig. 1). From such

pictures, it is clear that the shell is only a few nanometers thick,

which is consistent with a single layer of particles. For the

following discussion, we will consider that the shell thickness

(h) is equivalent to the diameter of the IONPs (h E 5 nm).

We investigated the influence of the composition of the

hybridosomess (amount of IONPs and of PAA) on their structure.

First, we varied the amount of IONPs introduced. Fig. 2a shows

the size histograms at iron concentrations in the range 0–25 mg L�1

and at a given concentration of the polymer ([AA] = 2.25 mM)

determined by NTA. NTA tracks individual trajectories, allowing the

calculation of the diffusion coefficient and thus the hydrodynamic

diameter (dh) of each particle. Reporting the main mode (and

when present a secondary mode) vs. the iron concentration

evidences two regimes (Fig. 2b). The low concentration regime

is characterized by a hydrodynamic diameter (dh) of ca. 80 nm

or lower, whereas in the higher concentration regime dh is over

110 nm. Note that at the transition between the two regimes,

the coexistence of the two populations is observed. It is

common to report the width of the distribution obtained by

NTA as the relative standard deviation (RSD, see the Experimental

section for details). The histograms are of moderate width

(RSD = 17–25%) except in the vicinity of the transition where

the distributions can be considered as polydisperse (RSDB 40%),

as a result of the coexistence of the two populations. Interestingly,

it was also possible to form capsules from PAA only, without the

use of nanoparticles. In contrast, varying the amount of PAA to

form the hybridosomess does not significantly change the

measured diameter (Fig. 3), but the distribution widens signifi-

cantly at lower amounts of PAA and the total amount of capsules

decreases. To summarize, the IONPs hybridosomess can adopt

two possible equilibrium conformations, a small size (dhB 80 nm)

and a larger size (dh B 110 nm), at low and high particle

concentrations, respectively. In the low concentration regime,

the size is obviously determined from the polymer properties,

whereas in the large concentration regime it is influenced by the

presence of the particles. Note that the presence of a population

of a relatively small size is important for future imaging and

theranostic applications, since the body clearance of circulating

particles increases with particle size.28

Two types of experiments were performed to investigate

the shell properties of the hybridosomess. The first type

consists in applying an osmotic pressure and the second type a

localized force, by nanoindentation. With regard to the osmotic

compression, we reasoned that hybridosomess dispersed in a

polymer solution would experience an inward osmotic pressure

if the polymer does not diffuse across the shell. In the first set

Fig. 1 Process of elaboration of the hybridosomes and TEM observation with negative staining, showing an ‘‘open’’ hybridosome ([AA] = 2.25 mM;

[Fe] = 12.5 mg mL�1).
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of experiments, PEGs of four molecular masses: 1000 g mol�1,

4000 g mol�1, 10 000 g mol�1 and 20 000 g mol�1 (marked as 1k,

4k, 10k and 20k, respectively) were used, at increasing concen-

trations (15; 45; 75 and 100 g L�1). The size distribution of

hybridosomess subjected to the osmotic pressure was analyzed

using NTA and renormalized from viscosity effects using a 200 nm

calibrated latex solution (Fig. 4a). Two facts are remarkable. The

first one is that the influence of the shortest PEGs over the size

distribution of the hybridosomess is negligible (PEG 1k) or weak

(PEG 4k), whereas a significant amount of shrinkage is observed

for PEG 10k and 20k. These results evidence the porous nature

of the shell, with an estimated molecular cut-off of approxi-

mately 4000 g mol�1, or 2 nm in terms of the hydrodynamic

radius.29 Thus, PEGs smaller than 4k diffuse across the shell,

equilibrating inner and outer osmotic pressures. The second

observation is a sharp transition from a monomodal to a

multimodal distribution with measured sizes spanning down

to 25 nm (which is the detection limit of NTA) at the highest

concentrations for PEG 10k and PEG 20k. We interpret this

result as a transition between a regime of isotropic compres-

sion and a buckling instability, leading to the formation of

wrinkles or possibly of inverted hemispheres, as previously

observed for polyelectrolyte vesicles.23,25,30 It is worthwhile to

note that at 0.1 MPa and above, a population of hybridosomess

with a broken shell can be distinguished by the absence of

shrinkage (indicated by the symbol (*) in Fig. 4d). Fig. 4e shows

the measured hydrodynamic diameter as a function of the

osmotic pressure, when a main mode can be clearly identified.

We estimate the onset of the symmetry breaking instability at a

critical pressure Pc = 0.075 MPa (denoted by the dotted line) and

a critical radius Rc = 95/2 = 47.5 nm.

Can deformed hybridosomes recover their initial shape if

the pressure is relaxed? To address this issue, we took advan-

tage of the magnetic behavior of the IONPs hybridosomess.

Thus, the latter were separated from the PEG solution using a

permanent magnet. After 2 steps of separation and washing

with plain water, the hybridosomess were incubated for 1 hour

at 35 1C and the size distribution was measured again (Fig. S1,

ESI†). A large fraction of the deflated shells swell back to their

initial size. In addition, a larger population is observed, reflect-

ing the presence of aggregates. The observation of the scattered

light during NTA acquisition clearly shows some aggregates

in the form of straight chains of a few hybridosomes. Such

anisotropic aggregation most probably results from magnetic

interactions between hybridosomes. Indeed, hybridosomes

exhibit a non-zero magnetic moment in their swollen state (as

Fig. 2 Influence of the amount of IONPs on the size distribution (hydrodynamic diameter dh) of hybridosomes. (a) Size histograms determined by NTA.

The symbol & points out a secondary mode. (b) Main mode (’) and secondary mode (&) of the distribution. Error bars represent the standard deviation

(SD) of the distribution. Concentrations of stock solutions: [Fe] = 0, 0.5, 2.5, 5, 12.5; and 25 mg mL�1 as indicated in the graph; [AA] = 2.25 mM.

Fig. 3 Influence of the amount of PAA on the size distribution (hydro-

dynamic diameter dh) of hybridosomes measured by NTA. Concentrations

of stock solutions: [Fe] = 12.5 mg mL�1; [AA] = 0.5, 1.4, 2.4, 4.7, and 15.5 mM

as indicated in the graph.
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shown by the fact that they are attracted by a permanent magnet)

resulting from coupling between individual IONPs, which is

increased under compression because the distance between the

IONPs decreases. Interestingly, the compressed hybridosomes do

not swell back at room temperature but require some thermal

energy to overcome the magnetic interaction.

Our results can be interpreted in the framework of the

continuum theory of thin spherical shells. The shell will be

regarded as a homogeneous body (which is obviously not the

case at the microscopic scale), characterized by a Young’s

modulus (E) and a Poisson ratio (s). In contrast to lipid vesicles

where shear is dominant, polymer vesicles are rather prone

to bend (out-of-plane deformations) and stretch (in-plane

deformations).24,31 Let us first examine the case of an isotropic

constraint, for instance the evaporation of a solvent core or

osmotic compression.28

The isotropic compression (or alternatively stretching) of an

isotropic hollow shell obeys:32

R0 � R ¼
1� s

2Eh
PR

2 (1)

Compression is costly and the shell is rapidly forced to give up

its spherical symmetry to adapt to this new constraint at a lower

energy cost.33 At the onset of instability, the relation between

the critical pressure (Pc) and the radius (Rc) is:
32

Pc ¼
2E

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 1� s2ð Þ

p

h

Rc

� �2

(2)

The main consequence of considering the shell as a continuum

is that no length scale other than h and R enters the models.

Therefore, eqn (1) and (2) apply at all scales from viruses to ping-

pong balls and buildings. It was used previously to determine

the mechanical properties of polyelectrolyte capsules.23,25,34

Most previous reports on polyelectrolyte capsules monitored

shape changes by optical microscopy and analyzed the fraction

of deformed capsules as a function of the osmotic pressure, but

were unable to characterize the evolution of the capsule radius

with pressure in the subcritical regime, due to high dispersity in

size.24 Remarkably in our case, the narrow dispersity of hybrido-

somess enables us to follow shrinkage during isotropic osmotic

compression. Therefore, both the regime of isotropic compres-

sion and the onset of instability can be exploited using eqn (1)

and (2), respectively. The values h = 5 nm and R0 = 56.5 nm were

taken as fixed geometrical parameters in both models. The

Poisson ratio is an unknown parameter generally ranging from

0.25 to 0.45. We combined eqn (1) and (2) to evaluate E using

arbitrary values of s in the range 0.25–0.45. Our results were

analyzed firstly in the subcritical regime using eqn (1). We fitted

pressure vs. equilibrium radius during isotropic compression

(Fig. S2, ESI†). Then, using the estimated values of the critical

pressure and radius (Pc = 0.075 MPa and Rc = 47.5 nm, Fig. 4e),

eqn (2) allows an independent determination of E. The results

show that the value of the Poisson coefficient has in fact little

influence (less than 1MPa) on the determination of E. Therefore,

we arbitrarily used the value s = 0.3, which yielded E = 1.3 MPa

and E = 5.6 MPa using eqn (1) and (2), respectively. Note that

these values are one to two orders of magnitude lower than these

commonly reported for polyelectrolytes capsules,23,24 which is

consistent with a weaker interaction between IONPs and PAA,

than between layers of oppositely charged polyelectrolytes. Thus,

hybridosomess show a relative ability to shrink and swell, which

might be exploited for encapsulation and release applications.

Despite all our efforts, we were unfortunately unable to image

the hybridosomess under osmotic compression, neither by TEM

nor by liquid atomic force microscopy, due to the high concen-

tration of PEGs. However, the progressive flattening of the

hybridosomess was imaged by AFM in liquid, by applying a

force of increasing intensity over their surface (Fig. S3, ESI†).

In contrast to osmotic compression for which experiments

are at the ensemble level, nanoindentation enables us to probe

the elasticity of the shell by applying a localized force on a

single hybridosomes. Nanoindentation was investigated using

AFM maintaining an aqueous environment (pure water). In the

first set of experiments, force–displacement (FZ) curves were

acquired in water by approaching a tip toward the sample at a

speed of 1 mm s�1 (Fig. 5). The relative indentation extends

Fig. 4 (a–d) Osmotic compression of hybridosomes dispersed in solu-

tions of PEG 1k, 4k, 10k, and 20k. A 200 nm calibrated latex solution was

added into the dispersion for renormalization of the viscosity. Symbols

(*) indicates broken hybridosomes. The PEG concentrations are (� � �)

15 g L�1, ( ) 45 g L�1, ( ) 75 g L�1, and ( ) 100 g L�1. (e) Evolution of the

size (main mode) of the hybridosomes as a function of osmotic pressure

for the 4 sizes of PEG: 1k (full circles); 4k (open circles); 10k (full squares);

20k (open squares). The dotted line shows the onset of buckling. Hybrido-

somes: [Fe] = 25 mg mL�1; [AA] = 2.25 mM.
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to 10% of the diameter and forces up to 7 nN. FZ curves were

acquired from around 500 different locations at the surface in

order to account for any heterogeneity, and yielded similar results

with a standard deviation of B25%. No alteration of the vesicle

was observed after 500 measurements. The approach curves are

mostly linear after build up (Fig. 5, inset) and retract curves clearly

show hysteresis owing to the viscous and plastic behavior of the

nanoparticle surface. We assume that the dynamics of water

diffusion across the membrane is fast enough to ensure equili-

brium of internal and external pressures.

To analyze the indentation data, we assume that the vesicle

remains in a regime of small deformation without developing a

buckling instability. This seems reasonable since the maximal

displacement (B8 nm) is less than twice the shell thickness.

In addition, buckling is characterized by a sudden drop in the

measured force, which was not observed here.18,24 The Young’s

modulus for the shell can be extracted from the linear slopes of

the forward curve in the linear regime using:35–37

F ¼
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ð1� s2Þ
p

dEh
2

R
(3)

where d stands for the displacement of the surface. Using

eqn (3) to fit the linear part of the forward FZ curve, we obtain

E = 1.2 MPa, which again falls in the range of the values

determined by osmotic pressuremeasurements. This value reflects

a relatively low degree of interactions between the PAA polymer

chains (via hydrogen bonding) and between the polymer and the

particles (via interaction between the iron oxide surface and the

particles). By comparison, the Young’s modulus of multilayered

polyelectrolyte capsules is over 100 MPa at room temperature. This

relatively high value is due to their glassy state. Values measured

in this work for hybridosomes are typically of the same order as

those reported for multilayered polyelectrolyte capsules above

their glass-melt temperature.37

It is interesting to note that, due to their relatively low

Young’s modulus, the hybridosomess can withstand a certain

amount of isotropic compression before buckling, making

the elastic deformation domain experimentally observable, in

contrast to most vesicular systems reported in the literature. It

was reported that hollow thin shells buckle into a variety of

complex conformations, including reversed spherical shells

and crumpled spheres.23,38,39 In the present case, it is difficult

to characterize the shape of the hybridosomess under pressure

because of their small size.

In the following section, we investigate the effect of hybrido-

some composition (amount of IONPs and of PAA) on their

elastic properties. In the first set of experiments, the effect of

osmotic pressure was compared for two samples with different

amounts of IONPs (12.5 mg mL�1 and 25 mg mL�1). Fig. S4

(ESI†) shows that both samples have similar properties in terms

of porosity and critical pressure. As mentioned previously,

during their elaboration, the hybridosomess prepared with

relatively low amounts of particles contract on removal of the

solvent until close contact of the IONPs. This explains both the

lower mean size of the sample with [Fe] = 12.5 mg mL�1

compared to that with [Fe] = 25 mg mL�1, and the absence of

a significant effect of IONPs on the mechanical properties. In

the second set of experiments, hybridosomess with various

contents of PAA were prepared in the range 0.5–15 mM

(in terms of acrylic acid units). PEG 10k was selected for

osmotic compression, assuming that it will not penetrate

through the shells of hybridosomess. Fig. 6 demonstrates that,

at low PAA contents ([AA] = 0.4 and 1.4 mM), a mechanical

instability develops and the hybridosomess deform under

Fig. 5 Typical AFM force–distance approach (—) and retract (---) curve in

aqueous solution. Hybridosome: [Fe] = 25 mg mL�1; [AA] = 2.25 mM, initial

radius 39 nm. The estimated slope from the linear part of the approach

curve is 1.8 N m�1 (inset).

Fig. 6 Effect of osmotic compression for hybridosomes prepared with

[Fe] = 12.5 mg mL�1 and different amounts of PAA (concentration in terms

of AA units). Compression with PEG 10k at 0, 20, 80, and 120 g L�1. The

concentrations of PAA are indicated in the graphs.
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osmotic pressure. This is consistent with the hypothesis that

PEG 10k is prevented from diffusing across the shell. The shell

of hybridosomess prepared with larger amounts of PAA should

be even more impermeable to PEG 10k. Therefore, an osmotic

pressure difference is exerted on the shell for all samples in the

investigated range. Interestingly, we observe that increasing PAA

contents provide improved mechanical stability under osmotic

pressure. At the highest PAA concentration (15.5 mM), hybrido-

somess are resistant to deformation exceeding 0.18 MPa (corres-

ponding to 120 g L�1 of PEG 10k).

In summary, these results show that the mechanical properties

of the hybridosomess are primarily dependent on the content

of the polymer in the composite shell. Increasing the amount of

the polymer enables the preparation of hybridosomess with

improved mechanical stiffness.

D. Conclusions

Our result shows that hybridosomess have a unique shell

structure made of a single layer of nanoparticles, crosslinked

with a polymer. In the present case, the thickness of the shell

was estimated to be ca. 5 nm, which corresponds to the size of

the individual iron oxide nanoparticles. In addition to con-

ventional TEM and AFM analysis, we performed mechanical

measurements using NTA under osmotic pressure. This is to

our knowledge, the first report of mechanical measurements

at the ensemble level of submicronic vesicular structures.

Osmotic compression experiments demonstrated that this

shell is porous, enabling the size selection of solute with a

MWCO of ca. 4 kDa, which may be further used to protect

encapsulated compounds from enzymatic degradation. The

experimental results were interpreted in the framework of the

continuum thin shell theory. It was found that the hybrido-

somess have a soft deformable shell, with a Young’s modulus

of the order of MPa, which explains their outstanding

mechanical properties, such as long term stability, easy defor-

mation and shape recovery. In addition, the size and their

shell properties of hybridosomess can be tuned by varying

their composition. These features are highly valuable for

future biomedical applications, as contrast agents and drug

carriers, to withstand high osmotic pressure in blood vessels

and squeeze into small capillaries. The mechanical deforma-

tions of hybridosomess made from IONPs should induce

changes in their response to a magnetic field, which is

important for imaging (MRI) and sensing applications. This

will be investigated in further studies.
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1. Re-swelling of the hybridosomes after osmotic compression

Figure S1: Size distribution of SPION hybridosomes before compression, during osmotic compression 

(PEG 10k, 150 g/L ) and after magnetic separation and washing.

Electronic Supplementary Material (ESI) for Soft Matter.
This journal is © The Royal Society of Chemistry 2017

-91-



2. Fit of the linear compression domain.
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Figure S2: The data of figure 4a were merged for PEG 10K, and 20K and plotted as Pressure vs Radius 

and then fitted with Eq. 1. 

3. Liquid AFM: Imaging applying increasing tip-sample interaction forces

Figure S3: Height AFM images showing the evolution of the morphology of a single hybridosome at 

increasing values of loads from around 4 nN to 111 nN.
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4. Influence of the IONPs composition of the membrane on susceptibility to 

osmotic pressure

Figure S4: Osmotic compression of hybridosomes prepared from two different concentrations of 

IONPs ([AA]=2.25mM) : [Fe]=12.5 µg/ml (top row) and [Fe]=25 µg/ml (bottom row), using PEG of 

different molecular weights: 1k; 4k; 10k; 20k, as indicated on graph. PEG concentrations: 0 g/L (black, 

dashed), 15 g/L (red), 50  g/L (blue), 75  g/L (green).
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4. Résultats complémentaires 

4.1 Influence de la quantité de nanoparticule sur la structure et la 

paroi de l’Hybridosome 
 

Au regard des résultats présentés dans les deux articles, on remarque que les Hybridosomes 

formés semblent parfois plus denses et que la structure de capsule est plus difficilement observable 

pour des quantités de particules plus importante ([Fe] > 50 µg.mL-1). Ces observations ont été 

ĐoŶfiƌŵĠesàloƌsàdeàl͛aŶalǇseàĐoŵplĠŵeŶtaiƌesàpaƌàTEMàd͛HǇďƌidosoŵesàƌĠalisĠsàaǀeĐàdeàplus grande 

ƋuaŶtitĠà d͛IONPà età ăà ƋuaŶtitĠà deà Pááà ĐoŶstaŶteà ;[áá]à =à Ϯ.Ϯϱà ŵMͿ.à La Figure 23 présente les 

micrographies TEM et SEM des différentes conditionsàd͛asseŵďlageàăàƋuaŶtitĠàd͛IONPàĐƌoissaŶteàϬà

µg/mL < [Fe] < 80 µg/mL. 

Les micrographies Figure 23a-d montrent la présence de « gouttes » dans les milieux THF/eau. 

DaŶsàlesàtƌoisàdeƌŶieƌsàĐas,àlesàsuspeŶsioŶsàŶ͛oŶtàpasàpuàġtƌeàaiŵaŶtĠes,àĐeĐiàĠtaŶtàpƌoďaďleŵeŶtàdûà

ăàlaàfaiďleàƋuaŶtitĠàd͛IONPàFigure 23b-d. Par conséquent, les observations ont été réalisées au stade 

oùàlesàasseŵďlagesàŶeàsoŶtàpasàlaǀĠsàŵagŶĠtiƋueŵeŶt.àEŶàeffetàlaàƋuaŶtitĠàd͛IONPàŶeàsuffitàpasàpouƌà

ƌeĐouǀƌiƌàlesàgouttesàetàleàtauǆàdeàƌeĐouǀƌeŵeŶtàŶ͛estàƋueàpaƌtiel,àŶeàĐƌĠaŶtàaiŶsiàpasàsuffisamment 

d͛iŶteƌaĐtioŶsàŵagŶĠtiƋuesàpouƌàaiŵaŶteƌàlesàasseŵďlages.à 

C͛estàăàpaƌtiƌàdeà[Fe]à=àϮϲàµg/mL (Figure 23e) Ƌueà l͛oŶàoďseƌǀeà lesàHǇďƌidosoŵesàtotaleŵeŶtà

stƌuĐtuƌĠs,àaǀeĐàuŶàtauǆàdeàĐouǀeƌtuƌeàdeàgoutteàoptiŵal.àLesàoďseƌǀatioŶsàTEMàlaisseŶtàappaƌaitƌeà

desà HǇďƌidosoŵesà peuà ĐoŶtƌastĠs,à suggĠƌaŶtà uŶeà Ġpaisseuƌà deà laà paƌoià deà l͛oƌdƌeà d͛uŶeà seuleà

ŶaŶopaƌtiĐuleà;àà̴àϱŶŵͿ.àáàplusàfoƌteàĐoŶĐeŶtƌatioŶ,à[Fe] = 52 µg/mL (Figure 23f), les observations TEM 

ŵoŶtƌeŶtàlesàHǇďƌidosoŵesàplusàĐoŶtƌastĠsàpuisƋu͛ilàǇàaàd͛aǀaŶtageàdeàŵatiğƌe.àL͛Ġtatà« dégonflés » 

des Hybridosomes est plus facilement discernable puisque la taille augmente aussi légèrement. 

L͛oďseƌǀatioŶà desà HǇďƌidosoŵesà auà TEMà seà faità eŶà ĐoŶditioŶà sğĐheà età sousà ǀide.à Lesà Đapsulesà

apparaissent donc le plus souvent « dégonflées », « contractées » lors des observations en conditions 

sèches. A quantité de fer encore plus importante (Figure 23g), on observe des Hybridosomes 

beaucoup plus denses et de taille plus grande encore (200 - 300 nm). Enfin dans le cas [Fe] = 80 

µg/mL (Figure 23g), la miĐƌogƌaphieàaàĠtĠàƌĠalisĠeàaǀaŶtàŵġŵeàd͛aǀoiƌàajoutĠàleàpolǇŵğƌe.àáàĐeàstadeà

également on observe très bien les assemblages sphériques, qui apparaissent nettement plus denses 

etàdeàtailleàd͛eŶǀiƌoŶàϲϬϬà- 800 nm. Leur structure est bel et bien définie mais leur stabilité colloïdale 

est nettement affectée. 
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



























































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

 Autres types d’Hybridosomes


D͛autƌesà tǇpesà deà paƌtiĐulesà oŶtà ĠgaleŵeŶtà ĠtĠà utilisĠsà pouƌà Ġlaƌgiƌà laà faŵilleà desà

           

aŶides,àĠŵeƌgeŶtàdepuisàplusàd͛uŶeàdizaiŶeàd͛aŶŶĠesàdaŶsàlesàdoŵaiŶesàdeàl͛ĠŶeƌgie,àl͛optiƋueà

           

ĠlĠŵeŶtsà deà laà faŵilleà desà laŶthaŶidesà appoƌteŶtà d͛iŶtĠƌessaŶtesà pƌopƌiĠ  

   



      

          



 

   utilisĠesà soŶtà issuesà d͛uŶeà ĐollaďoƌatioŶà aǀeĐà Dƌ.à C.à Coudƌetà età B.à

         

Toulouse,à auà seiŶà duà pƌojetà áN‘à BLINK.à Ilà s͛agità desà paƌtiĐulesà Đoeuƌ@ĐoƋuilleà deà tǇpeà

              

ligaŶdàdeàtǇpeàaĐideàolĠiƋueàetàdoŶtàlaàtailleàestàd͛eŶǀiƌoŶàϴà









: Asseŵďlages d’UCNP  eŶ HǇďƌidosoŵes seloŶ le pƌoĐĠdĠ ĐlassiƋue. ;aͿ MiĐƌogƌaphie TEM d’UCNP aǀaŶt 
asseŵďlage ;ďͿ MiĐƌogƌaphie TEM et RepƌĠseŶtatioŶ sĐhĠŵatiƋue d’HǇďƌidosoŵes UCNP/PAA.

tailleàdesàHǇďƌidosoŵesàestàseŶsiďleŵeŶtàplusàpetite,àdeàl͛oƌdƌeàdeàϲϬ

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

 

 

ŵeŶtàdaŶsàl͛aƌtiĐleàϭ,àdesàHǇďƌidosoŵesàŵiǆtesàIONP/áuNPàoŶtàdĠjăàĠtĠà

pƌĠpaƌĠsà aǀeĐà suĐĐğs.à Deà laà ŵġŵeà ŵaŶiğƌeà Ŷousà aǀoŶsà ĠgaleŵeŶtà ĐoŵďiŶĠà d͛autƌesà tǇpesà deà

paƌtiĐulesàauàseiŶàdeàl͛HǇďƌidosoŵe.àUŶeàpƌeŵiğƌeàfaŵilleàďiŵodaleàŵagŶĠtiƋue/luŵiŶesĐeŶteàaàĠtĠà

ďteŶueà gƌąĐeà ăà l͛utilisatioŶà desà IONPà aiŶsià Ƌueà desà QDà ;    

pƌĠseŶteŶtàuŶeàtailleàautouƌàdeàϭϬϬàŶŵàetàuŶàpiĐàd͛ĠŵissioŶdeàfluoƌesĐeŶĐeàăàϲϮϱàŶŵà;ʄ

NousàŶ͛aǀoŶsàpasàĐheƌĐhĠàiĐiàăàoďseƌǀeƌàuŶàeffetàsǇŶeƌgiƋueàauàseiŶàdesàHǇďƌidosoŵesàeŶàĐoŵpaƌaŶtà

lesà speĐtƌesà d͛ĠŵissioŶà aǀeĐà uŶeà suspeŶsioŶà deà QDà seuls,à ouà eŶà faisaŶtà ǀaƌieƌà laà ƋuaŶtitĠà deà

         

desàeffetsàdeàtƌaŶsfeƌtàd͛ĠŶeƌgieàloƌsàd͛uŶeàeǆĐitatioŶàpaƌàuŶeàsouƌĐeàluŵiŶeuse.àCelaàĐoŶduitàdaŶsàlaà

plupaƌtà desà Đasà ăà uŶeà diŵiŶutioŶà deà l͛ĠŵissioŶà deà fluoƌesĐeŶĐe.à áǀeĐà uŶà stiŵulu  












;NTAͿ, ;dͿ “peĐtƌe d’ĠŵissioŶ des HǇďƌidosoŵes IONP/QD/PAA  ;λ




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

 

NousàaǀoŶsàĠgaleŵeŶtàŵoŶtƌĠàƋu͛ilàĠtaitàpossiďleàeŶàfaisaŶtàǀaƌieƌàsiŵpleŵeŶtà laàpƌopoƌtioŶà



         

Ϳ.àL͛aŶalǇseàEDXà;

       a,à ĐoŶfiƌŵaŶtà laà pƌĠseŶĐeà desà tƌoisà tǇpesà deà paƌtiĐulesà auà seiŶà d͛uŶà

HǇďƌidosoŵe.àLeàspeĐtƌeàd͛aďsoƌďtioŶà;

età l͛oŶàdisĐeƌŶeàpeuàleàsigŶalàplasŵoŶiƋueàdeà l͛oƌàăàϱϮϱàŶŵ.àLeàspeĐtƌeàd͛ĠŵissioŶàdeàfluoƌesĐeŶĐeà

ĐàăàϲϮϱàŶŵà;ʄ=àϯϱϬàŶŵͿ.àEŶfiŶàl͛aŶalǇseàdeàtailleàNTáà;






DistƌiďutioŶ oďteŶue paƌ NTA, ;dͿ “peĐtƌe d’aďsoƌptioŶ des HǇďƌidosoŵes IONP/AuNP/QD/PAA ;ŶoiƌͿ et speĐtƌe 

d’ĠŵissioŶ ;λ

 
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

 

CeƌtaiŶsà tƌaǀauǆà oŶtà ŵoŶtƌĠà desà effetsà deà tƌaŶsfeƌtà d͛ĠŶeƌgieà deà tǇpeà F‘ETà aǀeĐà desà

asseŵďlagesà d͛UCNPà età d͛autƌesà Đhƌoŵophoƌes,à d͛autƌesà paƌtiĐulesà deà tǇpeà QDà ouà eŶĐoƌeà

.à DaŶsà leà ďutà d͛oďseƌǀeƌà Đesà effetsà auà seiŶà d͛asseŵďlagesà deà paƌtiĐules,à desà

          

ŵaŶipulatioŶàdesàUCNPàŶ͛estàpasàaussiàsiŵpleàƋueàlesàIONPàĐaƌàleuƌàstaďilitĠàĐolloïdaleàestàŵoiŶd

Laà sĠdiŵeŶtatioŶà deà laà suspeŶsioŶàŵğƌeà d͛UCNPà aiŶsià Ƌueà leà faiďleà ƌeŶdeŵeŶtà ƋuaŶtiƋueà deà leuƌà

ĠŵissioŶàƌeŶdàl͛aŶalǇseàetàlaàĐoŵpaƌaisoŶàdesàƌĠsultatsàd͛aďsoƌďaŶĐeàetàd͛ĠŵissioŶàdeàfluoƌesĐeŶĐeà





 

L͛ĠtapeàdeàstaďilisatioŶàdesàĐapsulesàpaƌàlesàĐhaŠŶesàdeàpolǇŵğƌesàaàĠgaleŵeŶtàĠtĠàeŶǀisagĠeà





deàsiliĐeàŶ͛aàĐessĠàdeàĐƌoŠtƌeàetàlaàlittĠƌatuƌeàestàaujouƌd͛huiàtƌğsàƌiĐhe.àDeàtƌğsàŶoŵďƌeuǆàaspeĐtsàduà

   

ĐiŶĠtiƋuesàdeàƌĠaĐtioŶs,àteŵpĠƌatuƌe,àetĐͿàetàpeƌŵetteŶtàaujouƌd͛huiàlaàsǇŶthğseàd͛uŶàgƌaŶdàŶoŵďƌeà



–

OŶà dĠĐƌità souǀeŶtà Đesà ŵatĠƌiauǆà Đoŵŵeà Đœuƌ@ĐoƋuill      

hǇdƌophilesàetàhǇdƌophoďesàoŶtàĠtĠàeŶĐapsulĠes.àáuàŵoŵeŶtàdeà l͛Ġtapeàdeà l͛ajoutàduàpolǇŵğƌe,à laà









EŶƌoďage des asseŵďlages d’IONP paƌ uŶe ĐoƋue de siliĐe. ;aͿ MiĐƌogƌaphie “EM et ;ď,ĐͿ MiĐƌogƌaphie TEM 

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

LesàoďseƌǀatioŶsàŵoŶtƌeŶtàƋueàlesàasseŵďlagesàd͛eŶǀ

uŶeà ĐouĐheà deà siliĐeà d͛eŶǀiƌoŶà ϭϬϬà Ŷŵ.à OŶà ƌeŵaƌƋueà ĐepeŶdaŶtà Ƌueà desà paƌtiĐulesà deà siliĐeà

d͛eŶǀiƌoŶà ϭϬϬà Ŷŵà soŶtà aussià pƌĠseŶtesà età Đeà ŵalgƌĠà plusieuƌsà laǀagesà ŵagŶĠtiƋues.à Celaà està

pƌoďaďleŵeŶtà dûà ăà l͛eǆĐğsà deà pƌĠĐuƌs         

             

l͛ĠǀapoƌatioŶàdesàsolǀaŶtsàƌesteàouǀeƌteàdaŶsàĐeàĐas.àEffeĐtiǀeŵeŶtàsiàleàTHFàestàpƌĠseŶtàdaŶsàleàĐœuƌà

 aà Đapsule,à aloƌsà ilà seà peutà Ƌueà soŶà ĠǀapoƌatioŶà soità diffĠƌeŶteà loƌsƋu͛uŶeà ĐouĐheà deà siliĐeà està



 

 
Desàpƌeŵieƌsàsuiǀisàdeà laà tailleàauàĐouƌsàduàteŵpsàoŶtàĠtĠàeffeĐtuĠsàăàpHàϰ.ϱ.à Ilà s͛agitàduàpHà

auƋuelàs͛iŶitieà laàƌĠaĐtioŶàdeàďioĐoŶjugaisoŶàeŶǀisagĠeàdoŶtàŶousàpaƌleƌoŶsàdaŶsà leàĐhapitƌeàϰ.àLesà

            













, pH ϳ et ƌepƌĠseŶtatioŶ sĐhĠŵatiƋue d’uŶ HǇďƌidosoŵe.


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

 



     ;ζͿà oŶtà ĠtĠà ŵeŶĠesà afiŶà deà dĠteƌŵiŶeƌà l͛Ġtatà deà Đhaƌgeà deà

suƌfaĐeàdesàHǇďƌidosoŵesàeŶàfoŶĐtioŶàduàpH.àL͛ĠtudeàpoƌteàsuƌàdesàHǇďƌidosoŵesàdeàtǇpeàIONP/Pááà



CepeŶdaŶt,àlesàĐapsulesàoŶtàĠtĠàpƌĠpaƌĠesàăàpaƌtiƌàd͛uŶeàsuspeŶsioŶàŵğƌeàd͛IONPàdeàĐoŶĐeŶtƌatioŶà

            

>àϱϬàµg/ŵL.àCoŵŵeàŶousà l͛aǀoŶsàǀuàpƌĠĐĠdeŵŵeŶtà

                

     l͛oďseƌǀatioŶà TEMà età l͛aŶalǇseà NTáà desà deuǆà tǇpesà

d͛HǇďƌidosoŵes.à










                





         ,à Đ͛est   



d͛oďjetsà

ilàŶ͛ǇàaàpasàdeàdiffĠƌeŶĐeàd͛ĠtatàdeàĐhaƌgeàeŶtƌeàlesàHǇďƌi


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



: PoteŶtiel )eta ;ζ eŶ ŵVͿ des HǇďƌidosoŵes IONP/PAA ;ŶoiƌͿ et IONP/BODIPY/PAA ;ƌougeͿ eŶ foŶĐtioŶ du pH 




–



l͛ĠtatàdeàpƌotoŶatioŶàduàPááϰ.ϱàĐoƌƌespoŶdàaǀeĐàleàpKaàdeàl͛aĐideàaĐƌǇliƋueà



ϱϯàŵVà<àζà<ϭϱàŵVͿ.àáàl͛iŶǀ

                  

ǀaleuƌsàdeàpoteŶtielàzetaàlĠgğƌeŵeŶtàpositiǀesà;ϰàŵV<àζà<ϭϵàŵVͿ.àCesàƌĠsultatsàĐoŶfiƌŵeŶtàƋueàleàPááà

eàl͛HǇďƌidosoŵeàluiàappoƌtaŶtàaiŶsiàsaàstaďilitĠàstƌuĐtuƌaleà



              

Ƌu͛eŶà ŵiĐƌosĐopieà TEMà suƌà lesà ŵġŵesà ĠĐhaŶtilloŶsà ăà pHà ϰ,Ϭ/pHà ϯ,Ϭ/pHà Ϯ,Ϭ/pHà ϭ,Ϭ,à afiŶà deà

teƌŵiŶeƌà l͛iŵpaĐtà deà Đesà ǀaƌiatioŶsà deà pHà suƌà laà distƌiďutioŶà deà tailleà aiŶsià Ƌueà laà stƌuĐtuƌeà desà




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








.àEŶàƌeǀaŶĐhe,àleàŶoŵďƌeàd͛oďjetsàĐoŵptĠsààseŵďleàĐƌoŠtƌeà

d͛uŶà faĐteuƌà ϱà Đeà Ƌuià pouƌƌaità iŶdiƋueƌà uŶeà possiďleà dissoĐiatioŶà desà HǇďƌid   



faites.à PƌeŵiğƌeŵeŶtà laà stƌuĐtuƌeà deà Đapsuleà Ŷ͛està plusà duà toutà ŵaiŶteŶue,à puisƋueà l͛aspetà desà

asseŵďlagesà d͛eŶǀiƌoŶà ϭϱϬà Ŷŵà Ŷeà ƌeseŵďleŶ        

appaƌaisseŶtà d͛aǀaŶtageà ĐollĠs.à DeuǆiğŵeŵeŶt,à lesà IONPà deà ϱà Ŷŵà eŶǀiƌoŶà soŶtà plusà diffiĐileŵeŶtà

              

pouƌƌaitàs͛a

Páá.à Nousà oďseƌǀoŶsà ĠgaleŵeŶtà desà aŵasà d͛eŶǀiƌoŶà ϮϬϬ     

agƌĠgatsàdeàPááàetàd͛oǆǇdesàdeàfeƌàĐoalesĐĠsàouàdissouts.àEŶàeffetàlesàoǆǇdesàde

staďlesàăàpHàaĐideàetàl͛oďseƌǀatioŶàŵoŶtƌeàƋu͛ăàϮϬàh,àlaàŵajoƌitĠàdesàIONPàdeàϱàŶŵàoŶtàĐoalesĐĠesàeŶà

paƌtiĐulesàd͛eŶǀiƌoŶàϭϬ
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



áuàƌegaƌdàdesàƌĠsultatsàdeàl͛ĠtudeàŵeŶĠeàăàpHàϯ,

              

d͛oďjetsà seŵďleàdĠĐƌoitƌeàseŶsiďleŵeŶtàd͛uŶà faĐteuƌàdeuǆ.àCepe 

d͛oďjetsàǀaƌieàdĠjăàd͛uŶàfaĐteuƌàdeuǆàeŶtƌeàdeuǆàŵesuƌesàfaitesàăàuŶàiŶteƌǀalleàdeàteŵpsàdeàl͛oƌdƌeàdeà

laà ŵiŶute.à L͛iŶfoƌŵatioŶà ƋuaŶtitatiǀeà doŶŶĠeà paƌà leà NaŶosightà està ăà iŶǀestigueƌà d͛aǀaŶtageà afiŶà

d͛ġtƌeàpƌiseàeŶàĐoŵpte.










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

EŶfiŶà l͛ĠtudeàăàpHàϭ,ϬàĐoŶfiƌŵeàĠgaleŵeŶtà lesàƌĠsu 

              





       

Ϯ,Ϭ/pHàϭ,ϬàpaƌàNTáàsoŶtà siŵilaiƌes.à Laà tailleàdesàoďjetsàeŶàsolutioŶàŶ͛ĠǀolueŶtàpasàďeauĐoupàapƌğsà

,àl͛oďseƌǀatioŶàauàŵiĐƌosĐopeàĠleĐtƌoŶiƋueàăàtƌaŶsŵissioŶàŵoŶtƌeàpouƌà

           eà lesà paƌtiĐulesà d͛oǆǇdeà deà feƌà soŶtà dĠtƌuites,à

              




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

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

 


Lesà ƌĠsultatsà pƌĠseŶtĠsà daŶsà l͛aƌtiĐleà ϭà oŶtà ĐoŶfiƌŵĠsà l͛effiĐaĐitĠà desà HǇďƌidosoŵesà  







DaŶsà leà Đasà pƌĠseŶtĠà daŶsà l͛aƌtiĐleà ϭ,à Ŷousà aǀoŶsà oďseƌǀĠà uŶeà eǆtiŶĐtioŶàŵassiǀeà duà sigŶalà

leàdeǀeŶiƌàd͛oďjetsàdeàd͛eŶǀiƌoŶàϭϬϬà

Ŷŵ,àloƌsƋu͛ilsàĐiƌĐuleŶtàpaƌàǀoieàsaŶguiŶe.àáàlaàsuiteàdesàiŶjeĐtioŶsàetàŵesuƌesàeŶàI‘MàeffeĐtuĠesàeŶà

–



aŶalǇseƌà Đesà deuǆà tissusà d͛iŶtĠƌġt.à Desà Ġtudesà histopathologiƋuesà oŶtà ĠtĠà ƌĠalisĠesà auà seiŶà deà laà

      l͛iŶtĠgƌitĠàdesà tissusàpaƌà laà

               









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La méthode HES colore les noyaux en violet (hémalun), les cytoplasmes en rose (éosine) et la 

matrice extracellulaire, notamment le collagène, en jaune (safran). Cette coloration permet donc de 

ǀisualiseƌàl͛aƌĐhiteĐtuƌeàdesàtissus. 

La coloration de Perls quant à elle permet la mise en évidence des ions Fe(III) par complexation 

avec le ferrocyanure de potassium et formation du bleu de Prusse. La Figure 36 montre les images de 

microscopie optique en coloration de Perls du foie et de la rate (Figure 36a et 17b) respectivement, 

ainsi que la coloration HES du foie et de la rate (Figure 36c et 17d) respectivement. Sur les coupes de 

foie, on discerne des hépatocytes sains dont le noyau circulaire apparait légèrement plus contrasté 

en rose (Figure 36aͿ.à L͛aƌĐhiteĐtuƌeà gĠŶĠƌaleà duà foieà està homogène et ne laisse pas suspecter 

d͛altĠƌatioŶàpaƌtiĐuliğƌe.à“eloŶàleàDƌ.àB.àTuƌliŶ,àaŶatoŵopathologisteàauàCHUàdeà‘eŶŶes,àlaàĐoloƌatioŶà

deàPeƌlsàŵoŶtƌeàuŶeà ĐhaƌgeàeŶà feƌà faiďle.àC͛estàŵaŶifesteŵeŶtà auàŶiǀeauàdesà Đellulesà siŶusoïdalesà

Ƌueà l͛oŶà ǀisualiseà les dépôts. Le fait que les dépôts ne soient pas continus le long des sinusoïdes 

plaiderait plutôt pour des dépôts au sein des cellules de Kupffer. Ainsi la coloration bleue pourrait 

ĐoƌƌespoŶdƌeà auǆà ŵaĐƌophages,à Đ͛est-à-dire aux cellules de Kuppfer responsables de la 

métabolisation des déchets et débris cellulaires et qui pourraient avoir phagocyté les Hybridosomes. 

On remarque également la présence de taches brunes de petite taille, observées dans certains cas, 

Ƌuiàƌesteàpouƌàl͛iŶstaŶtàsaŶsàeǆpliĐatioŶ. 

La Figure 36b de la rate est nettement plus colorée par le Perls et indique une présence plus 

importante de fer, issu de la dégradation par les macrophagesàdeàl͛hĠŵogloďiŶeàdesàgloďulesàƌougesà

vieillissants dégradés dans la rate. Cependant, nous ne pouvons pas conclure à la présence 

d͛HǇďƌidosoŵesà daŶsà laà ƌate.à LesàoďseƌǀatioŶsà deà laàFigure 36 ne montrent aucune altération des 

tissus 24h après injection des Hybridosomes, ce qui est en accord avec les résultats de viabilité 

Đellulaiƌeà pƌĠseŶtĠsà daŶsà l͛aƌtiĐleà ϭ.à áiŶsi,à ilà seŵďleƌaità Ƌueà lesà HǇďƌidosoŵesà in vivo soient 

principalement phagocytés par les macrophages du foie et possiblement de la rate. 

áfiŶà deà d͛iŶteƌƌogeƌà l͛iŶteƌŶalisatioŶà età laà stƌuĐtuƌeàdesàHǇďƌidosoŵesà iŶà ǀiǀoàetà deà pƌĠĐiseƌà

leuƌà loĐalisatioŶà apƌğsà Ϯϰh,à Ŷousà aǀoŶsà ƌĠalisĠà l͛Ġtudeà desà tissus par microscopie électronique à 

transmission grâce à une technique de micro coupes des tissus après fixation dans une résine époxy. 

Les micrographies présentées ci-apƌğsàsoŶtàleàfƌuitàd͛uŶeàĐollaďoƌatioŶàaǀeĐàDƌ.àá.àBuƌelàauàseiŶàdeàlaà

plateforme MRic-TEM (UMS Biosit). La Figure 37 présente des micrographies de ces coupes à 

diffĠƌeŶtsà gƌaŶdisseŵeŶts.à OŶà disĐeƌŶeà daŶsà l͛iŵageà duà ĐoŶtƌƀleà eǆteƌŶeà saŶsà iŶjeĐtioŶà

d͛HǇďƌidosoŵes,àuŶàhĠpatoĐǇteà;Figure 37a), cellule majoritaires du foie, le réticulum endoplasmique 

(re) ainsi que des gouttes cytoplasmiques contenant des lipides (l). 
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





Ŷ͛estàpasàĐlaiƌeŵeŶtàideŶtifiaďleàetàilàpouƌƌaitàs͛agiƌàd͛uŶeàĐelluleàdeàKuppfeƌ,àŵaĐƌophagesàduàfoie.à



Đ,àl͛aspeĐtàdeàĐapsulesàdĠfoƌŵĠesàpeƌŵetàd͛ideŶtifieƌàlesàHǇďƌidosoŵes.àLesàHǇďƌidosoŵesà

           

l͛aspeĐtàĐoŶtƌastĠ.





: MiĐƌogƌaphie TEM de Đoupe de foie de souƌis à diffĠƌeŶts gƌaŶdisseŵeŶts. ;aͿ saŶs iŶjeĐtioŶ d’HǇďƌidosoŵes 




    lesà oďseƌǀatioŶsà deà laà ƌateà apƌğsà età saŶsà iŶjeĐtioŶà d͛HǇďƌidosoŵes.à Lesà

            



iŶteƌŶeà ;souƌisà iŶjeĐtĠeͿ,à ĐeàƋuià ĐoŶfiƌŵeàƋueà l͛iŶjeĐtioŶàdesàHǇďƌidosoŵes,àdaŶsà lesà ĐoŶditioŶsàdeà

l͛eǆpĠƌieŶĐeàdĠĐƌiteàdaŶsàl͛aƌtiĐleàϭ,àetàleuƌàaĐĐuŵulatioŶàauàseiŶàdesàtissusàŶeàŵodifieàeŶàauĐuŶàĐasà

l͛iŶtĠgƌitĠàduàtissuàdaŶsàleƋuelàilsàs͛aĐĐuŵuleŶt.àDeà

              

   



HǇďƌidosoŵes.à CepeŶdaŶt,à leà tǇpeà Đellulaiƌeà Ŷ͛està ĠgaleŵeŶtà pasà ĐlaiƌeŵeŶtà ideŶtifiĠ.à Lesà

    »à ăà l͛iŶtĠƌieuƌà deà lǇsosoŵesà età leuƌà stƌuĐtuƌ


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



: MiĐƌogƌaphie TEM de Đoupe de ƌate à diffĠƌeŶts gƌaŶdisseŵeŶts. ;aͿ Iŵage ĐoŶtƌôle eǆteƌŶe d’uŶe ƌate saŶs 
iŶjeĐtioŶ d’HǇďƌidosoŵes. ;ď,Đ,dͿ MiĐƌogƌaphies dela ƌate d’uŶe souƌis apƌğs iŶjeĐtioŶ des HǇďƌidosoŵes.



       

ĐoŶfiƌŵeà l͛iŶteƌŶalisatioŶàdesàHǇďƌidosoŵesàdaŶsà lesàdeuǆàtissus.àDaŶsà leà foie,à ilàpouƌƌaitàs͛agiƌàdesà

lesà deà Kupffeƌ,à ŵaĐƌophagesà duà foieà ŵaisà uŶeà aĐĐuŵulatioŶà eǆtƌaà hĠpatoĐǇtaiƌeà Ŷ͛està pasà



         isĠs.à D͛autƌesà Ġtudesà deà

ŵiĐƌosĐopieàĐoŶfoĐalàsoŶtàeŶàĐouƌsàafiŶàdeàĐoŶfiƌŵeƌàl͛iŶteƌŶalisatioŶàdesàĐapsulesàetàdeàdĠteƌŵiŶeƌà

           







 
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5. Conclusion 

Nousà aǀoŶsà ǀuà daŶsà Đeà Đhapitƌeà leà pƌiŶĐipeà d͛ĠlaďoƌatioŶà de nouvelles capsules hybrides à 

paƌtiƌà deà ŶaŶopaƌtiĐulesà iŶoƌgaŶiƋuesà ƌeĐouǀeƌtesà d͛uŶeà ĐouĐheà deà polǇŵğƌeà appelĠesà

Hybridosomes®. 

CoŶĐeƌŶaŶtà laà pƌĠseŶĐeà d͛uŶà teŵplateà liƋuideà auà seiŶà duà ŵĠlaŶgeà THF/eau,à leà ŵĠĐaŶisŵeà

d͛asseŵďlageà Ŷ͛està pasà eŶĐoƌeà totaleŵeŶtà Đoŵpƌisà età l͛oƌigiŶeà deà Đesà « gouttes » est encore à 

ĠĐlaiƌĐiƌ.àEŶàeffet,àleàsolǀaŶtàutilisĠàŶ͛estàpasàtotaleŵeŶtàpuƌàetàĐoŶtieŶtàăàŵiŶiŵaàƋuelƋuesàppŵàdeà

stabilisant de type butylhydroxytoluène (BHT) utilisé comme antioxydant.  La présence du BHT peut 

suggĠƌeƌàƋueàl͛effetàOuzoàpouƌƌaitàġtƌeàăàl͛oƌigiŶeàdesàstƌuĐtuƌesàdeàgouttes.àLaàpƌĠseŶĐeàdeàpetitesà

molécules hydrophobes en faible quantité est parfois négligée selon les domaines scientifiques et les 

différentes communautés. La compréhension de ces mélanges pose encore un grand nombre de 

ƋuestioŶsàetàĐoŶtiŶueàdeàfaiƌeàl͛oďjetàd͛ĠtudesàăàdiffĠƌeŶtesàĠĐhelles. 

Laà pluƌalitĠà deà laà ŵĠthodeà d͛asseŵďlageà aà ĐoŶduità ăà l͛ĠlaďoƌatioŶà d͛uŶeà gƌaŶdeà ǀaƌiĠtĠà

d͛HǇďƌidosoŵes.àNousàaǀoŶsàŵoŶtƌĠàƋueà lesàHǇďƌidosoŵesàpouǀaient être constitués de plusieurs 

types de nanoparticules et les mélanges IONP/AuNP, IONP/QD, IONP/QD/AuNP, UCNP/QD, 

UCNP/AuNP ont été étudiés. Dans la plupart de ces assemblages, seule la preuve de concept a été 

apportée, avec des mesures de taille (DLS, NTA) et de fluorescences dans le cas des IONP/QD-

HǇďƌidosoŵes.à Desà Ġtudesà appƌofoŶdiesà ĐoŶĐeƌŶaŶtà d͛ĠǀeŶtuellesà sǇŶeƌgies,à effetà

d͛eǆtiŶĐtioŶ/augŵeŶtatioŶàdeàfluoƌesĐeŶĐe,àĐouplageàŵagŶĠtiƋue/plasŵoŶiƋueàiŶteƌpaƌtiĐules,àsoŶtà

en cours sur différents types d͛HǇďƌidosoŵes. 

Paƌà ailleuƌs,à leà pƌoĐĠdĠà d͛asseŵďlageà aà peƌŵisà deà piĠgeƌà uŶà fluoƌophoƌeà deà laà faŵilleà desà

BodipǇà età aiŶsià deà ĐoŶfĠƌeƌà ăà l͛HǇďƌidosoŵeà uŶeà ŵodalitĠà deà fluoƌesĐeŶĐeà via un fluorophore 

moléculaire. Nous reviendrons sur ce point un peu plus en détail dans le chapitre suivant. 

UŶeàĠtudeàplusàpƌofoŶdeàaàĠtĠàƌĠalisĠeàsuƌàlesàHǇďƌidosoŵesàuŶiƋueŵeŶtàĐoŵposĠàd͛IONPàetà

deà Pááà afiŶà deàŵoŶtƌeƌà l͛iŶflueŶĐeà deà laà ƋuaŶtitĠà desà deuǆà ĐoŵposaŶtsàŵajeuƌs.à Ilà aà ĠtĠàŵoŶtƌĠà

Ƌu͛eŶàfaisaŶtàǀaƌieƌàĐeàƌatioàilàestàpossible de modifier la taille des Hybridosomes formés de 80 à 150 

Ŷŵà toutà eŶà gaƌdaŶtà uŶeà tƌğsà ďoŶŶeà ŵoŶodispeƌsitĠ.à Lesà ƌĠsultatsà pƌĠseŶtĠsà daŶsà l͛aƌtiĐleà Ϯà

dĠŵoŶtƌeŶtà Ƌueà laà paƌoià deà l͛HǇďƌidosoŵeà peutà ġtƌeà ĐoŶstituĠeà d͛uŶeà seuleà ĐouĐheà deà paƌtiĐule.à

Nous Ŷ͛aǀoŶsàăàĐeàjouƌàpasàƌĠussiàăàŵettƌeàeŶàĠǀideŶĐeàlaàƌelatioŶàeŶtƌeàlaàƋuaŶtitĠàdeàŶaŶopaƌtiĐulesà

loƌsàdeàl͛asseŵďlageàetàleàŶoŵďƌeàd͛HǇďƌidosoŵesàfoƌŵĠs,àaiŶsiàƋueàl͛Ġpaisseuƌàdeàlaàpaƌoi.àD͛apƌğsà

les observations Figure 23, il semble évident que la paroi peut aussi être composée de plusieurs 

ĐouĐhesà deà paƌtiĐules,à jusƋu͛ăà ŵġŵeà foƌŵeƌà desà sphğƌesà pleiŶesà d͛eŶǀiƌoŶà ϲϬϬà - 800 nm, qui 

pourraient également présenter de nouvelles propriétés en fonction des particules utilisées 
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(magnétiques, plasmoniques etc). Si un couplage plasmonique avec un déplacement batochrome du 

piĐàd͛aďsoƌptioŶàaàpaƌfoisàpuàġtƌeàoďseƌǀĠàaǀeĐàdesàasseŵďlagesàĐoŵposĠàd͛áuNP,àŶousàŶ͛aǀons pas 

réussi à les stabiliser. Ce point reste à adresser. 

La structure des Hybridosomes a été observée et caractérisée à différents niveaux (échelle 

d͛uŶeàĐapsuleàetàeŶàsuspeŶsioŶàăàl͛ĠĐhelleàďulkͿàaiŶsiàƋueàdaŶsàdiffĠƌeŶtsàĠtatsà;seĐsàetàeŶàsolutioŶͿ.à

LesàpƌopƌiĠtĠsàd͛ĠlastiĐitĠàetàdeàpoƌositĠàdeàlaàpaƌoiàoŶtàĠtĠàŵesuƌĠes.àLaàĐapsuleàpƌĠseŶteàuŶeàtƌğsà

ďoŶŶeàĠlastiĐitĠàaǀeĐàuŶàŵoduleàd͛YouŶgàdeàl͛oƌdƌeàduàMPa.àLeàPááàĐoŶfğƌe,àƋuaŶtàăàluiàuŶeàĐeƌtaiŶeà

porosité estimée à quelques nanomètres environ. Il fait des Hybridosomes des capsules déformables 

et très stables dans le temps. Leur stabilité chimique dans le temps est également très bonne entre 

pHàϱàetàϴàetàdoŶĐàăàpHàphǇsiologiƋue.àEŶàdehoƌsàdeàĐetteàgaŵŵe,àlaàstaďilitĠàdeàl͛iŶteƌaĐtioŶàeŶtƌeàleà

PAA et les hǇdƌoǆǇlesàdeàsuƌfaĐeàestàdiffiĐileàăàappƌĠheŶdeƌàetàl͛aspeĐtàĐiŶĠtiƋueàestàpƌiŵoƌdialàĐaƌàlaà

stabilité des nanoparticules est aussi à prendre en compte. Là encore, ce point reste à adresser plus 

paƌtiĐuliğƌeŵeŶt,àpaƌàeǆeŵpleàeŶàtƌaǀaillaŶtàaǀeĐàd͛autƌesàpolymères. 

Lesà HǇďƌidosoŵesà oŶtàŵoŶtƌĠà desà pƌopƌiĠtĠsà iŶtĠƌessaŶtesà eŶà taŶtà Ƌu͛ageŶtà deà ĐoŶtƌasteà

négatif en IRM, présentant des relaxivités transmersales comparables in vitro et in vivo ăàĐellesàd͛uŶà

ageŶtà ĐoŵŵeƌĐialà pƌĠà ĐliŶiƋueà ;Feƌa“piŶ™,à MǇlteŶǇiͿ.14 Les relaxivités in vitro des Hybridosomes 

IONP/PAA et IONP/AuNP/PAA sont de  r2 = 257±15 mM-1.s-1 et r2 = 274±35 mM-1.s-1 comparée à une 

valeur de r2 = 307±80 mM-1.s-1 daŶsà leà Đasà duà Feƌa“piŶ™.à Les observations in vivo ont également 

permis de calculer un contraste négatif (« enhanced contrast ratio ») de 63 % et 43 % pour les 

Hybridosomes IONP/PAA et IONP/AuNP/PAA respectivement. 

Plus que leurs propriétés de relaxivités, la structure et la grande modularité des Hybridosomes 

ouvrent de nombreuses voies vers des applications en imagerie multimodale pour les Hybridosomes 

comportant deux types de particules ou plus. Ainsi, la voie de la radiothérapie est également 

eŶǀisageaďleà aǀeĐà lesà paƌtiĐulesà d͛oƌ,à Đelleà deà l͛hǇpeƌtheƌŵieà aǀeĐà lesà paƌtiĐulesà deà feƌ.à Laà

ĐoŵďiŶaisoŶàdeàĐesàdeuǆàtǇpesàd͛appliĐatioŶsàpeƌŵettƌaitàd͛eŶǀisageƌàdesàsolutioŶsàeŶàtheƌaŶostiĐ 

LaàpoteŶtialitĠàduàĐœuƌàdeàlaàĐapsuleàestàaussiàuŶàatoutàdaŶsàleàtƌaŶspoƌtàdeà« charge » et la 

protection de molécules hydrophobes (drogues, chromophores, biomolécules etc). Le polymère de 

suƌfaĐeà està luià aussià foŶĐtioŶŶalisaďleà età laà ĐoŶjugaisoŶà d͛uŶà fluoƌophoƌe,à d͛uŶà gƌoupeŵeŶtà

foŶĐtioŶŶelàouàeŶĐoƌeàd͛uŶeàďioŵolĠĐuleàaàaussiàĠtĠàeŶǀisagĠe.àNousàaďoƌdeƌoŶs ces points plus en 

détails dans les chapitres 3 et 4. 
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 Chapitre ͵ 
 

 Auto-construction de films nanostructure s a  base d’Hybridosomes® et par chimie e lectro-click. 
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1. Contexte initial : des nanocapsules aux films nanostructurés 

CeàĐhapitƌeàpƌĠseŶteàleàpƌojetàƋueàj͛aiàeuàlaàĐhaŶĐeàde développer au sein du National Institue 

foƌàMateƌialsà“ĐieŶĐeà;NIM“,àTsukuďaͿ,àdaŶsàl͛ĠƋuipeàduàPƌ.àK.àáƌiga.àCeàpƌojetàaàĠtĠàƌĠalisaďleàgƌąĐeàăà

uŶeàďouƌseàdeàŵoďilitĠàdeàtƌoisàŵois,àoĐtƌoǇĠeàpaƌàl͛uŶiǀeƌsitĠàdeà‘eŶŶesàϭàaiŶsiàƋueàl͛aŵďassadeàdeà

France au JapoŶà paƌà l͛iŶteƌŵĠdiaiƌeà duà LaďoƌatoƌǇà foƌà INŶoǀatiǀesà KeǇà ŵateƌialsà aŶdà stƌuĐtuƌesà

(LINK), représenté par Dr. F. Grasset. Ce projet a été initié avec Dr. G. Rydzek, qui a développé une 

technique de fonctionnalisation de surface par chimie électro-click. Depuis plusieurs années il a 

développé ce procédé qui consiste à générer le Cu(I) qui est le catalyseur de la réaction de 1,3-

cycloaddition de Huisgen par un stimulus électrique. La génération de cette espèce au voisinage 

d͛uŶeàĠleĐtƌodeàpeƌŵetàdeàĐoŶfiŶer la réaction chimique entre espèces porteuses de groupements 

azide (RN3Ϳà età alĐǇŶeà ;‘CCHͿà ăà l͛ĠleĐtƌode.à ‘Ǉdzekà et al. ont ainsi fait croître des films de 

polyélectrolytes et de polymères et ont démontré le contrôle à la fois de la morphologie et de 

l͛Ġpaisseur de tels films. Plus récemment ils ont incorporé aux films des nanoparticules magnétiques 

d͛oǆǇdesàdeàFeƌàpƌĠalaďleŵeŶtà foŶĐtioŶŶalisĠesàpaƌàuŶàgƌoupeŵeŶtàazideàouàalĐǇŶeàappoƌtaŶtàdesà

pƌopƌiĠtĠsàhǇďƌidesàauǆàfilŵs.àC͛estàdaŶsàĐeàĐoŶteǆteàƋueàŶousàaǀons proposé de fonctionnaliser les 

Hybridosomes afin de les engager dans une réaction électro-click et ainsi faire croître les premiers 

films nanostructurés en combinant les avantages des deux techniques. Grâce aux propriétés des 

Hybridosomes, nous avons pu élaborer des films multifonctionnels et étudier leur réponse à 

diffĠƌeŶtsàstiŵuli.àCeàtƌaǀailàaàĐoŶduitàăàlaàƌĠdaĐtioŶàd͛uŶàaƌtiĐleàsouŵisàeŶàjuiŶàϮϬϭϳà;áC“àNaŶoàŶŶ-

2017-039354)  que nous présentons ci-après. 
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ABSTRACT 

Simple preparation of versatile organic/inorganic coatings combining a defined and reliable nanostructure with 
stimuli-responsive features remains a critical challenge for designing devices in fields including sensors, catalysis, 
energy storage and controlled release. Here, hollow nanocapsules (named Hybridosomes®) possessing a 
polymer/nanoparticles shell were used to covalently self-construct hybrid films in one-pot. Alkyne bearing 
organic/inorganic Hybridosomes® were reticulated with azide bearing homobifunctional polyethyleneglycol (PEG) 
linkers, by using an electro-click reaction on F-SnO2 (FTO) electrodes. The coatings were obtained by promoting the 
Cu(I)-catalyzed click reaction between alkyne and azide moieties in the vicinity of the electrode by the 
electrochemical generation of Cu(I) ions. The covalently reticulated hybrid films obtained were studied by SEM, AFM, 
UV-Vis and fluorescence spectroscopy. The one-pot covalent click reaction between the nanocapsules and the PEG 
linkers in the film did not affect the desirable features of the Hybridosomes® i.e. their hollow nanostructure their 
chemical versatility and their pH-sensitivity. Consequently, both the composition and the cargo-loading of 
Hybridosomes® films could be tuned, demonstrating the versatility of these hybrid coatings. As an example, 
Hybridosome® films were used to encapsulate and release a bodipy fluorescent probe in response to either a pH 
drop or the application of an oxidative +1V potential (vs Ag/AgCl) at the substrate. These results open considerable 
perspectives for designing multifunctional coatings where tunable chemical composition, controllable stability and 
hollow nanostructure are required. 
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

      



      
     

–     

–
 –   
     
      
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Total Reflectance Fourier-Transform InfraRed 
spectroscopy (ATR-FTIR) was performed on the film and 
compared with the spectrum of its organic 
components, i.e. the N3-PEG-N3 linkers,  the PAA-C≡CH 
from clickable Hybridosomes and the PEI-C≡CH from 
the pre-coating layer. The spectrum of electro-clicked 
Hybridosome coatings exhibited typical absorption 
bands of all these components, confirming their 
inclusion in the film (Figure S-4). Interestingly, the 
intense absorption peak of azide groups, visible on the 
spectrum of N3-PEG-N3 at 2100 cm-1,was absent from 
the spectrum of the film, contrary to the absorption 
peaks of ethylene oxide group of PEG at 1060 cm-1, 
further confirming the occurrence of the click 
reaction.23,35   
 

Hybridosome® films self-construction and growth 

mechanism. 

The growth mechanism of IONP-based Hybridosome 
films was investigated by SEM microscopy after self-
constructing for 25, 100 and 800 CV cycles (Figure 2). At 
each stage, a rough evaluation of the film surface 
coverage was performed by thresholding the 
micrographs.  Several germination points emerged at 
early growth stages, achieving a surface coverage of 
around 11%, as calculated from Figure 2 a. When the 
self-construction was allowed to proceed further, the 
film growth achieved percolation, reaching a surface 
coverage of 75% after 100 CV cycles (calculated from 
Figure 2b) and above 90 % after 800 cycles (calculated 
from Figure 2 c). In addition to this topological 
evolution, the thickness of the film increased to 850 nm 
after 800 CV cycles (Figure 2 d, e and S-5).  When 
Hybridosomes were adsorbed on the PEI-C≡CH coated 
electrode (0 CV cycles), the surface topography 
exhibited nodes around 70 nm thick corresponding to 
the thickness previously measured  by AFM for single 
dried Hybridosomes (Figure 2d, black line). Single 
Hybridosomes seem thus able to adsorb on the PEI-
C≡CH-coated electrode in the absence of electro-click 
reaction. to any significant surface coverage nor to the 
stacking of several nanocapsules (Figure S-3c). In 
contrast, when electro-click self-construction was 
performed for 25 CV cycles, the emergence of 200-300 
nm thick structures was observed, suggesting that 
stacks of to three to four layers of Hybridosomes 
already formed (Figure 2d, blue line). After a larger 
number of electro-click CV cycles, both the surface 
coverage and the thickness of the coating increased, 
reaching respectively 90% and 850 nm after 800 CV 
cycles in the dried state (Figure 2d, green and red 
lines). These results confirm that the electro-click 
process with Hybridosomes leads to both the 
germination and growth of films based on multiple 
layers of covalently reticulated nanocapsules with both 
a tunable surface coverage and thickness.  
Preservation of Hybridosomes® properties in the film. 

Hybridosomes are promising building blocks for 
designing materials due to their chemical versatility32, 
their hybrid polymer/NP composition and their hollow 
structure. Preserving these features when 
Hybridosomes are integrated in electro-clicked coatings 
isàthusàdesiƌaďle.àTheàŶaŶoĐapsules͛àstaďilitǇàagaiŶstàtheà
electrochemical conditions used for self-constructing 
the films was investigated by applying a CV to an 
IONPs-based Hybridosomes dispersion. The absence of 
any faradic current measured in the (-0.2V to 0.6V) CV 
window indicated the electrochemical stability of 
Hybridosomes (Figure S-6a). The structural stability of 
these building blocks was investigated by measuring 
the size-distribution of nanocapsules by SEM and 
scanning transmission electronic microscopy (STEM), 
both before and after their incorporation in self-
constructed films (Figure S-6b). The size distribution of 
Hybridosomes did not significantly change after their 
incorporation in electro-clicked coatings with an 
average diameter increasing from 114 nm (+/- 22 nm) 
to 122 nm (+/- 21 nm).  Hybridosomes building blocks 
thus exhibit good structural tolerance to the electro-
click synthesis conditions, leading to hybrid films with a 
hollow nanostructure. The chemical composition of 
self-constructed IONPs-based Hybridosome films was 
determined by using Energy Dispersive X-ray (EDX) 
spectroscopy (Figure S-7). Detection of oxygen, carbon, 
nitrogen and iron indicate the presence of the 
polymeric (PAA-C≡CH, PEI-C≡CH, N3-PEG-N3) and 
inorganic (IONPs) components in the film. The hybrid 
nature of Hybridosomes self-constructed films was thus 
confirmed. Since Hybridosomes can be synthesized by 
using a large range of NPs,30 the transferability of this 
chemical versatility to electro-clicked films was 
investigated. The possibility to assemble nanocapsule 
films based on a different choice of NPs would indeed 
open perspectives in several fields of applications 
including catalysis,36–38 energy 
storage,11,39optoelectronic,40 sensing16 and controlled 
release14,30. As an example, another type of 
Hybridosome has been synthesized by using CdSe@ZnS 
QD, IONPs and PAA-C≡CH as building blocks. The 
resulting Hybridosomes exhibited the same 
morphology as nanocapsules entirely composed of 
IONPs. However, as expected, their EDX analysis 
indicates the presence of Zn, Se, Cd and S elements 
contained in the QDs (Figure 3a). When such 
Hybridosomes were used as building-blocks in the 
electro-click process, the coatings obtained presented 
similar morphological properties as films self-
constructed from IONPs-based Hybridosomes (Figure 
3b). Chemical analysis of these films, by using EDX, 
revealed the presence of Fe, O, Zn, Se, S confirming the 
inclusion of both IONPs and CdSe@ZnS QDs in the 
coating. These results demonstrated how self-
constructed films can inherit the chemical versatility of 
Hybridosome and their unique nanostructural features. 
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   
λ

          λ       



      
     
      
 
       
          
       
       

          
  
        
      

      
    
      


     




   

     



     
      
       
        
      
       
        
       
      
    

      

-126-




      
       
       
   
     
        


     
      
     
         
     
     

     
      
   
      

        






     
         
 

       
      

         
     

      








λ



-127-



 

 

This approach, which consists of generating a proton 
gradient near the electrode by water electrolysis, has 
been reportedly used for assembly and dissolution of 
pH-sensitive polymer films.47–49 Such a localized and 
easily controllable dissolution process is expected to 
trigger applications in the field of localized release of 
medical drugs, for instance by using implantable 
microelectrodes.50,51 A potential of +1 V (vs Ag/AgCl, 
0.1M NaCl) was applied for 15 min to an electro-clicked 
Hybridosome film self-constructed on FTO in order to 
generate a proton gradient at the electrode.47 This 
treatment resulted in the destabilization of the coating 
as testified by the disappearance of nanocapsules from 
the surface at low SEM magnification (Figure 5a and b). 
When higher magnifications were used, severely 
disorganized and fused Hybridosomes were visible on 
SEM micrographs, leading to the loss of their 
nanostructure (Figure S-13). This result was similar to 
the one obtained with Hybridosomes dispersions at pH 
3 and films soaked at pH 2.5 (Figure S-10 and S-11).  
Both the coated electrodes and their supernatant were 
studied by fluorescence spectroscopy (λexc at 480 nm) 
prior to and following the electrochemical stimulus. 
Before water electrolysis, no fluorescence was 
measured in the supernatant while the coated 
electrode exhibited an emission peak centered at 568 
nm, indicating the presence of encapsulated bodipy 
(Figure 5c, black line). After 15 min of water 
electrolysis, the fluorescence intensity of the electrode 
dramatically decreased while the supernatant exhibited 
two broad emission peaks centered at 550 and 570 nm 
indicating the release of aggregated bodipy in the 
aqueous supernatant (Figure 5d). These two methods 
for destabilizing electro-click Hybridosome films 
suggest their application in the directed release of 
encapsulated molecules in response to either a global 
pH change or localized water electrolysis. 
 
 

Conclusion 
One-pot self-constructed films were assembled on FTO 
electrodes by electro-click cross-linking of 
nanostructured organic/inorganic Hybridosome® 
nanocapsules. By varying the self-construction 
parameters, both the surface coverage (calculated from 
ϱϮϬà ʅŵ2 area micrographs) and the thickness of the 
films were tuned, exceeding 90% and 850 nm 
respectively after 800 CV cycles.  The resulting hybrid 
coatings, composed of hollow PAA/IONPs nanocapsules 
and PEG linkers, maintained the chemical and 
structural features of Hybridosomes.  Consequently, 
both the composition and the loading of these 
nanocapsules could be changed, demonstrating the 
versatility and encapsulation abilities of Hybridosome 
films. As an example, bodipy-loaded nanocapsules were 
used for self-constructing films without altering the 
properties of the probe. The corresponding coatings 

could be destabilized by using either a pH or an 
electrochemical stimulus, releasing their fluorescent 
content. These results open considerable perspectives 
for multifunctional coatings where a chemical 
versatility, a controllable stability and a hollow 
nanostructure are required. 
 
Method 

Materials. Copper sulfate pentahydrate (CuSO4×5 H2O, 
M = 249.7 g/mol, CAS 7758-99-8), branched 
polyethyleneimine (M= 25kDa, CAS 9002-98-6), 
Polyacrylic acid (M= 450kDa, CAS 9003-01-4), amino-
EG4-alkyne (M = 231.3 g/mol, CAS 1013921-36-2), 10-
undecynoic acid (M = 182.3 g/mol, CAS 2777-65-3), 
polyoxyethylene bis(azide) (M = 2050g/mol, CAS 82055-
94-5), Benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium 
hexafluorophosphate (BOP, M = 442.28g/mol, CAS 
56602-33-6), N,N-Diisopropylethylamine (DIEA, M = 
129.24g/mol, CAS 7087-68-5), N,N-Dimethylformamide 
(DMF, M = 73.09g/mol, CAS 68-12-2), octadecylamine-
coated CdSe@ZnS (product number 790192) were 
purchased from Sigma-aldrich and used as received. 
Tetrahydrofuran (THF, M = 72.10g/mol, CAS 109-99-9) 
was purchased from VWR. Hydrochloric acid (HCl, M = 
36.46g/mol, CAS 7647-01-0), Sodium Hydroxide (NaOH, 
M =39.99 g/mol, CAS 122000-64-5) were purchased 
from Wako. 4,4-Difluoro-8-;ϰ͛-
trimethylsilylethynylphenyl)-1,3,5,7-tetramethyl-2,6-
diethyl-4-bora-3a,4a-diaza-s-indacene (Bodipy, M = 
476.2g/mol) was kindly provided by O. Mongin (ISCR) 
and synthesized following a reported procedure.52 FTO 
electrodes were purchased from ALS, Japan. All 
aqueous solutions were prepared with MilliQ water 
;ϭϴ.ϮàMΩ.Đŵ-1) purified using a Purelab Prima system. 
 

Synthesis of functional polymers. Synthesis of PAA-
C≡CH was adapted from our previous work and entails 
grafting amino-EG4-alkyne on the polyacrylic acid 
backbone.53  PAA (2 mmol) was dissolved in DMF (7 mL) 
with BOP (142 µmol) under stirring for 10 m. Amino-
EG4-alkyne (108 µmol) was dissolved in DMF (5 mL) and 
DIEA (2 mmol) was added. After 90 minutes, DMF was 
evaporated under reduced pressure. The residue was 
dissolved in milliQ water, dialyzed (Spectra/Por, MWCO 
12kDa) against milliQ water for 48 h and recovered by 
evaporation under reduced pressure and freeze drying. 
Synthesis of PAA-C≡CH was performed by using an 
EDC/NHS approach. 10-Undecynoic acid (0.2 mmol) 
was dissolved in dichloromethane (7 mL) with 3-fold 
molar excess of (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride and 
N-Hydroxysuccinimide. After 10 minutes stirring, PEI (2 
mmol) dissolved in dichloromethane (7 mL) were added 
and the reaction was allowed to proceed for 90 
minutes.  Dichloromethane was evaporated under 
reduced pressure. The residue was dissolved in milliQ 
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water, dialyzed (Spectra/Por, MWCO 12kDa) against 
milliQ water for 48h and recovered by evaporation 
under reduced pressure and freeze drying. The 
functionalization degree of the obtained polymers was 
evaluated by using NMR spectroscopy (Supporting 
Information). 
 
Preparation of Iron Oxide based Hybridosomes® and 

encapsulation step. Hybridosomes were elaborated as 
previously reported30 by using PAA-C≡CH and 
superparamagnetic iron oxide nanoparticles previously 
synthesized.54 In a typical process, THF (100 µL) was 
added to a dispersion of iron oxide nanoparticles (mFe = 
52.6 µg) followed by water (800 µL) then stirred. After 
24h, PAA-C≡CH (2,1mM) was added to the mixture 
before solvent evaporation for 15 h at 40°C. The 
resulting precipitate was magnetically attracted and 
dispersed in milliQ water (930 µL). The same procedure 
was used to synthesize mixed iron oxide (IONPs)/ 
quantum dots (QDs) Hybridosomes by initially mixing 
50µL (mFe = 26.3µg) of iron oxide (IONPs) dispersion 
with 50µL (mQD = 25µg) of quantum dots (QDs) 
dispersion in 100µL of THF. Encapsulation of bodipy in 
Hybridosomes was performed by adding 100µL of a 
1mM bodipy in THF into 50µL (mFe = 26,3µg) of the 
initial iron oxide (IONPs) suspension. 
 
Film self-construction.

  ITO and FTO electrodes were 
cleaned by dipping in 0.1M NaOH and 0.1M HCl baths 
for 15 minutes followed by rinsing. A PEI-C≡CH pre-
coating layer was deposited by dipping (10 mg/mL) for 
15 minutes and subsequent rinsing. The film was self-
constructed by applying a cyclic voltammetric current (-
200 mV to +600 mV vs Ag/AgCl at 50mV.s-1 under 
stirring) to the electrode in contact with a pH 3.5 
solution containing typically 4.5  10 

Hybridosomes/mL, 0.6 mM CuSO4 and 0.1 mg/mL N3-
PEG-N3. 
 
Film destabilization.

  Bodipy-loaded Hybridosomes 
films were first self-constructed by using 800 CV cycles. 
The resulting coated electrodes were either dipped in 
an HCl solution at desired pH or subjected to a +1 V 
potential (vs Ag/AgCl, in a 0.1 M NaCl buffer) for 15 
minutes. The supernatant was analyzed directly after 
the process. The electrodes were rinsed with Milli-Q 
water and dried before analysis.  
 
Cyclic Voltametry: A CHI model 613B potentiostat was 
used with a three-electrode apparatus based on an ITO 
and FTO coated quartz as working electrode, a 
platinum wire as counter electrode, and an RE1S 
Ag/AgCl-based reference electrode. The electrodes 
were purchased from ALS. 
 
Fluorescence spectroscopy was performed using a 
JASCO FP8500 spectrofluorometer. 

 
NMR analysis of functionalized polymers PEI-C≡CH and 
PAA-C≡CH were performed in D2O on a Bruker Avance 
III HD 500MHz spectrometer fitted with a Dual 1H /13C 
probehead. 
Atomic force microscopy (AFM) was performed by 
using an AFM SPA400-SPI4000 (Seiko Instruments Inc., 
Chiba, Japan) in contact mode and in the dried state 
with silicon nitride cantilevers, spring constant 0.08 
N/m (model SN-AF01S-NTK-W10200326 from Seiko 
Instruments). Height images were scanned at a fixed 
scan rate of 1 Hz. The thickness of PEM films was 
measured by imaging the coatings after scratching. 
When possible, the AFM scanning direction was 
perpendicular to the scratch.  Data evaluation was 
performed by using the Gwyddion software.  A plane-fit 
treatment was applied to the scratched area and its 
minimum height set to z = 0. 
 
Scanning electron microscopy (SEM): scanning 
transmission electron microscopy (STEM) and energy-
dispersive X-ray spectroscopy (EDX) were performed 
using a Hitachi S-4800 at accelerating voltages of 30 kV. 
The samples were observed directly after 15 min drying 
under vacuum.  Calculation of Hybridosomes size 
distribution analysis and film surface coverage was 
performed from SEM and STEM data by using the 
ImageJ software. 
 
Transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDS) and tomography 
were performed using a JEM-2100 (JEOL) transmission 
electron microscope (accelerating voltage 200kV) 
equipped with a CCD camera. 
 
UV-visible spectroscopy was performed using a 
Shimadzu (Japan) UV visible NIR spectrophotometer 
(model UV-3600).  
 
Attenuated total reflection infrared spectroscopy 

(ATR-FTIR) on Hybridosomes films and functionalized 
polymers was performed by using a Thermo Scientific 
Nicolet 4700 apparatus (USA). 
 
Nanoparticle Tracker Analysis (NTA) was performed 
using a Nanosight LM10 (Malvern instruments) 
equipped with a sample chamber with a 405nm laser 
and a CCD camera. 
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Supporting Information 

 

Figure S-1: Structure of Hybridosomes®. 

Video S-1: TEM tomography of a single Hybridosome®. 

Scheme S-1: Grafting degree of PAA-C≡CH. 

Scheme S-2: Grafting degree of PEI-C≡C. 

Figure S-2: ATR-FTIR Spectroscopy of functionalized polymers. 

Figure S-3: Self-construction of the film. 

Figure S-4: Click reaction occurrence. 

Figure S-5: Film growth, thickness evolution. 

Figure S-6: Chemical and structural stability of Hybridosomes® along the process of film construction. 

Figure S-7: Chemical composition of films self-constructed with IONPs based Hybridosomes®.  

Figure S-8: Bodipy encapsulation, UV/Vis and Fluorescence spectra. 

Figure S-9: Surface area of fluorescence emission bands. 

Figure S-10: pH sensitivity of functionalized clickable Hybridosomes® dispersions. 

Figure S-11: pH sensitivity of electro-clicked Hybridosome®-based films. 

Figure S-12: pH-triggered release abilities of self-constructed Hybridosomes®-based films.  

Figure S-13: Cargo release under electrochemical stimulus.  
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   
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


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
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
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
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C≡CHC≡CH



                  



 
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



              

                



 
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



            











 

 
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



             



   ʄ      











     



͞loadiŶg/eŵptǇ͟àŶaŶoĐapsules



 

 

 

 

 
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



 ϭϬ: pH seŶsitiǀitǇ of fuŶĐtioŶalized ͞ĐliĐkaďle͟ HǇďƌidosoŵes® dispeƌsioŶs.    




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



           





 
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





ʄ

      

 
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






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



 

 


Nousà aǀoŶsà ŵoŶtƌĠà auà Đhapitƌeà Ϯà Ƌu͛ilà està possiďleà deà foŶĐtioŶŶaliseƌà desà HǇďƌidosoŵesà

ŶottaŵeŶtà ǀiaà leà piĠgeageà d͛uŶà fluoƌophoƌeà ŵolĠĐulaiƌe.à UŶeà Ƌu   

jusƋu͛ăà pƌĠseŶt,à està laà ƋuaŶtitĠà deà fluoƌophoƌeà piĠgĠà aǀeĐà l͛HǇďƌidosoŵe.à Duà faità duà Đhoiǆà deà laà

 ;ϰ͛





;ϰ’






ĐoŶditioŶsàd͛asseŵďlage.àLaàBodipǇàestàsoluďleàdaŶsàleàTHFàetàpaƌtielleŵeŶtàsoluďleàdaŶsàl͛eau.àDeàĐeà

            

ŶaŶopƌĠĐipitatioŶ.à Deà Ŷoŵďƌeuǆà tƌaǀauǆà s͛iŶtĠƌesseŶtà auǆà pƌopƌiĠtĠsà luŵiŶesĐeŶtesà deà



      :à leà ƋueŶĐhiŶgà ĐausĠà paƌà l͛agƌĠgatioŶà

ĐausedàƋueŶĐhiŶgàáCQͿàetàsoŶàopposĠ,àl͛ĠŵissioŶàiŶduiteàpaƌàl͛agƌĠgatioŶà;aggƌegatio

  .à Cesà phĠŶoŵğŶesà soŶtà dĠĐƌitsà pouƌà deà tƌğsà Ŷoŵďƌeuǆà sǇstğŵesà π

       

etàĐetteàlisteàestàtƌğsàloiŶàd͛ġtƌeàeǆhaustiǀe.à

l͛oďjetà d͛Ġtudesà d͛asseŵďlagesà eŶà desà ŶaŶost     



toutesàlesàdiŵeŶsioŶsàsoŶtàăàl͛ĠĐhelleàŶaŶoŵĠtƌiƋue.à
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Plusieurs études discutent des mécanismes mis en jeu en fonction de la structure planaire ou des 

degrés de liberté de la molécule, et des interactions intermoléculaires et intramoléculaires liées à 

leuƌàĐoŶfiŶeŵeŶtà;π-πàstaĐkiŶg,àdipolaiƌes,àĠleĐtƌostatiƋuesͿ. 

Ces assemblages sont parfois appelés « fluorescent organic nanoparticles » (FON), 

« nanoagrégats » ou même « nanocristaux »,àetàtƌouǀeŶtàdesàiŶtĠƌġtsàdaŶsàlesàdoŵaiŶesàdeàl͛optiƋueà

(linéaire et non linéaire), optoélectronique, bioimagerie (à un ou plusieurs photons), détecteurs.60,61 

Leuƌsà stƌatĠgiesà d͛asseŵďlageà soŶtà pƌoĐhesà desà ŵĠthodesà ŵeŶtioŶŶĠesà auà Đhapitƌeà ϭ.à áiŶsi,à oŶà

retrouve entre autres, les stratégies dites « soft template »62 parfois en présence de micelles ou 

ĐopolǇŵeƌes,à lesàŵĠthodesàs͛appuǇaŶtàsuƌàuŶàteŵplateàsolideà;ditesà« hard template »)63, ainsi que 

les ŵĠthodesàďasĠesàsuƌàl͛ĠǀapoƌatioŶàd͛uŶàsolǀaŶt.64 Dans ce contexte, l͛ĠtudeàduàĐoŵpoƌteŵeŶtàdeà

la bodipy vis-à-ǀisàduàpƌoĐĠdĠàd͛asseŵďlageàdesàHǇďƌidosoŵesàseŵďleàdoŶĐàpƌiŵoƌdiale. 

DaŶsàl͛aƌtiĐleàϯ,àŶousàaǀoŶsàĐoŵpaƌĠàl͛ĠŵissioŶàdeàfluoƌesĐeŶĐeàdeàlaàBodipǇàdaŶsàleàTHFàaiŶsià

Ƌueà daŶsà l͛eauà età oďseƌǀĠà desà diffĠƌeŶĐesà auà Ŷiǀeauà deà l͚ĠŵissioŶà eŶtƌeà ϱϬϬà età ϳϬϬŶŵ.à Ceà

dĠplaĐeŵeŶtà ďathoĐhƌoŵeà s͛eǆpliƋueà paƌà laà foƌŵatioŶà deà « J-agrégats ». Les J-agrégats sont des 

asseŵďlagesàsupƌaŵolĠĐulaiƌesàƋuiàpƌĠseŶteŶtàdesàpƌopƌiĠtĠsàd͛ĠŵissioŶsàdeàfluoƌesĐeŶĐeàdiffĠƌeŶtsà

deà l͛Ġtatà ŵolĠĐulaiƌe.65 Les phénomènes électroniques entres molécules adjacentes conduisent à 

l͛appaƌitioŶàd͛uŶeàŶouǀelleàďaŶdeàd͛ĠŵissioŶàăàplusàgƌaŶdeà loŶgueuƌàd͛oŶde.à IŶǀeƌseŵeŶt,à loƌsƋueà

les interactions électroniques conduisent à un déplacement vers de plus basses longueurs d͛oŶdesà

(déplacement hypsochrome), on parle de « H-agrégats ». 

D͛autƌesàƌĠsultatsàŶousàoŶtàpeƌŵisàdeàŵettƌeàeŶàĠǀideŶĐeàlaàpƌĠseŶĐeàd͛agƌĠgatsàdeàl͛oƌdƌeàdeà

ϮϬϬàŶŵàloƌsƋueàseuleàlaàďodipǇàsuitàleàpƌoĐĠdĠàd͛asseŵďlageàsaŶsàŶaŶopaƌtiĐulesàŶiàpolǇŵğƌe,àaǀaŶtà

et après évaporation du solvant (Figure 40). 

Les distributions de taille présentées Figure 40a confirment bien que des structures de 150-

200 nm sont présentes avant et après évaporation du solvant. Les micrographies TEM des 

suspeŶsioŶsà apƌğsà ĠǀapoƌatioŶà duà solǀaŶtà età ăà l͛Ġtatà seĐà seŵďlent montrer plusieurs type de 

structures :à ;iͿàdesàstƌuĐtuƌesàĐeƌtaiŶeŵeŶtàĐƌistalliŶesàdeà l͛oƌdƌeàdeàplusieuƌsàĐeŶtaiŶesàdeàŵiĐƌoŶsà

Figure 40b, (ii) une sorte de matrice délimitant des zones circulaires de 500 nm environ Figure 40c, 

(iii) des grains de 10-50 nm Figure 40d,à;iǀͿàdesàsphğƌesàetàĐapsulesàd͛eŶǀiƌoŶàϯϬϬàŶŵàFigure 40e et f. 

Bien que faitesàăàl͛ĠtatàseĐ,àĐesàoďseƌǀatioŶsàseŵďleŶtàŵoŶtƌeƌàlaàpƌĠseŶĐeàdeàstƌuĐtuƌesàsphĠƌiƋuesà

deàl͛oƌdƌeàdeàϯϬϬàŶŵàetàsoŶtàeŶàaĐĐoƌdàaǀeĐàlesàoďseƌǀatioŶsàfaitesàeŶàDL“. 
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L͛Ġtudeà desà pƌopƌiĠtĠsà deà luŵiŶesĐeŶĐeà daŶsà lesà ŵĠlaŶgesà THF/eauà Ŷ͛aà pasà ĠtĠà pƌioƌisĠ

              

l͛agƌĠgatioŶà età ăà laà sĠdiŵeŶtatioŶà ƌeŶdeŶtà laà ƋuaŶtifiĐatioŶà deà tellesà suspeŶsioŶsà plusà alĠatoiƌe.à



laàpƌĠseŶĐeàdeàplusieuƌsàtǇpesàd͛agƌĠgatsàaŵoƌphesàetàpƌoďaďleŵeŶtàĐƌistalliŶs,àdeàdiffĠƌeŶtesàtaillesà

              

laàĐoŵpƌĠheŶsioŶàduàpƌoĐĠdĠàd͛asseŵďlage.




apƌğs le pƌoĐĠdĠ d’asseŵďlage.
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



 


DaŶsà l͛aƌtiĐleà pƌĠĐĠdeŶt,à Ŷousà aǀoŶsà ĠtudiĠà laà dĠstaďilisatioŶà duà filŵà ĐoŶstƌuità aǀeĐà lesà

     uà paƌà appliĐatioŶà d͛uŶà poteŶtielà ĠleĐtƌiƋue.à EŶà

paƌallğleàdeàĐetteàĠtude,àleàsuƌŶageaŶtàissuàdeàl͛ĠtapeàdeàdĠstaďilisatioŶàaàĠtĠàiŵagĠeàeŶàTEM

 Lesà ŵiĐƌogƌaphiesà laisseŶtà appaƌaŠtƌeà deà gƌosà oďjetsà deà l͛oƌdƌeà duà ŵiĐƌoŶà Ƌuià ƌesteŶtà ŶoŶà

Ilàs͛agitàtƌğsàpƌoďaďleŵeŶtàd͛agƌĠgatsàdeàpaƌtiĐulesàd͛oǆǇdesàdeàfeƌàetàdeàPááà



   ġtƌeà lesàpaƌtiĐulesàd͛oǆǇdesàdeà feƌà ĐoalesĐĠesà 





deà feƌà auǆà ǀaleuƌsà deà pHà <à ϰ.à Nousà aǀoŶsà ŵoŶtƌĠà Ƌu͛apƌğsà Ϯϰhà ăà pHà <à ϰà lesà IONPà aǀaieŶtà

                

                 





: MiĐƌogƌaphies TEM du suƌŶageaŶt apƌğs dĠstaďilisatioŶ d’uŶ filŵ d’HǇďƌidosoŵes IONP/BodipǇ/PAA paƌ 


 
           

foŶĐtioŶŶalisĠsàeŶàsuƌfaĐe,àgƌąĐeàauàpolǇŵğƌeàƋuiàlesàƌĠtiĐule.àLeàPááàaàĠtĠàŵuŶiàd͛uŶàgƌoupeŵeŶtà

              

ĐliĐk.àDesàfilŵsàdeàl͛ĠĐhelleàdeàplusieuƌsàĐeŶtaiŶesàdeàŵiĐƌoŶsàoŶtàĠtĠàaiŶsià

             



iŶoƌgaŶiƋues.àLesàfilŵsàoŶtàĠgaleŵeŶtàŵoŶtƌĠàdesàpƌopƌiĠtĠsàdeàƌelaƌgageàd͛uŶàfluoƌophoƌeàpaƌàdesà

stiŵulià ĠleĐtƌiƋueà età deà pH.à Cesà ƌĠsultatsà Ŷousà oŶtà aussià peƌŵisà d͛Ġǀalueƌà laà ƌĠpoŶseà desà
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hybridosomes aux variations de conditions de pH et ainsi appréhender les effets de relargage. Ces 

résultats sont un bon point de départ vers le développement de matériaux stimuli-réactifs. 
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 Potentialite s des Hybridosomes en nanomedecine 
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1. Introduction et context 

DaŶsà l͛aƌtiĐleà ϭà Ŷousà aǀoŶsà Ġtaďlià uŶeà pƌeŵiğƌeà pƌeuǀeà d͛effiĐaĐitĠà desà HǇďƌidosoŵesà Đoŵŵeà

ageŶtà deà ĐoŶtƌasteà eŶà I‘M.à Pouƌà Đela,à Ŷousà aǀoŶsà d͛aďoƌdà ĠǀaluĠà laà toǆiĐitĠà in vitro des 

Hybridosomes et conclue que la viabilité des cellules Hela est maintenue après 24h de mise en 

ĐoŶtaĐtàaǀeĐàlesàŶaŶoĐapsules.àEŶsuite,àl͛effiĐaĐitĠàdesàHǇďƌidosoŵesàaàĠtĠàĐoŵpaƌĠeàăàuŶàageŶtàdeà

ĐoŶtƌasteàŶĠgatifàpƌĠĐliŶiƋueà;Feƌa“piŶ™,àMǇlteŶǇiͿàetàjugĠeàĠƋuiǀaleŶteàin vitro et in vivo. Ce projet 

appliƋuĠàauàdĠǀeloppeŵeŶtàdeà l͛I‘MàduàpetitàaŶiŵalàestà leà fƌuitàd͛uŶeàĐollaďoƌatioŶàaǀeĐàDƌ.àM.B.à

TƌoadeĐà età H.à JaĐoďzǇĐkà deà l͛ĠƋuipeà EǆpƌessioŶà deà GġŶesà età OŶĐogeŶğseà ;GEOͿà deà l͛IŶstitutà deà

GĠŶĠtiƋueàetàdeàDĠǀeloppeŵeŶtàdeà‘eŶŶesà;IGD‘,àUM‘àCN‘“àϲϮϵϬͿ,àaiŶsiàƋu͛aǀeĐàDƌ.àP.á.àEliatàauà

sein deà laàplatefoƌŵeàP‘I“Mà ;Platefoƌŵeà‘eŶŶaiseàd͛Iŵageƌieà età “peĐtƌosĐopieàMulti-modales). Le 

dĠǀeloppeŵeŶtàd͛ageŶtsàpƌĠĐliŶiƋuesàetàĐliŶiƋuesàsoulğǀeŶtàdeàŶoŵďƌeusesàƋuestioŶsàsuƌàleàdeǀeŶiƌà

des Hybridosomes in vivo, leur pharmacocinétique et biodistribution qui sont des questions à 

adresser impérativement en nanomédecine. 

L͛ĠƋuipeàGEOàdeàl͛IGD‘àĐoŶĐeŶtƌeàsesàƌeĐheƌĐhesàsuƌàlesàŵĠĐaŶisŵesàetàpƌoĐessusàoŶĐogĠŶiƋuesà

pour mieux comprendre les pathologies cancéreuses du sang et leur évolution vers les stades 

métastatiques. Un des modèles étudiés est celui des leucémies du lignage B qui sont parmi les 

cancers hématologiques les plus fréquents. Dans le cadre de notre collaboration, nous avons choisi 

deàĐoŶĐeŶtƌeƌàŶosàeffoƌtsàsuƌàleàdĠǀeloppeŵeŶtàd͛uŶeàappliĐatioŶàthéranostique des Hybridosommes 

pouƌàl͛iŵageƌieàŵultiŵodaleàĐiďlĠeàetàleàtƌaiteŵeŶtàdesàĐaŶĐeƌsàeǆpƌiŵaŶtàlaàpƌotĠiŶeàŵeŵďƌaŶaiƌeà

CDϭϵ.àCeàpƌojetà iŶteƌdsĐipliŶaiƌeàaàĠtĠà souteŶuàetàeŶàpaƌtieà fiŶaŶĐĠeàpaƌà l͛UM“àBIO“IT.à L͛aŶtiĐoƌpsà

anti-CD19 utilisé dans ce projetàaàĠtĠàpƌoduitàauàseiŶàdeàl͛EtaďlisseŵeŶtàFƌaŶçaisàduà“aŶgàpaƌàDƌ.àF.à

Vérité et Dr. Y.Danger. 

Nous présentons ici un article de revue et de perspectives à propos des potentialités des 

nanoparticules ciblant CD19 vis-à-vis des seuls traitements actuels ciblant CD19, plus précisément en 

immunothérapie. 
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ABSTRACT 

A number of –organic, inorganic and even hybrid– nanoparticles have been developed by chemists for biomedical applications 
to meet imaging and targeting needs. In parallel, adoptive T therapy with chimeric antigen receptor engineered T cells (CAR T 
cells) has recently held great promise in B-cell malignancy treatments thanks to the development of anti-CD19 CAR T cells. 
Indeed, CD19 is a reliable B cell marker and a validated target protein for therapy. In this perspective article, we propose to 
discuss the advantages, limits and challenges of nanoparticles in the era of CAR T cells, focusing on CD19 targeting objects: anti-
CD19 nanoparticles and anti-CD19 CAR T cells because those genetically-modified cells are the more widely developed in clinical 
setting. In the first part, we introduce B cell malignancies and the CD19 surface marker, and then we present an overview of the 
definition and application of nanoparticles, before exposing CAR T technology. Finally, we discuss the complementary 
approaches between nanoparticles and CAR T cells.  
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INTRODUCTION 

A malignant cell is defined as a cell blocked in an early 
stage of differentiation and undergoing an uncontrolled 
proliferation. Despite huge progress in cancer treatment 
over the last 50 years, cancer is still a major cause of death 
worldwide. Until now, the progresses have been mainly 
obtained through to the identification of therapeutic drugs, 
better molecular comprehension of the onset and 
progression of malignancy, more sensitive detection of 
tumor cells, more efficient follow-up of the disease, better 
management of adverse-effects, optimization of protocol 
desigŶ… “till, ĐhalleŶges aƌe to ďe uŶdeƌtakeŶ. Fƌoŵ the tiŵe 
a patient arrives to be diagnosed to the moment he is cured, 
physicians and medical staff would have encountered at least 
the following issues: tumor identification (i.e. is that a nodule 
of B cells?), tumor cells imaging (where are localized the 
malignant cells? Is that the primary tumor or a metastasis?), 
delivery of therapeutic drugs and avoidance of adverse 
effects on non-malignant cells (sometimes minimizing the 
risk of generation of a secondary cancer), and finally 
identification of residual cells that could be ultimately at the 
origin of refractory cancer or relapse. 
The chimeric antigen receptor (CAR) T cell therapy is a 
revolutionary approach of targeted immunotherapy to treat 
cancer. In CAR T cell therapy, the therapeutic effector is a 
genetically-modified cell. If CAR T cells might not yet be 
poised to overtake chemotherapy as the standard of care, 
CAR T cell therapy is looking promising as treatment for 
certain patients with no other feasible options, such as in the 
cases of refractory patients or relapse. An alternative 
research approach for the treatment of cancer is the use of 
nanoparticles, which have been proposed as carriers for drug 
eŶĐapsulatioŶ iŶ the 6Ϭ’s. “iŶĐe theŶ, a ǀaƌietǇ of oƌgaŶiĐ aŶd 
inorganic nanoparticles, with sizes ranging from circa 5 nm to 
200 nm, have been designed for a wide range of applications 
including targeted drug delivery and imaging, boosting the 
activity of nanomedicine, with some remarkable results 
particularly in the field of cancer diagnosis and therapy.   
In this perspective article, we propose to discuss the 
advantages, limits and challenges of nanoparticles in the era 
of CAR T cells. We will focus on CD19 targeting objects: anti-
CD19 nanoparticles and anti-CD19 CAR T cells because those 
genetically-modified cells are the more widely developed in 
clinical setting. 

In the first part, we will introduce B cell malignancies 
and their CD19 surface marker, then we will present an 
overview of the definition and applications of nanoparticles, 
before exposing CAR T technology. Finally, we will discuss the 
complementary approaches between nanoparticles and CAR 
T cells. From the biological point of view, anti-CD19-grafted 
nanoparticles and anti-CD19 CAR T cells target the same 
cells: B cell lineage. From the therapeutic perspective, 
nanoparticles and CAR T cells approaches share a common 
objective: the optimization of therapeutic effect on target 
cells and minimization of adverse effects. However, 

mechanisms of action are different as well as efficiency and 
production process (see Table Of Contents). It seems 
reasonable to conceive that nanoparticles could play a 
significant role for the potentiation of, and the cooperation 
with CAR T cell therapy in the future. 

1 CD19, A B CELL RESTRICTED SURFACE 

PROTEIN AND A RELIABLE MARKER OF B CELL 

MALIGNANCIES 
1.1 THE FUNCTIONS OF B LYMPHOCYTES 

B cells (also named B lymphocytes) achieve multiple 
functions that explain their central role in the immune 
system (Figure 1). Their main role is the production of 
antibodies to identify and neutralize pathogens. The binding 
of a B lymphocyte to an antigen triggers an initial step of 
multiplication and differentiation either into plasma cell 
which secretes antibodies or into memory B cell. Besides 
their role in humoral immunity, B cells are implicated in 
cytokine production (e.g. IFNγ, IL6, ILϭϬͿ, aŶtigen 
presentation to T cells, wound healing, cytokine balance for 
the differentiation between T lymphocytes (Th1 and Th2 
cells), but also in the transplant rejection (review in 1).   
B cells undergo differentiation, from hematopoietic stem 
cells to plasma cells or memory B cells, through a series of 
stages characterized by the orderly rearrangement and 
expression of immunoglobulins genes including CD19 (Figure 

1). The development of B cells is also distinguished into 
different stages by the sequential expression of different 
transcription factors that induce immunoglobulin gene 
recombination and the expression of specific surface 
phenotypes. Until the immature stage B cells are located in 
the bone marrow, and from the mature stage, in the 
periphery 2. 
 

1.2 B CELL MALIGNANCIES 

 
B cell malignancies are hematopoietic cancer 

characterized by uncontrolled proliferation of B-lymphocytes 
blocked along their differentiation process. B cell 
malignancies are classified as leukemia (which develops in 
the bone marrow and disseminates into the body), 
lymphoma (a cancer of the lymphatic system characterized 
by the development of cancer cells in lymph nodes) and 
myeloma (cancer of mature B-lymphocytes in the bone 
marrow) (review in 3). B cell malignancies represent 4% of all 
cancers in adults and 40% of all cancers in children. Clinical 
outcomes of these cancers under standard chemotherapy 
depend on the type of B cell malignancies. For instance, 
children with B-acute lymphoblastic leukemia (ALL) have an 
overall good prognosis, but some of them are refractory to 
chemotherapy or develop multiple relapses and have a poor 
prognosis (review in 4). Adults with relapsed or refractory B 
cell ALL have a poor prognosis (review in 5) 
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

 


        
     
     


 
         

 
          
     
     



        
         
       

      

        

  
          



 

     



IŶ the ϮϬϭϬ’s, ǀaƌious stƌategies haƌŶessiŶg the poteŶtial of 
        
   
     

      
         
       
      

         



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


    
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hydrophobic and a hydrophilic component, and self-
assemble in water or in water-solvent mixtures to form 
either nanoparticles or vesicles (polymersomes). Polymer 
nanoparticles like surfactant micelles have a 
hydrophobic/hydrophilic core-shell structure, and for this 
reason are sometimes improperly called polymer micelles 20. 
The term "micelles" refers to a structure at thermodynamic 
equilibrium, which is usually not the case for polymer 
nanoparticles since the dynamics of exchange of the polymer 
chains with the bulk is generally very slow.    
A few encapsulation systems have made their way to the 
market 19. Commercialized liposomal formulations include 
anticancer drugs such as doxorubicin (Myocet, Doxil, Lipodox 
and Caelyx), antibiotics (amphotericin B in Ambisome, 
Abelcet and Amphotec), and vaccine formulations such as 
Inflexal V. 

A few types of inorganic nanoparticles, such as silica 
nanoparticles, are also used for their encapsulation 
properties and the possibility to easily engineer their surface 
with targeting moieties. However, most of them are used for 
imaging or therapy because of their specific optical or 
magnetic properties but do not as such, have the capability 
to encapsulate. Gold nanoparticles have long been used in ex 

vivo transmission electron microscopy (TEM) imaging as 
immunomarkers. They are now considered for hyperthermia 
and photoacoustic imaging. Many other types of inorganic 
nanoparticles were developed mainly for imaging purposes. 
Among them, quantum dots (QD) are luminescent semi-
conducting nanoparticles with a radius-dependent emission 
wavelength. Thus a single excitation wavelength can be used 
to generate two or more colors, allowing simultaneous 
detection of different markers. As compared with organic 
dyes, QD are generally much brighter and not submitted to 
photobleaching. However, most QD suffer from the presence 
of toxic elements such as Cd or Se and are not used in 
medical imaging. More recently, a family of luminescent 
nanoparticles -upconverting nanoparticles (UCNP)- featuring 
near infrared absorption and visible emission appeared in 
the literature. These specific optical properties enable to 
irradiate deeper in tissues. Superparamagnetic iron oxide 
nanoparticles were clinically used as MRI contrast agent until 
the late 80's. Despite their negligible toxicity, they have been 
substituted by soluble gadolinium complexes that have the 
interest of a better contrast and easier administration to the 
patient.  

 

2.2 ADVANTAGES OF NANOPARTICLES 

2.2.1 Heavy loading capacity and controlled release 

Quantum dots as most other imaging nanoparticles 
are generally more efficient markers or contrast agents than 
their molecular counterparts, because of the concentration 
of material in a reduced volume. Similarly, nanocarriers and 
particularly polymer nanoparticles can transport high 
amounts of encapsulated drug which is an incomparable 
advantage if these can be delivered precisely to the sick cells. 
In addition, one of the most remarkable features of polymer 
nanoparticles and liposomes is their capacity to release their 
load over long periods of time. Sustained release is obtained 
by slowing down the diffusion of encapsulated drug using 
retardation barriers 21. Alternatively, drug molecules can be 

released by erosion of the carrier itself (Bhattacharya et al., 
2016). In this respect, the use of biodegradable polymers has 
been very successful 22. With the ultimate goal of achieving 
spatial and temporal control of drug delivery, the 
nanoplatforms have evolved from the mere "sustained" 
release to "triggered" release, using endogenous or 
exogenous triggers (Figure 3). In diseases such as cancer, 
abnormal local conditions such as pH, enzymatic activity or 
concentration in reactive oxygen species have been used to 
trigger responsive components of the delivery system. In 
addition to these endogenous signals, nanocarriers can also 
be designed to release their load on the effect of an external 
trigger, in general light, ultrasounds or a magnetic field. The 
energy absorbed by the nanoplatform is converted into 
thermal or chemical energy, yielding the destruction of the 
platform 22,23. 

2.2.2 Multimodality 

Another advantage of nanoparticles is their ability to anchor 
a large number of different molecules. Thus, nanoparticles 
have naturally appeared as ideal platforms to combine 
several functions simultaneously and a myriad of nano-
objects customized to achieve complex tasks were designed, 
generally taking the form of hybrid structures combining 
organic and inorganic components. For instance, imaging 
contrast agents enabling multiple modalities such as 
magnetic resonance imaging/computerized tomography 
(MRI/CT) or magnetic resonance imaging/ positron emission 
tomography (MRI/PET) may offer useful complementary 
structural and functional information, or the ability to image 
with different resolutions and over different temporal and 
spatial scales. Similarly, nanoparticles can be used to 
combine multiple therapies, in a multimodal therapy 
approach. Thus the combination of thermotherapy or 
photothermal therapy with conventional chemotherapy 
holds great prospects in cancer treatment 24. In addition, 
nanoparticles have been at the origin of a new concept, 
referred to as theranostic, associating diagnostic (MRI, 
fluorescence) and therapeutic (vectorization of therapeutics 
agents, hyperthermia, photothermal theƌapǇ…Ϳ ŶoŶ-invasive 
tools. Theranostic and the ability to combine over the same 
particle functions targeting various genetic and epigenetic 
markers meet the ambition of personalized medicine to 
identify the patients' molecular profiles and monitor their 
specific response to treatment in real-time. 
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   
   
   
   
   





  

   
   

   
   

  




                  






   

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However, one has to keep in mind that complex formulations 
make complex toxicity and administrative regulation issues 
and until now, (almost) none of these "high-tech" nano-
objects has made its way to the clinics. 

2.2.3 Propensity to accumulate at tumor sites 

One of the key advantages of using nanoparticles as 
compared to small molecular drugs or contrast agents is their 
propensity to accumulate at tumor sites, due to the 
abnormal properties of the vasculature at the interface 
between the tumor and the host. This phenomenon, known 
as the Enhanced Permeation and Retention (EPR) effect, has 
long been recognized and the use of nanoparticle 
formulations to enhance the accumulation of encapsulated 
drug into tumors is referred to as "passive" targeting 25–28. It 
is generally admitted that tumor vessels exhibit intracellular 
gaps that are responsible for the extravasation of 
macromolecules and nanoparticles from the vasculature 
toward the tumor. However, other extravasation 
mechanisms such as intracellular vesicular transportation are 
also suspected but have not yet been investigated 29. Other 
factors such as increased viscosity of the blood due to 
abnormal protein excretion and higher pressure in the blood 
vessels compared to the tumor tissues, favor the escape of 
the nanoparticles to the tumor intracellular medium. A 
recent review of the literature has demonstrated that tumor 
delivery is largely tumor dependent 29 but unfortunately, 
until now very few studies have focused on hematological 
malignancies, and there is a glaring lack of knowledge of 
nanomedicine penetration into such tumors. 

 

2.3 LIMITS AND CHALLENGES OF CLINICAL APPLICATIONS 

OF NANOPARTICLES 

 

A recent statistical review of the literature revealed 
that less than 1% (median value) of the nanoparticles 
injected systemically reaches their target, compromising 
their translation into clinical use 29. Indeed, after intravenous 
injection, the nanoparticles have to pass several obstacles 
including clearance by the mononuclear phagocyte system 
(MPS, or reticuloendothelial system RES) and physiological 
barriers such as vascular membrane and tumor 
microenvironment. Indeed, once in the blood circulation, 
plasma proteins (opsonins) bind to nanoparticles triggering 
their uptake by phagocytic cells present in the blood, liver, 
spleen and bone marrow. This capture by the MPS not only 
competes with access to the nanoparticle target site, but also 
may lead to increased retention time with potentially toxic 
effects. If the particles circulate long enough to reach a solid 
tumor site, they may cross the vascular barrier, beneficiating 
from leaky vascularization. They will then have to migrate 
into the tumor microenvironment to reach the target 
malignant cells. Different tumor types, stages and sizes 
exhibit different tumor environments but it is generally 
admitted that smaller particles are able to explore the 
tumor, whereas the movement of larger ones is more 
restricted.  

Except a few very specific circumstances, such as 
dysfunctions affecting the RES, where macrophage uptake is 
desirable, it is generally beneficial to apply camouflage 

strategies to avoid capture by the RES and increase the 
circulation time of particles. As a general rule, smaller 
particles, and particles with neutral surface charge show 
lower macrophage uptake 30. The composition of the 
particles also affects their circulation time. Thus, several 
lipids such as sphingomyelin and phosphatidylinositol, limit 
liposomes uptake by macrophage 31.  The most ancient and 
still most common strategy is to coat the nanoparticles with 
neutral polymers, such as polyethylene glycol (PEG), 
polyvinylpyrrolidone (PVP) or more recently poly(oxozaline), 
with a direct correlation between the length and density of 
the polymer chains and circulation time 30. Beyond mere 
"stealth" properties, many efforts were put on the 
development of particles with "active" targeting features, i.e. 
capable of selectively bind to specific cellular receptors. This 
could be a decisive advantage for the detection of small 
tumors not having a built up vasculature favoring the 
retention of nanoparticles through EPR, which is still one of 
the most challenging issues in the treatment of cancer. 
Particles grafted with targeting ligands, such as small 
ŵoleĐules ;foliĐ aĐid, sugaƌs…Ϳ, peptides, aptaŵeƌs, 
antibodies, generally show interaction with their target cells 
in vitro. However, the study of in vivo particle-cell 
interactions is still in his infancy and specific targeting effects 
still have to be demonstrated.  

Thus, despite their numerous intrinsic advantages, the 
translation of nanoparticles into the clinical setting is still 
extremely challenging. One has to keep in mind all the 
aforementioned hurdles while designing new nanomedecine. 
In addition, besides mere clinical issues, the industrial and 
financial realities should not be forgotten. Nanomedicines 
should demonstrate clear advantages over existing molecular 
agents and their production price should meet the 
requirement of the market and of reimbursement policies 32. 
 
 

3 NANOPARTICLES TARGETING CD19 SURFACE 

ANTIGEN 

 

3.1 ANTIBODY-NANOPARTICULES CONJUGATES 

Numerous molecules differing by their nature 
(peptides 33, aptamers 34, affibodies ((Blow, 2007 ; 35, etc.) 
and their size (antibodies, minibodies, diabodies, etc.) 36,37 
have been proposed to achieve active targeted therapy or 
diagnosis and grafted to nanoparticles. 38,39 Among them, 
monoclonal antibodies (mAb) have long been considered as 
candidates of interest thanks to their high specificity and 
their long circulation time that can last several days. Studies 
have shown that the systemic clearance of antibody is 
inversely proportional to their size: the smaller the fragment, 
the faster it will be eliminated from the circulation,37 process 
which is often associated with a higher renal toxicity. On the 
otheƌ haŶd, iŶfiltƌatioŶ thƌough the ǀasĐulaƌ tuŵoƌ’s Ŷetǁoƌk 
is inversely proportional to the size of the molecule: small 
molecules will often have lower penetrating-tumor rates. 
Thus, following the emergence of molecular engineering and 
the obtaining of different antibody formats, new specific 
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probes for the in vivo diagnosis and therapy of tumor have 
been developed, taking into account the size 
(pharmacokinetics and binding to nanoparticles strategy), 
the valency and the specificity (optimal signal/noise for 
imaging applications, and undesirable toxic effects) of the 
fragment conjugated to the nanocarrier and their 
profitability of production (low cost, high quantity, high 
stability). 36,37 

3.1.1 Choice of the fragment of antibody targeting the 

antigen 

3.1.1.1 Monoclonal antibody and its derivatives 

Monoclonal antibody (mAb) is composed of three 
fragments presented in Figure 4A: two identical variable 
fragments named Fab (VH and VL domains) and the constant 
fragment named Fc (CH and CL domains). Moreover, the 
advancement of molecular biology has allowed the 
engineering of fragments of antibodies of varying sizes and 
valencies, like single-chain fragment variable (scFv) 
fragments and chimeric constructions of scFv presented 
below and summarized in Figure 4A and 4B. 
The variable fragment Fab (monomeric form of 55 kDa), its 
dimeric (F(ab)2, 110 kDa)  and its trimeric (F(ab)3, 165 kDa) 
forms are easily produced by enzymatic digestion (papaïn, 
pepsin, trypsin, etc.) (Figure 4). They were the first antibody 
fragments used for in vivo diagnosis of tumors. The systemic 
clearance of the monomeric and the dimeric forms is 
reduced to about ten hours. The main disadvantage of the 
shortest monomeric format is its monovalency which 
diminishes its total affinity and thus reduces its tumor 
binding capacity. The F(ab)3 format present a very short half-
time (few hours) and a high specificity for its target because 
of its multivalency. Their lower cost of production constitutes 
a serious advantage. 
The single-chain fragment variable (scFv) fragment of 25-30 
kDa, consists of the light variable region and the heavy 
variable region. The two regions are connected by a peptide 
bond of 12 to 25 amino acids, generally with glycine and 
serine residues which provide flexibility and resistance to 
proteases. Representing one-sixth of the size of an entire 
antibody, scFv is the smallest functional unit among the 
different antibody formats (Figure 4), improving its tumor 
penetrating capacity compared to mAb. scFv retains the 
same specificity and affinity than the monoclonal antibody 
from which it is derived, but remains a monovalent fragment 
40–42. Because of its short systemic half-life <1 h, scFv 
fragments accumulate very little in tumors.36 
The Chimeras of scFv offer intermediate pharmacokinetics 
(Figure 4). Among them, two types of chimera were 
developed: A 75 kDa dimeric fragment, named Minibody 
(Quiocho F.A., 1993), corresponding to two monomeric scFv 
fragments connected via the third constant domain of a 
human immunoglobulin (scFv-CH3). In vivo, this format has a 
shorter systemic clearance and a faster tumor address. A 105 
kDa dimeric fragment where the scFv fragment is bound to 
an entire Fc region of a human immunoglobulin. It behaves 
in the same way as whole mAb in terms of persistence in 
circulation and tumor penetration. 
The Multimers of scFv: diabody, triabody, tetrabody (Figure 

4) (Poljak 1994; Schoonjans et al., 2000; Zheng et al., 2017). 
A scFv molecule presenting a linkage of 3 to 12 residues 
associates with a second molecule to form a bivalent dimer 

named "diabody" (50 kDa). Reducing the linker length (< 3 
residues) may force the association into trimers or tetramers 
forming a triabody (75 kDa) or a tetrabody (100 kDa) 
respectively. Being significantly larger than the monomer, 
these scFv multimers i) have an intermediate systemic 
clearance between that of the scFv and that of an entire 
mAb, ii) do not well penetrate tumors, and finally iii) have a 
great avidity for targeted cells, favoring their fixation. In 
addition to the mAb and their fragments, were discovered 

more recently the Nanobody proteins (about 15 kDa) in the 
serum of camels 43. They were also identified later in all 
camelid species and in cartilaginous fish (Greenberg et al., 
1995). These particular forms of antibody are devoid of light 
chain and of the constant domain (CH): their variable region 
is therefore reduced to a heavy variable region. One of the 
main advantages of this immunogenic protein is its low cost 
of production compared to mAb and its derivatives. 

3.1.1.2 Other alternative targeting molecules 

A new generation of probes for in vivo targeting relies 
on skeleton protein, which does not resemble to any 
conventional antibody or peptide, to which a binding 
function is added by molecular recombination. The two most 
studied examples are the affibodies and the DARPin.44 The 
Affibody is a structure derived from protein A, the surface 
protein of bacteria Staphylococcus aureus which has the 
property of binding immunoglobulins. This small 7 kDa ligand 
is formed of three helices which possess an excellent binding 
property to a multitude of targets (Blow et al., 2007). This 
domain consists of 58 amino acids, 13 of which are 
randomized thereby generating a library of affibodies having 
varying binding specificities. The studies have demonstrated 
the potential of these ligands as an in vivo diagnostic probes 
for tumors. The injection of radiolabelled specific affibodies 
of a tumor biomarker makes it possible to localize the cancer 
mass with high contrast using SPECT or PET imaging.45,46 The 
affibody format seems to be a promising in vivo tool, and is 
currently explored in preclinical and clinical settings. The 

DARPin ligand (Designed Ankyrin Repeat Protein) is a protein 
possessing a repetition of the ankyrin motif (Li et al., 2006). 
Specific DARPin ligands targeting a tumor biomarker have 
been efficiently produced for both in vitro diagnosis and in 

vivo tumor targeting (Tamaskovic et al., 2012). These 
molecules possess a great variability in terms of size, by 
multimerization or pegylation, and affinity, by point 
mutation.  
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3.1.2 Chemical strategies for conjugation with antibodies 

Briefly, three functional groups available on the 
antibodies or their fragment(s) and derivatives (Figure 4A) 
can be targeted for covalent labeling or bioconjugation, 
directly to nanoparticles and drugs, or indirectly via the use 
of linkers 47,48 which all present complementary functional 
groups at their surface:   
(i) The primary amines –NH2 of lysine residues, or the 

carboxylate group –COOH of aspartate and glutamate 
residues, which are abundant and well-distributed over the 
entire surface of the mAb (Figure 4A). The most popular 
conjugation method involves the use of NHS esters, like N-
hydroxysuccinimide esters, and EDC (1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride for the formation 
of amide bonds. The complementary group –NH2 or –COOH 
can be present or introduced to the surface of the 
nanoparticles. In the EDC/NHS coupling method, conjugation 
procedures will operate randomly to the antibody surface 
and inactivation can occur by the nonselective formation of 
amide bonds at the vicinity of the Fab region of antibody 49–

51. 
(ii) The thiol groups (-SH) found on cysteine residues and 
formed by selectively reducing S-S disulfide bonds in the 
hinge region of the antibody (Figure 4A). Free sulfohydril 
groups can also be obtained by maleimide activation of 
lysine residues using for instance SMCC (N-succinimidyl 4-(N 
maleimidomethyl)cyclohexane-1-carboxylate) or SPDP (N-
succinimidyl 3-(2-pyridylthio)propionate).  
(iii) The carbohydrate residues containing cis-diols, which 
can be activated by oxidation yielding aldehyde functions. 
Localized on the Fc region of the antibody (Figure 4A), they 
are usually quite abundant and often quite far from the 
epitope (but not always), lowering the risk of inactivation of 
the antibody after conjugation. As mentioned previously, the 
mAb and its fragments can be bioconjugated directly or 
indirectly to the nanoparticle surface, using the same 
chemistry succinctly described above. Thus, in order to 
prevent antibody inactivation, linkers can be introduced 
between the antibody and the nanoparticles.47,52 
Homobifunctional and heterobifunctional PEG derivatives 
are the most used linkers because of their biocompatibility, 
biodegradability, non-immunogenicity and non-toxicity (FDA-
approved). Nguyen et al. compared two strategies to 
conjugate anti-CD19 to gold nanoparticles via activated PEG: 
The one step process using ortho pyridyldisulfide-
polyethylene glycol-N-succinimidyl propionate (OPSS-PEG-
NHS), was preferred to the two steps process where the 
antibodies were added to the purified nanoparticles (HS-
PEG-COOH added to pegylated gold particles then exposed 
to PEG-SH. Indeed, the activation of the particles surface by 
ethyl dimethylaminopropyl carbodiimide and sulfoNHS 
chemistry) seemed to facilitate a well-protected and non-
aggregating particle surface 53,11. Finally, besides these 
classical methods, alternative strategies were proposed. For 
instance, the noncovalent conjugation of streptavidin/avidin 
coated nanoparticles and biotinylated antibodies can be used 
51,54. As an example, we can mention the work of Procko and 
co-workers 55 who produced a biotinylated-copolymer 
polyethylene glycol methacrylate copolymer for coupling to 
streptavidin-antiCD19. 
 

3.2 IN VITRO AND IN VIVO IMAGING WITH ANTI-CD19 

NANOPARTICLES 

Few anti-CD19 grafted nanoparticles for in vitro 
imaging have been published so far. Nguyen et al. 53 
designed pegylated SERS-gold (SERS= Surface Enhanced 
Raman Scattering) nanoparticles conjugated to human anti-
CD19 antibody that target in vitro chronic lymphocytic 
leukemia (CLL) cells. The functional SERS nanoparticles were 
composed of a gold core onto which MGITC (Malachite 
Green Isothiocyanate), a reporter dye, was adsorbed. The 
signals were detected by dark-field microscopy and Raman 
spectrometry. The advantage of SERS nanoparticles 
over CD19 grafted fluorophores is their lack of interference 
with conventional fluorescent stains used in histology. Those 
patented pegylated SERS-gold nanoparticles conjugated to 
CD19 antibodies showed specific in vitro targeting CLL cells. 
53,56 Another proof of Ramos B cells labeling through anti-
CD19 mediator was demonstrated by Dong et al. by grafting 
an anti-CD19 antibody onto Ag@SiO2 core-shell 
nanoparticles via non-covalent biotin-avidin binding 54. In this 
study, the authors monitored the metal-enhanced 
fluorescence of a reporter (rhodamine B) adsorbed on the 
surface of the core-shell nanoparticles.  To the best of our 
knowledge, anti-CD19-grafted-nanoparticles that would 
allow in vivo imaging (SERS, MRI, PET, CT, fluorescence 
tracking, etc.) have not been yet reported in mouse model or 
human. 
 

3.3 THERAPY WITH ANTI-CD19 NANOPARTICLES 

3.3.1 Chemotherapy: drug delivery 

Nanoparticles decorated with anti-CD19 have already 
been reported as an efficient carrier for drug delivery (Table 

2). Doxorubicin, an inhibitor of topoisomerase involved in 
DNA synthesis, is frequently the drug of choice for proof-of-
concept as the cytotoxic effect of this drug is well 
demonstrated on B cells. An immunoliposome targeting B 
lymphocytes thanks to anti-CD19 antibody and containing 
doxorubicin showed, in vitro, a 6-fold more cytotoxic activity 
on B cells than non-targeted liposomes.57 Similar results 
were observed in vivo with an improved survival of the mice 
injected with the anti-CD19-doxorubicin-liposome compared 
to non-targeted liposomes or free doxorubicin treatments.57 
Doxorubicin can also be encapsulated into block copolymer 
nanoparticles grafted with anti-CD19. The internalization of 
nanoparticles is mediated via the clathrin-dependent 
pathway suggesting that the grafting of anti-CD19 antibodies 
to nanoparticles did not alter the physiological 
internalization pathways of CD19. Doxorubicin loaded anti-
CD19-grafted-nanoparticles induced more apoptosis of CD19 
positive cells than the drug delivery alone in vitro and a 
better survival of the mice than those treated with saline or 
free doxorubicin in vivo.58  
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In 2007, Cheng et al. produced liposomal doxorubicin 
targeted via anti-CD19 monoclonal antibody fragments: 
either the single-chain variable fragment (scFv), or the 
variable fragment (Fab) or the monoclonal antibody (mAb). 
They compared the efficiency of the three targeting 
constructs and showed that the scFv single-chain variable 
fragment could be more suitable for development of 
immunotherapy for the following reasons: i) it contains less 
foreign peptides, ii) the production is easier, and ii) the cost 
of production is more economical thanks to the expression in 
bacterial systems.59 In vivo, B cells xenografted mice exposed 
to anti-CD19-liposomes containing doxorubicin or vincristine 
were subjected to a higher cell cytotoxicity and showed a 
longer survival time than free drug mice.60. Anti-CD19-
liposomes showed in vitro a greater binding, a more efficient 
internalization and an equivalent cytotoxicity on B cells 
compared to anti-CD20-liposomes.60 

 The encapsulation of other classes of drugs into CD-
19 liposomial formulationa has been reported like the penta 
peptide mimic C61 (1,4-bis (9-O-dihydroquinidinyl) 
phthalazine/ hydroquinidine 1,4-phathalazinediyl diether) 
that was identified as a potent inhibitor of the cytoplasmic 
protein SYK (spleen tyrosine kinase): an important regulator 
of B cell apoptosis (Table 2). 

Myers et al. demonstrated that a liposomal 
nanoparticle formulation entrapping C61 and decorated with 
anti-CD19 caused in vitro the apoptosis of pre-B ALL cells, 

twice more than the non-decorated liposomes. 61 
Immunocompromised NOD/SCID mice were xenografted 
with pre-B ALL cells, and injected with C61-liposome 
decorated with anti-CD19. 
In those mice, tumor cells viability decreased and mice did 
not develop leukemic splenomegaly, showing a better 
theƌapeutiĐ effiĐieŶĐǇ thaŶ iƌƌadiatioŶ ǁith ϮGǇ γ-rays. In 
addition, the combination of C61 loaded anti-CD19-liposomal 
nanoparticles, with exposure to low dose of radiations, 
caused the abrogation of B leukemia in engrafted mice 61.  

In another study, Yu et al. also proposed a dual ligand 
conjugation on immunoliposomes.62 They first evaluated the 
level of expression of CD19, CD20 and CD37 antigens in 
several B cell lines and primary B-CLL cells and found 
comparable results for CD19 and CD37. They also calculated 
the internalization rate of the three antibodies in lymphoma 
cells (Raji cells) and confirmed the choice of anti-CD37 as the 
primary ligand for specific targeting of B cells. Then they 
measured by microarray assay, the binding efficiency of 
single or mixtures of anti-CD19, anti-CD20 and anti-CD37 B-
CLL cells isolated from patients. At this point, the greater 
binding efficiency occurred with dual combinations of anti-
CD19 and anti-CD20 with anti-CD37 antibody. 

 
 

NP type Composition Targeting agent 
Size 

(nm) 
Application Reference 

Liposome PEG-DSPE anti-CD19 
100-
120 

doxorubicin carrier 
140-160 µg/µmol of 

phospholipid 

Lopes de Menezes et 

al., 1998 

Liposome 
HSPC/Chol/ 
mPEG-DSPE 

anti-CD19 90-110 doxorubicin carrier Sapra and Allen, 2004 

Liposome 
SM/Chol/ 
mPEG-DSPE 

anti-CD19 
110-
130 

vincristin carrier Sapra and Allen, 2004 

Liposome mPEG
2000

-DSPE 
anti-CD19 
hd37-cch fragment 

80-120 doxorubicin carrier Cheng and Allen, 2008 

Liposome 
EggPC/Chol/ 
PEG

2000
-DSPE 

anti-CD19 + anti-CD37 / 
anti-CD19 + anti-CD20 + 
anti-CD37 

100 FTY720 carrier Yu et al.,2013 

Liposome DSPE-PEG
3400

-NHS mouse anti-CD19 ~135 
C61 carrier 
9,4 mg/mL 

Myers et al., 2014 

Polymer 
NP 

PEG-PLGA 
anti-CD19 / 
anti-CD19 + anti-CD20 

~300 
hydroxychloroquine carrier 
165 µg/mg of polymer 

Mansilla et al., 2010 

Polymer 
NP 

EG
113

CL
152

TSU
25

 anti-CD19 ~ 60 
doxorubicin carrier 
72,1+/-6,4 µg/mg of polymer 

Krishnan et al., 2015 

Inorganic Au@PEG human anti-CD19 60-80 
SERS cell imaging 
MGITC = Raman tag 

Nguyen et al., 2010 

Inorganic Ag@SiO
2
 anti-CD19 

100-
140 

Fluorescence cell imaging Dong et al., 2014 

Inorganic 
Iron 
oxide@dextran 

pep-MHC-Ig dimer 
or anti-TCR-specific 
with anti-human CD19 

~50 
Targeting 

Redirect T cells against tumor 

cells 

Schütz et al., 2016 

Table 2: Nanoparticles (NP) grafted with anti-CD19 antibody and their applications. Abbreviation: Ag Silver; Au: Gold; Chol: Choline; DOTAP: 

1,2-dioleoyl-3-trimethylammoniumpropane; DOPE: dioleoylphosphatidylethanolamine; DSPE: Distearoylphosphatidylethanolamine; EggPC: 

Egg yolk phosphatidylcholine; HD37-CCH: Hybridomas HD37-c-myc-Cys-His5 scFv; HSPC: hydrogenated soy phosphatidylcholine; LNP: 

liposomal nanoparticle ; MHC-Ig: Major Histocompatibility Complex-Immunoglobulin; NHS: N-hydroxysuccinimide; PEG: Polyethylene 

glycol; PLGA: poly(lactic-co-glycolic acid); SERS: Surface Enhanced Raman Scattering; SiO2: Silicon dioxide ; SYK: Spleen Tyrosine Kinase; TCR: 

T cell receptor 
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The authors also optimized the antibodies ratio for the 
synthesis of immunoliposomes to increase the cellular 
uptake and take advantage of this synergetic effect. They 
chose a sphingosine analogue (FTY20) to determine the 
efficacy of payload mediated apoptosis induction and 
showed once again the better efficiency of double 
conjugated formulations. All multifunctional 
immunoliposomes exhibit higher selectivity as well as greater 
binding affinity ensuring enhanced apoptosis induction of 
different B-CLL cells.63 The combination of several specific 
antibodies is also a promising strategy to overcome the 
variability in the expression of target antigens among 
patients. 
In this context, hydroxychloroquine, an anti-malaria and anti-
rheumatic drug has also been encapsulated in order to 
overcome pharmacokinetic obstacles and to deliver a larger 
amount of this apoptotic drug into B-CLL cells from patients. 
Mansilla et al. encapsulated hydroxychloroquine in 
commercial PEG-PLGA nanoparticles mono-functionalized by 
anti-CD19 antibody or bi-functionalized with anti-CD19 and 
anti-CD20 antibodies. 64 The authors measured a maximum 
apoptosis of B-CLL cells compared to normal B lymphocytes 
from healthy volunteers. At low concentrations the induction 
of apoptosis is respectively enhanced by a factor 4 and 5 in 
the case of mono and bi-functionalized nanoparticles in B-
CLL cells compared to normal B lymphocytes. The authors 
showed a significant induction of apoptosis with mono- or bi- 
functionalized nanoparticles compared to non-functionalized 
nanoparticles and compared to non-drug loaded 
nanoparticles. 
 

3.3.2 Gene therapy 

Nanoparticles are excellent carriers to achieve gene delivery 
due to their loading capacity and properties facilitating 
cellular uptake. A variety of nucleic acids designed for 
different therapeutic strategies have been used in gene 
therapy: plasmid DNA, messenger RNA (mRNA), small 
interfering RNA (siRNA), microRNA (miRNA), and DNAzymes 
which can cleave mRNA molecules.65

 The siRNA, allowing 
downregulation of gene expression, are described as a new 
class of therapeutic agents which can be an alternative when 
drugs are inefficient. The siRNA is a short RNA of 20 to 25 
nucleotide-long with a perfect complementarity to a target 
RNA which leads to its cleavage and degradation. Due to the 
enzymatic degradation of siRNA, its use in therapy remains 
challenging. Therefore, nanoparticles could protect siRNA 
from degradation and facilitate their cellular uptake.  
To the best of our knowledge, anti-CD19-grafted-
nanoparticles loaded with siRNA or with plasmid DNA have 
not been reported yet However, having shown the role of a 
spliĐe ǀaƌiaŶt of eǆoŶ ϭϮ iŶ CDϮϮ eŶĐodiŶg CDϮϮ∆EϭϮ pƌoteiŶ 
in aggressiveness of infant B-ALL cells, Uckun et al. designed 
a siRNA agaiŶst CDϮϮ∆EϭϮ iŶ a liposoŵal ŶaŶofoƌŵulatioŶ. 
The depletioŶ of CDϮϮ∆EϭϮ ŵRNA aŶd pƌoteiŶ Đaused in 

vitro selective apoptotic cell death. 66 Their perspective was 
to use anti-CD19 on the nanoparticles to target B-precursor 

ALL cells.667 
Furthermore, nanoparticles allow the 

combination of gene materials and drugs to improve the 
anti-cancer effect. A ĐoŵďiŶatioŶ of siRNA agaiŶst CDϮϮ∆EϭϮ 
with a cocktail of four drugs (dexamethasone, pegaspargase, 

adriamycin and vincristine) at a dose conventionally used in 
therapy showed a better efficacy than the drugs alone on the 
reduction in colony count. 66,68 
 

3.3.3 Nanoparticle-based immunotherapy 

An innovative strategy consists in using nanoparticles 
exposing antibodies to stimulate the production of 
lymphocytes or even bridge malignant cells to killer T 
cells (see the graphical abstract). Thus, biocompatible 
iron-dextran paramagnetic particles (50–100 nm in 
diameter) and avidin-coated quantum dot nanocrystals, 
(~30 nm) coated with anti-CD28 (referred to as 
͞aƌtifiĐial aŶtigeŶ pƌeseŶtiŶg Đells͟Ϳ ǁeƌe shoǁŶ to 
activate the proliferation of cytotoxic T lymphocyte and 
enhance tumor rejection in a subcutaneous mouse 
melanoma model.69 Also, Schütz et al. designed new 
nanoparticles termed antigen-specific T cells 
redirectors (ATR). The ATR nanoparticles were 
conjugated to two antibodies: an anti-TCR antibody and 
a human anti-CD19, and were able to provide a physical 
proximity between T cells and tumor cells. ATR were 
able to redirect T cells to kill tumor cells. 70

 In vivo 
assays on mice with of lymphoma cells xenograft 
showed smaller tumors and an improved survival 
compared to control after intratumoral injection of T 

cells and ATR.0 
 

4 CD19-TARGETED CHIMERIC ANTIGEN 

RECEPTOR (CAR) T CELLS IMMUNOTHERAPY 

 

An alternative to nanoparticles for targeting tumor cells is to 
take advantage of other cells. For instance, for years, 
hematological neoplasms have been treated by 
hematopoietic stem cell transplantations. The goal is that 
transplanted allogeneic hematopoietic stem cells kill residual 
malignant cells by a graft-versus-tumor effect. This cell 
therapy approach, used to fight leukemia, lymphoma or 
myeloma, leads to remission or immune control of the 
malignancy; however, some patients relapse. On the other 
hand, many therapeutic approaches tend to modulate the 
immune response to eliminate tumor cells. Immunotherapy 
has marked the past years by generating extraordinary 
advances in clinical applications for cancer treatment. Cell 
immunotherapy harnesses the power of both cell therapy 
and immunotherapy. It has proven tremendous clinical 
progress in the past decade.71 For the purpose of the review, 
we will focus on CD19 antibody-based cell immunotherapies 
that target B cell neoplasms. 
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4.1 IMMUNOTHERAPIES: ANTIBODY-BASED AND 

ADOPTIVE CELLULAR THERAPIES 

4.1.1 The concept of chimeric antigen receptor T cells 

(CAR T): retargeting a cytolytic immune cell by 

genetic-modification to eliminate a tumor cell 

 
T lymphocytes are cells that play a central role in cell-
mediated immunity. Different subsets of T cells achieve 
cytolytic, regulatory or memory roles. Genetically retargeting 
T cells against tumor surface antigens to trigger cytotoxic 
mechanisms against malignant cells is one of the principles of 
adoptive cell therapy. Particularly, the engineering of T cells 
to express a chimeric antigen receptor (CAR) is the most 
common gene-modifying strategy that is being investigated. 
CARs are synthetic receptors that direct the genetically 
engineered T cells against tumor surface antigens, for 
instance CD19 antigen. Adoptive cell therapy using gene-
modified T cells has emerged as an exciting therapeutic 
approach for the treatment of cancer 72,73,74. 

4.1.2 Main biological challenges for an effective 

antibody-based adoptive cellular therapy 

Conceptually, many challenges should be faced to achieve an 
in vivo therapeutic efficiency. The first one is that CAR T cells 
must be able to persist in vivo, and then undergo cellular 
expansion 75. They also must be able to infiltrate tumor 
tissues (in case of solid tumors), then to engage their target 
antigen expressed on tumor cells, and finally, to exert their 
cytolytic, proliferative, and cytokine secretory activities 
within the tumor microenvironment to eliminate malignant 
cells (review in 76). Adoptive T cell therapy with chimeric 
antigen receptor engineered T cells (CAR T cells) has shown 
substantial clinical results against B cell malignancies 72,73,74. 
The fact that CAR T cell therapy approach has proven to be of 
some effectiveness across a range of hematological 
malignancies 77 may be partly explained by the choice of a 
relevant target antigen (for instance CD19) and by the fact 
that those malignancies reside in the natural sites that 
adoptively transferred T cells naturally invade (review in 78). 

4.1.3 The choice of a relevant target antigen: CD19 gene 

therapy 

CD19 is a reliable target antigen for antibody-based therapy 
(review in 14). It is a cell surface protein that is normally 
expressed from early pre-B cells until plasma cell 
differentiation and by many B cell malignancies (review in 79). 
More than half of all CAR-modified T cell studies in 
hematological malignancies have targeted CD19 antigen 
(review in 76). CD19-specific CAR T cells have demonstrated 
potent activity in B cell ALL and lymphomas including CLL and 
non-Hodgkin lymphoma 72,75,80,81,82,83 review in 76).  
 
 

4.1.4 The chimeric antigen receptor (CAR) confers to 

genetically-engineered T cell the ability to persist 

and expand in vivo and to exert cytolytic activity 

4.1.4.1 Design of chimeric antigen receptor 

The chimeric antigen receptor (CAR) is composed by two 
main modules: (i) an extracellular component that recognizes 
a cell surface protein (e.g. CD19) (this extracellular moiety is 

a single-chain variable fragment (scFv) derived from an 
antibody) linked to (ii) an intracellular component consisting 
in T cell signaling domains of the T cell receptor (e.g. CD37) 
including co-stimulatory domains (e.g. CD28, or 4-1BB) 
involved in T cell activation (Figure 5) (review in 76 and 5). The 
extracellular component is responsible for redirecting T cell 
specifically to the human tumor antigen whereas the 
intracellular component sustains T cell activation supporting 
cell expansion and cytokine release resulting in cytolytic 
activity. Intense work is done to optimize each module: the 
extracellular component which acts as the target-binding 
domain of the CAR, the hinge region connecting extracellular 
and intracellular component 84, and the intracellular 
component for an effective T cell proliferation and 
differentiation to mature effector T cells. The successive 
generations of CD19 CAR T differ in the number and origin of 
intracellular co-stimulatory domains (Figure 5) (e.g. 4-1BB or 
CD28) 85 ,72 ,80,4. 

4.1.4.2 Mechanism of action of CAR T cells 

The binding of the anti-CD19 scFV to CD19 antigen of tumor 
cell surface (the resulting complex is named the immune 
synapse) sends a signal through the CAR to the effector T 
cell. This signal results in the activation of the T cell and in 
the release of soluble molecules, perforin, granzyme and 
pro-apoptotic ligands, that kill the tumor cells. Additionally, 
activated T cells secrete proinflammatory cytokines (e.g. 
interferon IFN-γ, aŶd IL-2), amplifying the immune 
response,86,5 and leading to CAR T cells expansion. The range 
of in vivo expansion of CAR-modified T cells has been 
reported between 100- to 10 000- fold.75  
 

4.2 A PERSONALIZED MULTI-STEP PRODUCTION 

PROCESS 

4.2.1 A multi-step manufacturing process 

Because CAR T cells are autologous T cells (i.e. the T cells 
belong to the patient himself) and are genetically modified 
with a viral or non-viral vector to express a CAR, the 
production of CAR T cells is a complex clinical manufacturing 
process which is personalized for each patient. 87,76

 

 

The multi-step production involves: 
- leukapheresis where peripheral blood mononuclear 

cells are collected from patients 
-  lymphocyte separation where CD3 T cells are 

separated from other blood mononuclear cells 
- T cell gene modification where collected T cells are 

transduced with retrovirus or lentivirus for CAR-
encoding gene transfer 4. Alternative non-viral gene 
transfers using the Sleeping Beauty system are in 
development 88 

- in vitro cell stimulation and expansion to obtain the 
required cell number for treatment 

- quality control of CAR T cells prior to infusion 
assessing CAR expression, T cell purity, and sterility. 

The manufacturing process fails in approximately 5–10% 
cases 81,82,72,76. Manufacturing feasibility may be 
improved by enhancing expansion capacity 89 
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       





      
   


        
        

           

         
       
        
         
      


 




        


 
          
     

      
 
     

       
      


speĐifiĐ CAR to the T Đell ƌeĐeptoƌ α ĐoŶstaŶt ; 
        
         
     


      


    
        
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corroborated the notion that host lymphopenia (i.e. a low 
number of lymphocytes in the blood) facilitates expansion of 
adoptively transferred T cells. Whether lymphodepletion 
might further enhance the activity of allogeneic CAR T cells in 
this setting remains unclear 83,91. To date, induction of 
lymphodepletion prior to infusion of CAR T cells continues to 
be often incorporated in clinical trials using CAR T cells. 

4.3.3.3 Clinical challenges: toxicity 

Then, the medical community will have to overcome clinical 
challenges related to CD19-targeted CAR T cells 5,4. Major 
side-effects, particularly cytokine release syndrome, 
neurological toxicities, and B cell aplasia have been reported 
in all clinical trials using CD19-targeted CAR T cells. The 
cytokine release syndrome is a severe inflammatory 
response syndrome that appears within the hours to days 
following CAR T cell infusion. Clinical features include fevers, 
muscle pain, malaise, and, in more severe cases, hypoxia, 
hypotension, and occasionally renal dysfunction and 
coagulopathy. The cytokine release syndrome is 
characterized by elevation of pro-inflammatory cytokines 
(e.g. IL-6) and T cell activation and expansion. Tumor burden 
is positively correlated with the risks of severe cytokine 
release syndrome and neurotoxicity 74,91. The cytokine 
release syndrome can be life-threatening and requires 
intensive supportive care. Mitigating strategies to reduce 
cytokine release syndrome frequency and severity comprise 
anti-IL-6 receptor antibody, steroids, and a protocol-specified 
algorithm to potentially start pre-emptive treatments 
80,93,91,94. Reversible neurologic toxicity has been observed 
after CAR T cell infusion, including delirium, seizure-like 
activity, confusion, word-finding difficulty, or aphasia. CD19-
taƌgeted CAR T Đells theƌapǇ shoǁs ͞oŶ-target, off-tuŵoƌ͟ 
toxicity that generates B cell aplasia 72,75,80. Limiting B cell 
aplasia for CD19-targeted CAR T cells has been successfully 
managed with intravenous immunoglobulin replacement 
therapy 95. Novel approaches to limit B cell aplasia are under 
investigation as the use of antigen-specific inhibitory CAR to 
protect normal B cells (Fedorov et al., 2013). 

4.3.3.4 Clinical challenges: CD19-antigen escape 

Loss of expression of the CD19-target antigen resulting in an 
antigen escape (e.g., CD19-negative relapse) may limit the 
benefit of CD19 CAR T cells therapy 75. Tumor antigen escape 
has emerged as a main challenge for the long-term disease 
control (review in 96,97). Studies are going on to understand 
the mechanism of loss of CD19 expression and overcome this 
difficulty. Braig et al. reported emergence of CD19-relapses 
due to CD19 mRNA splice variants 98. Zah et al. reported the 
design of bispecific CARs that trigger robust cytotoxicity 
against target cells expressing either CD19 or CD20 and 
control both wild-type B cell lymphoma and CD19 mutants 
with equal in vivo efficiency 99. 

4.3.3.5 Other clinical challenges: controlling CAR T cell 

expansion and CAR T cell function 

CAR T cells have limitations associated with the lack of 
control over their activation and expansion in vivo. CAR T 
cells that target the CD19 receptor have been shown to 
proliferate in excess of 100,000-fold in some patients, 
ultimately accounting for over 50% of circulating 

lymphocytes. Poor T cell expansion may be limited by the use 
of defined CD4+/CD8+ CAR T cell subsets. On the contrary, 
approaches to limit expansion and activation are underway. 
Rodgers et al. propose a method to control CAR T cells using 
peptide-engrafted antibody-based molecular switches that 
act as a bridge between the target cell and CAR T cells 100.  

5 PERSPECTIVES/DISCUSSION: HOW 

NANOPARTICLES AND CAR T CELL THERAPY 

COULD BE COMPLEMENTARY?  

 

It is reasonable to conceive that nanoparticles could play a 
significant role for the potentiation of, and the cooperation 
with CAR T cell therapy. Their complementarity (in terms of 
function, distribution and time of administration) can be 
envisioned to fulfill at least three objectives: to track 
malignant and CAR T cells to monitor their biodistribution 
and expansion, to increase tumor accessibility and to 
manage CAR T cell toxicity. 
 

5.1 TO TRACK MALIGNANT AND CAR T CELLS 

Since the proof-of-concept of CAR T cells has been validated, 
current developments include the control of cell expansion 
or avoidance of CD19 escape. Therefore, in order to fully 
benefit from preclinical and clinical studies, there is a need 
for noninvasive tracking of the transfused T cells in patients 
to determine their biodistribution, viability, and 
functionality101. Several strategies may be proposed: either 
ex vivo preloaded nanoparticles on CAR T cells or in vivo 
administration of nanoparticles after CAR T cell infusion- 
nanoparticles serving as imaging or contrast agents. For 
instance, in mouse model, CAR T biodistribution has been 
monitored through radiolabeled-nanoparticles or contrast-
agent-nanoparticles loaded into CAR T cells prior to cell 
infusion 102,103.Intrinsically, hematological malignant cells 
disseminate throughout the body. Detecting locations of 
cancer cells in the body is of particular importance in the 
case of hematologic cancers. In addition, in situ imaging 
alternatives to the invasive sampling of bone marrow are 
desirable for diagnosis and for residual disease follow-up. By 
proposing efficient targeting contrast agents, nanomedicine 
can greatly improve the diagnostic and localization of tumor 
cells (Kobayashi et al., 2005). 
 

5.2 TO IMPROVE TUMOR ACCESSIBILITY  

As mentioned above, one of the major limitations of cellular 
or nano-therapeutics is their poor mobility in the tumor 
microenvironment. Non-conventional strategies start to 
emerge, adding always more complexities to the 
therapeutics. One strategy is to make use of endogenous 
tumor environment stimulus, such as pH, redox, or hypoxia 
to trigger the release of the payload at the site of 
destruction104. Alternatively, nanosystems were designed to 
undergo in situ enzyme degradation reducing them to 
smaller units which can diffuse into the interstitial space. For 
instance, Wong et al. took advantages of extracellular 
metalloproteases to digest 100 nm gelatin particles 
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containing 10nm quantum dots. Indeed, metalloproteases 
are highly expressed at the sites of angiogenesis and at the 
invasive edges of tumors, where they cleave away the 
extracellular matrix opening routes for the tumor cells to 
invade the tissue. They demonstrated that after their 
release, the 10nm quantum dots can deeply penetrate into 
the tumor tissues. A variety of multistage drug delivery 
systems were also designed to promote tumor activated 
carrier-cell interactions, using triggered PEG detachment, 
targeting ligand emergence or charge reversal 104. An 
alternative strategy, inspired by motile and invasive cells, is 
the active enzymatic degradation of the hindering matrix 
generated by protease associated with the therapeutic 
system. Thus, iron oxide nanoparticles coated with 
collagenase were magnetically driven through in vitro 
extracellular matrix, at a rate similar to invasive cells 105. 
Other proteolytic surfaces include bromelain, an enzymatic 
complex belonging to the papain family and extracted from 
pineapple which contains a mixture of 9 proteases with 
distinct pH and enzymatic activities 106. Local heating 
triggered by external sources has also been used to alter the 
tumoral environment and enhance delivery of nanomedicine, 
based on plasmonic nanoparticles such as gold nanoparticles 
107,108. Deeper penetration into tumoral tissues was also 
obtained via intracellular translocation. Thus, undecylenic 
acid conjugated porous silicon nanoparticles were 
internalized into tumor cells and subsequently excreted via 
lysosomal exocytosis, inducing a domino-like infection of 
adjacent cells. This mechanism was used to spread 
encapsulated doxorubicin deeply into both 3D-spheroid and 
in vivo tumor 109. According to cancer type, hematological 
malignant cells originate from the bone marrow (e.g. 
leukemia, myeloma) or lymph node (e.g. lymphoma), and 
infiltrate all tissues including blood stream and solid tissues. 
Although hematological malignancies differ from solid 
tumors, some limitations of the CAR T therapy due to limited 
access to specific accumulation sites may be observed as 
well. Therefore, association of CAR T with tumoral tissue 
disruption can be envisaged to enhance the efficiency of the 
treatment. For instance, in mouse studies, Kennedy et al. 
used T cell as chaperones for gold nanoparticle delivery to 
enhance the efficacy of nanoparticle-based photothermal 
therapies and imaging applications by increasing gold 
nanoparticle tumor accumulation 110. 
 

5.3 TO MANAGE TOXICITIES OF CAR T CELLS 

Major toxicity such as severe cytokine release syndrome is 
intrinsically related to CAR T efficiency, and current 
developments tend to control it. Strategies to allow 
pƌefeƌeŶtial CAR T Đells ƌeŵoǀal iŶĐlude geŶetiĐ ͞safetǇ 
sǁitĐh͟ oƌ dƌug seŶsitiǀitǇ111. In this perspective, 
nanoparticules could be specifically designed to target CAR T 
cell, making possible a selective apoptosis of those cells. Our 
group has recently reported on a vesicular platform, with a 
shell of inorganic nanoparticles named Hybridosomes® 112. 
The large number of nanoparticles forming the shell is a clear 
advantage for imaging applications, since an enhanced 
contrast is observed. Initially designed for MRI, these 
Hybridosomes® can not only be prepared from iron oxide 
superparamagnetic nanoparticles but also from any types 
and combinations of inorganic particles with imaging or 

therapeutic properties. Therefore, they are suitable tools for 
multimodal imaging as well as theranostics. They can be 
prepared with a tunable size, in the range 60-100nm, which 
will drive them to accumulate around the leaky regions of 
tumor vasculature and also encapsulate drugs. Interestingly, 
the Hybridosomes® exhibit outstanding mechanical and 
colloidal stability over long periods of time (~year). It is clear 
that Hybridosomes® and several other nanomedecines can 
address many of the challenging issues of hematological 
cancer diagnosis and therapy. They can be functionalized 
with anti-CD19 to target tumor cells, and encapsulate 
anticancer drugs. Particularly, Hybridosomes® can easily be 
tailored to effect multistage delivery by releasing the 
individual nanoparticles in the tumor microenvironment, or 
functionalized with extracellular-matrix eating proteases to 
find their way through the tumor cells. Most interesting will 
be probably to combine CAR T and nanomedicine. Thus, an 
innovative strategy related to hematological diseases is the 
magnetic sorting of sick cells, after attachment of a magnetic 
particle. In some cases such as malaria, the intrinsic magnetic 
properties of infected cells even allow magnetic sorting of 
unlabeled cells 113. This could be used to lower the tumoral 
load (lymphodepletion) before treatment or alternatively 
remove CAR T after treatment. 

 

LIST OF ABBREVIATIONS 

ALL: acute lymphoblastic leukemia 
Ag: Silver 
Au: Gold 
BCR: B cell receptor  
B-ALL: B cell acute lymphoblastic leukemia 
CAR: chimeric antigen receptor,  
CL: Constant Light chain;  
CH: Constant Heavy chain  
Chol: Choline 
CLL : chronic lymphocytic leukemia  
DOTAP: 1,2-dioleoyl-3-trimethylammoniumpropane 
DOPE: dioleoylphosphatidylethanolamine 
DSPE: Distearoylphosphatidylethanolamine 
EC: European Commission  
EDC:  (1-ethyl-3-(3- dimethyl-aminopropyl)carbodiimide 
hydrochloride  
EggPC: Egg yolk phosphatidylcholine 
EPR: Enhanced Permeation and Retention 
Fab: variable region 
Fc region: constant region  
FDA: US Food-and-Drug-Administration 
IFNγ: interferon gamma 
IL6: interleukin 6 
HD37-CCH: Hybridomas HD37-c-myc-Cys-His5 scFv 
HSPC: hydrogenated soy phosphatidylcholine 
LNP: liposomal nanoparticle  
mAb: monoclonal antibody 
MGITC: Malachite Green Isothiocyanate  
MHC-Ig: Major Histocompatibility Complex-Immunoglobulin 
MPS: mononuclear phagocyte system  
MRI: Magnetic Resonance Imaging 
MRI/CT: magnetic resonance imaging/ computerized 
tomography  
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MRI/PET: magnetic resonance imaging/ positron emission 
tomography 
NHS: N-hydroxysuccinimide 
NP:nanoparticle  
PEG: Polyethylene glycol 
PLGA: poly(lactic-co-glycolic acid) 
PVP: polyvinylpyrrolidone  
QD: quantum dots 
RES: reticuloendothelial system  
SERS: Surface Enhanced Raman Scattering 
SiO2: Silicon dioxide  
siRNA:small interference RNA  
SMCC: N-succinimidyl 4-(N maleimidomethyl)cyclohexane-1-
carboxylate 
SPDP: N-succinimidyl 3-(2-pyridylthio)propionate  
SPECT: single, photon emission computed tomography  
scFv: single-chain variable fragment 
SYK: Spleen Tyrosine Kinase 
TCR: T cell receptor 
TEM: transmission electron microscopy 
UCNPs: up-converting nanoparticles  
VL: Variable Light chain 
VH: Variable Heavy chain 
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3. Les Hybridosomes comme plateforme en nanomedecine 

 

LaàŶaŶoŵedeĐiŶeàestàdeǀeŶueàdepuisàuŶeàdizaiŶeàd͛aŶŶĠeàuŶà ĐhaŵpàŵultidisĐipliŶaiƌeàpouƌà

porter les nanotechnologies vers les domaines de la santé et la médecine. Elle implique un grand 

nombre de disciplines scientifiques incluant la physique, la chimie, la ďiologie,à l͛eŶgiŶeeƌiŶgà età lesà

sciences médicales. Elle fait partie des domaines prometteurs pour les thématiques de santé de 

ŶotƌeàsoĐiĠtĠàpuisƋu͛elleàeŶgloďeàďoŶàŶoŵďƌeàdeàpƌoďlĠŵatiƋuesàĐoŵŵeàleàdiagŶostiĐ,àleàtƌaiteŵeŶtà

ainsi que la question du suivi des patients. De nombreuses questions sont encore à soulever pour 

amener la nanomedecine au-delăà duà tƌaŶsfeƌtà ĐliŶiƋue.à Qu͛ilà s͛agisseà d͛ageŶtsà thĠƌapeutiƋues,à deà

diagnostic en imagerie, diagnostic in vitro ou encore appareil médicaux, les challenges sont 

nombreux pour franchir ces longues et coûteuses étapes précliniques puis cliniques. 

Nous allons discuter dans cette partie de quelques challenges dans lesquels les Hybridosomes 

pouƌƌaieŶtà s͛iŶsĐƌiƌeà età appoƌteƌà desà solutioŶsà eŶà taŶtà Ƌueà platefoƌŵeà ŵultifoŶctionnelle en 

nanomedecine. 

3.1 Imagerie ciblée  
 

LaàfoŶĐtioŶŶalisatioŶàdesàHǇďƌidosoŵesàaàĠtĠàeŶǀisagĠeàaǀeĐàl͛aŶtiĐoƌpsàaŶtiàCD-19, marqueur 

desàĐellulesàduà ligŶageàBàafiŶàdeàĐiďleƌ.àCoŵŵeàŶousà l͛aǀoŶsàǀuàpƌĠĐĠdeŵŵeŶtàdaŶsà l͛aƌtiĐleàϯ,àdeà

très nombreuses stratégies de bioconjuguaison existent et présentent toutes avantages et 

inconvénients. Ainsi deux stratégies ont été envisagées :à ;iͿà foŶĐtioŶalisatioŶàduàPááàpaƌà l͛aŶtiĐoƌpsà

puisà asseŵďlageà desà HǇďƌidosoŵesà aǀeĐà leà Pááà foŶĐtioŶŶalisĠ,à ;iiͿà gƌeffageà deà l͛anticorps sur les 

Hybridosomes. Ces études de couplages ont été poursuivies par P. Martin au cours de son stage 

deuxième année de Master au sein de notre groupe. 

Laà pƌeŵiğƌeà stƌatĠgieà deà laà ŵodifiĐatioŶà duà Pááà Ŷ͛aà pasà peƌŵisà deà ĐoŶĐluƌeà ăà laà

fonctionnalisatioŶà paƌà l͛aŶtiĐoƌpsà aǀeĐà lesà ƌĠaĐtifsà deà ĐouplaĐeà ĐlassiƋueà NH“/EDCà ;ϭ-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide / N-Hydroxysuccinimide). En effet, après avoir purifié le milieu 

réactionnel par dialyse dans un premier temps, puis par colonne échangeuse d͛ioŶs,àlaàdĠteĐtioŶàUVà

desàdiffĠƌeŶtesàfƌaĐtioŶsàŶ͛aàpasàpeƌŵisàdeàŵettƌeàeŶàĠǀideŶĐeàuŶeàŶetteàsĠpaƌatioŶàdesàPááàĐouplĠà

età Pááà ŶoŶà ĐouplĠ.à Deà plus,à Ŷià l͛aŶalǇseà paƌà ĠleĐtƌophoƌğse,à Ŷià paƌà Đhƌoŵatogƌaphieà d͛eǆĐlusioŶà

stérique (SEC) de ces deux fractions Ŷ͛oŶtà peƌŵisà deà ŵettƌeà eŶà ĠǀideŶĐeà uŶeà espğĐeà deà tailleà

attendue supérieur au poids moléculaire du PAA.  
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             



              






LesàpƌeŵieƌsàƌĠsultatsàseŵďleŶtàŵoŶtƌeƌàƋu͛uŶàĐouplageàăàlieu.àDesàaŶalǇsesàeŶàĐǇtoŵĠtƌieà

fluǆ,àăàl͛aideàd͛uŶàaŶtiĐoƌpsàseĐoŶdaiƌeàfluoƌesĐeŶt,àseŵďleŶtàiŶdiƋueƌàl͛effiĐieŶĐeàduàĐouplageàsuƌàlesà



           

fluoƌesĐeŶt.àCepeŶdaŶt,à duƌaŶtà leà Đouplageàdesàpƌoďlğŵesàd͛agƌĠgatioŶàet/ouàdeàdestƌuĐtioŶsàdesà

HǇďƌidosoŵesà oŶtà ĠtĠà ƌeŶĐoŶtƌĠs,à Đeà Ƌuià ƌeŶdà l͛iŶteƌpƌĠtatioŶà età laà ƋuaŶtifiĐatioŶà duà Đouplageà



D͛autƌesàstƌatĠgiesàdeàfoŶĐtioŶŶalisatioŶàsoŶtàeŶǀisagĠesàdaŶsàlaàsuiteàdeàĐeàpƌojet,àdaŶsàleàďutà

d͛aǀoiƌàuŶàŵeilleuƌàĐoŶtƌƀleàdesàĐoŶditioŶsàdeàĐouplage,àŶotaŵŵeŶtàdesàiŶteƌaĐtioŶsàaĐidesà/àaŵiŶesà

seŶs,àl͛utilisatioŶàdeàďƌasàespaĐeuƌsàpouƌƌaità

peƌŵettƌeà d͛aĐĐƌoŠtƌeà l͛effiĐaĐitĠà deà laà ďioĐoŶjuguaisoŶà età deà ĐoŶseƌǀeƌà laà foŶĐtioŶŶalitĠà deà

l͛aŶtiĐoƌps.



 Vers d’autres applications

 
ChaƋueà teĐhŶiƋueàd͛iŵageƌieàpƌĠĐliŶ  

 




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facilement disponible ou encore  d'imager les tissus mous (en IRM) en les positionnant par rapport au 

squelette (CT).  

Les IONP font déjà partie de nombreuses solutions en imagerie multimodale, par exemple 

loƌsƋu͛ellesà soŶtà ĐoŵďiŶĠsà ăà desà oǆǇdesà deà Gdà ;ageŶtsà deà ĐoŶtƌasteà positifsà aǀeĐà desà ƌelaǆiǀitĠsà

longitudinales r1) offrant des agents de contrastes polyvalents r1-r2 en IRM.114 Par exemple, des 

oǆǇdesà deà feƌà oŶtà ĠtĠà ĐoŵďiŶĠsà ăà desà paƌtiĐulesà d͛oƌà pouƌà laà ŵultiŵodalitĠà I‘M-CT,115 à des 

radionucléides pour la multimodalité TEP-IRM (Tomographie par émission de positrons)116 ou encore 

à des agents de contraste en imagerie à ultrasons.117 Ces nanomatériaux hybrides offrent déjà des 

solutioŶsàtƌğsàpƌoŵetteusesàdaŶsàl͛iŵageƌieàŵultiŵodale. 

Les particules à base de lanthanides apparaissent depuis quelques années comme très 

prometteuses également. En effet, les propriétés uniques des lanthanides offrent de nombreuses 

solutions en nanomédecine et les UCNP trouvent déjà de nombreuses applications en imagerie des 

rayons X118, PET/SPECT119, IRM120 et en imagerie multimodale.121 

Les Hybridosomes présentent la possibilité de combiner plusieurs types de nanocristaux et des 

Hybridosomes tri-fonctionnels ont été présentés dans le Chapitre 2. De manière simple, il est 

possiďleà deà ĐoŵďiŶeƌà lesà pƌopƌiĠtĠsà d͛uŶà gƌaŶdà Ŷoŵďƌeà deà ŶaŶopaƌtiĐulesà età lesà possibilités 

d͛iŵageƌieà ŵultiŵodaleà Ŷeà seŵďleŶtà pasà liŵitĠesà paƌà leà pƌoĐĠdĠ.à CeƌtaiŶsà dĠǀeloppeŵeŶtsà

proposent déjà des nanoparticules trimodales Ultrasons/CT/IRM,122, PET/CT/Imagerie proche 

infrarouge,123 SPECT/IRM/ Imagerie optique124. 

3.2.2. Promesses en thérapie 

Lesà pƌopƌiĠtĠsà desà ŶaŶoŵatĠƌiauǆà ăà ďaseà d͛oƌ,à d͛oǆǇdesà ŵagŶĠtiƋues,à deà laŶthaŶidesà

permettent aussi le développement de traitements en cancérologie. Les effets thérapeutiques se 

basent sur les réponses  (en général élévation de la température) des différentes nanoparticules à 

diffĠƌeŶtsà ƌaǇoŶŶeŵeŶts.à Paƌà eǆeŵple,à sousà l͛appliĐatioŶà d͛uŶà Đhaŵpà ŵagŶĠtiƋue,à ĐeƌtaiŶesà

nanoparticules magnétiques peuvent dégager de la chaleur et ainsi induire la mort cellulaire. Cette 

technique nommée hyperthermie a déjà montré des résultats très encourageants sur certains 

modèles de cancers.125,126 

LesàpaƌtiĐulesàd͛oƌàpƌĠseŶteŶtàdesàpƌopƌiĠtĠsà ƌadioseŶsiďilisaŶtesàetàpeuǀeŶtàellesà aussià ġtƌe 

utilisĠesàeŶà thĠƌapie.à LoƌsƋu͛ellesà soŶtà souŵisesà ăàdesà ƌaǇoŶŶeŵeŶtsàplusàouàŵoiŶsàĠŶeƌgĠtiƋues,à

ellesàsoŶtàĐapaďlesàdeàpƌoduiƌeàdesàespğĐesàoǆǇgĠŶĠesàƌĠaĐtiǀesà;‘O“ͿàĐoŵŵeàl͛oǆǇgğŶeàsiŶguletà1O2 

ou triplet 3O2. 
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Ces espèces sont responsables de dommages iŶtƌaĐellulaiƌesàetàpeuǀeŶtàiŶduiƌeàl͛apoptoseàĐellulaiƌeà

et la nécrose. On parle dans ce cas de thérapie photodynamique (PDT).127 GƌaĐeàăàd͛autƌesàstiŵulisà

lumineux, des développements sont aussi prometteurs en thérapie photothermale (PTT)128 comme 

pouƌà lesà paƌtiĐulesàŵagŶĠtiƋues.à L͛hǇpeƌtheƌŵieà peutà ĠgaleŵeŶtà ġtƌeà eŶgeŶdƌĠeà paƌà desà stiŵulisà

ultrasons ou micro-ondes.129  Les UCNP présentent aussi ces caractéristiques et concentrent tout 

autant de développements depuis quelques années. 121,130 

DaŶsàĐeàĐoŶteǆte,àlesàHǇďƌidosoŵesàpouƌƌaieŶtàaussiàappoƌteƌàdeàŶouǀellesàsolutioŶsàetàl͛Ġtudeà

deà leuƌà ƌĠpoŶseà ăà diffĠƌeŶtsà stiŵulià ŵĠƌiteà d͛ġtƌeà eǆploƌĠe.à áiŶsià leuƌà ƌĠpoŶseà ăà uŶà Đhaŵpà

magnétique, à une source lumineuse, à une source micro-onde ou à une source ultrasons pourrait 

produire des effets thermiques, générer des espèces réactives (ROS), ou encore génération de 

photoŶsà γà ăà paƌtiƌà desà laŶthaŶides.à EŶĐoƌeà uŶeà fois,à l͛uŶiǀeƌsalitĠà duà pƌoĐĠdĠà d͛asseŵblage ne 

semble pas limiter les possibilités offertes par la multiplicité des nanoparticules utilisables. 

3.2.3. Un long chemin vers des applications cliniques 

Plusieurs « nanomédicaments » existent depuis des années et sont commercialement 

proposées. Ainsi, on retrouve les liposomes et les micelles de polymères comme principaux vecteurs 

deàpƌiŶĐipesàaĐtifsàĐoŶtƌeàleàĐaŶĐeƌàetàƋuiàfoŶtàleuƌsàpƌeuǀesàdepuisàdesàdizaiŶesàd͛aŶŶĠesàdĠjă.131 Les 

liposomes sont aussi utilisés pour des applications antibiotiques et antifongiques grâce aux 

pƌopƌiĠtĠsàdeàl͛aŵphoteƌiĐiŶeàBàpaƌàeǆeŵple.132 Il existe également sur le marché des principes actifs 

couplés à des protéines comme le très connu placlitaxel133 sont également utilisés dans le traitement 

des cancers du sein, du foie et du pancréas.  

ConĐeƌŶaŶtà lesàŶaŶopaƌtiĐulesà iŶoƌgaŶiƋues,àauĐuŶeàsolutioŶàĐliŶiƋueàeŶàthĠƌapieàŶ͛aàeŶĐoƌeà

ǀuàleàjouƌàetàoďteŶuàl͛appƌoďatioŶàdeàlaàFDáàsǇŶoŶǇŵeàdeàgƌaalàetàdeàŵiseàsuƌàleàŵaƌĐhĠ.à“eulàdeuǆà

cas se sont hissés aux stades de tests cliniques en phase II et III. Ilà s͛agità d͛uŶà faĐteuƌà deà ŶĠĐƌoseà

tuŵoƌaleàTNFαàĐouplĠàăàuŶeàpaƌtiĐuleàd͛oƌàdeàϯϬàŶŵàĐoŶŶueàsousàleàŶoŵàdeàáuƌiŵuŶeà;CYT-6091) et 

commercialisé par Cytimmune.134 Le second, développé par Nanobiotix, repose sur un oxide 

d͛HafŶiuŵàetàpouƌsuitàaĐtuelleŵeŶtàdesà testsà ĐliŶiƋuesàeŶàphaseà IIIàeŶà ƌadiothĠƌapie.àPlusieuƌsàĐasà

d͛oǆǇdesà deà feƌàoŶtà ĐepeŶdaŶtà ĠtĠà appƌouǀĠsà auà seiŶà deà l͛uŶioŶà euƌopĠeŶŶeàeŶà taŶtà Ƌu͛ageŶtà deà

ĐoŶtƌasteàetàĐeƌtaiŶsàsoŶtàeŶĐoƌeàeŶàĐouƌsàd͛ĠǀaluatioŶàĐliŶiƋueàpouƌàl͛appƌoďatioŶàdeàlaàpaƌtàdeàlaà

FDá.à C͛està leà Đasà duà “ieŶŶa+®à ĐoŵŵeƌĐialisĠà eŶà Euƌopeà paƌà EŶdoŵagà età deà áďdoscan approuvé 

seuleŵeŶtàeŶà“uğdeàdepuisàϭϵϵϯàŵaisàƋuiàŶ͛estàpasàpaƌǀeŶuàăàs͛ĠteŶdƌeàsuƌàleàgloďe.à 
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Le principal bénéfice clinique attendu des nanomédicaments est la combinaison des atouts des 

particules en imagerie, en thérapie mais surtout en multithérapie. Cependant, les développements 

cliniques de nouveaux principes actifs sont toujours très coûteux et longs ce qui fait tendre vers 

l͛utilisatioŶà deà ŵolĠĐulesà dĠjăà appƌouǀĠesà pouƌà eŶà aŵĠlioƌeƌà lesà ďĠŶĠfiĐesà ĐliŶiƋues.à Leuƌà

nanoformulation peut améliorer leur délivrance, leur efficacité ou encore diminuer leur toxicité. 

Dans le but de maximiser ces bénéfices, les développements en théranostic pourraient tendre de 

plus en plus vers la multithérapie. Cet idéal peut être envisagé soit en combinant plusieurs agents de 

ciblages pour différents cancers, soit en utilisant plusieurs principes actifs (anticancéreux, 

aŶtifoŶgiƋues,àetĐͿàŵaisàaussiàeŶàĐoŵďiŶaŶtàplusieuƌsàŵodalitĠsàd͛iŵageƌies. 

4. Conclusion 

Nous avons discuté dans ce chapitre des potentialités de Hybridosomes en nanomédecine. 

Plusieurs points semblent encourageants dans le développement des Hybridosomes en tant que 

nanoplateforme pour le théranostic : 

 Possibilité de combiner tout type de nanocristaux hydrophobes : imagerie, thérapie, 

diagnostique 

 Capsules de taille ajustable 50 – ϱϬϬàŶŵàetàsphğƌesàdeàtailleàdeàl͛oƌdƌeàduàŵiĐƌoŶ. 

 Encapsulation de molécules hydrophobes 

 Fonctionnalisation de surface par une ou plusieurs entités (biomolécules pour ciblage, 

radionucléides, etc) 

Cependant nous avons évoqué les diffiĐultĠsàliĠesàauǆàgƌaŶdàŶoŵďƌeàd͛ĠtudesàŶĠĐessaiƌeàeŶà

préalable à une application clinique et qui nécessitent donc des quantités importantes. A ce jour, les 

ĠtudesàpƌĠseŶtĠesàsuƌàlesàHǇďƌidosoŵesàƌesteŶtàăàl͛ĠĐhelleàdeàƋuelƋuesàdizaiŶesàdeàµgàetàdesàefforts 

soŶtàăàŵettƌeàeŶàœuǀƌeàdaŶsàlaàĐoŵpƌĠheŶsioŶàduàpƌoĐĠdĠàafiŶàd͛eŶǀisageƌàuŶeàŵoŶtĠeàeŶàl͛ĠĐhelleà

duàpƌoĐĠdĠàd͛asseŵďlage.àDeàplus,àlaàƋuestioŶàduàƌeŶdeŵeŶtàestàpƌiŵoƌdialeàetàŶ͛aàpasàĠtĠàaďoƌdĠeà

dans cette thèse. La synthèse des nanoparticules, les étapesàd͛asseŵďlageàetàd͛eŶĐapsulatioŶ,àlesà

étapes de couplage de biomolécules ou radiosensibilisants, ainsi que toutes les étapes de lavages et 

de stérilisation des objets finaux sont autant de points à adresser promettant encore de nombreuses 

perspectives de recherche et développement.  
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 Chapitre V
 

 Vers l’e laboration de nouveaux nanomate riaux a  base de clusters octae driques de molybde ne.  
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

 


1»àpeƌŵetteŶtàl͛oďteŶtioŶà



Đasàd͛asseŵďlagesàouàlesàpaƌtiĐulesàsoŶtàdeàtailleàŶaŶoŵĠtƌiƋue,àŵiĐƌoŵĠtƌiƋueàŵaisàƋu͛ilàestàaussià

possiďleàdaŶsàĐesàstƌatĠgiesàd͛asseŵďleƌàdesàeŶtitĠsàdeàtaill

iĐiàăàlaàfaŵilleàdesàĐlusteƌsàatoŵiƋues.àIlàs͛agitàd͛uŶàeŶseŵďleàd͛atoŵesàouàdeàŵolĠĐulesàƋuiàoŶtàuŶeà



       

               

          



Nousà aǀoŶsà eǆploƌĠà leà ĐoŵpoƌteŵeŶtà deà Đlusteƌsà ŵĠtalliƋuesà auà seiŶà deà l͛iŶteƌfaĐeà

liƋuide/liƋuideàŵiseàeŶàĠǀideŶĐeàpƌĠĐĠdeŵŵeŶt.àCeàpƌojetàestàissuàd͛uŶeàĐollaďoƌatioŶàaǀeĐàl͛ĠƋuipeà

Chiŵieàduà“olideàMatĠƌiauǆàdeàl͛I“C‘,àdoŶtàuŶ
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tƌiaŶgulaiƌe,àtĠtƌaĠdƌiƋueàetàoĐtaĠdƌiƋuesàloƌsƋu͛ilsàĐoŵpoƌteŶtàϮ,àϯ,àϰ,àouàϲàatoŵesàƌespeĐtiǀeŵ
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Figure 43
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INTRODUCTION 

OĐtahedƌalà Moϲà ŶaŶoĐlusteƌsà aƌeà kŶoǁŶà asà ƌoďustà speĐiesà

ǁithàǀaƌiousàpƌopeƌties:àŵagŶetiĐ,àeleĐtƌoŶiĐàaŶdàluŵiŶesĐeŶtà

ǁhiĐhà ĐoŶfeƌà theŵà attƌaĐtiǀitǇà iŶà theà deǀelopŵeŶtà ofà lightà

eŶeƌgǇà ĐoŶǀeƌsioŶͿ,à optoeleĐtƌoŶiĐ,à lightiŶgà oƌà theƌaŶostiĐà

appliĐatioŶs.à Theà [MoϲL
i
ϴL

a
ϲ]

Ϯ-
à Đlusteƌsà uŶitsà ;ǁheƌeà L

ià isà theà

iŶŶeƌà ligaŶdàaŶdàLaà isà theàapiĐalà ligaŶdͿàĐoŶstitutesà theàďasiĐà

ďuildiŶgàďloĐkàiŶàMoϲàoĐtahedƌalàĐlusteƌàĐheŵistƌǇ.àThaŶksàtoà

theiƌà ǀeƌsatilitǇ,à Moϲà Đlusteƌsà offeƌà pleŶtǇà ofà possiďilitiesà asà

ďuildiŶgà ďloĐkà eŶtitiesà iŶà oƌdeƌà toà ƌeaĐhà ŶaŶoaƌĐhiteĐtoŶiĐsà

ŵateƌialsà foƌà seǀeƌalà appliĐatioŶs.ϭà TheǇà haǀeà ďeeŶà usedà asà

ĐlustoŵesogeŶà eŶtitiesà iŶà theà fieldà ofà liƋuidà ĐƌǇstals.Ϯà Theà

{MoϲXϴ}
ŵ+àĐoƌeàhasàďeeŶàĐoǀaleŶtlǇàfuŶĐtioŶalizedàeitheƌàǁithà

aà ǀaƌietǇà ofà ligaŶdsà suĐhà asà ĐaƌďoǆǇlateà aŶdà phosphiŶeà iŶà

oƌdeƌà toàŵodifǇà aŶdà studǇà theiƌà ďehaǀioƌà asà liƋuidà ĐƌǇstals.ϯà

“uĐhà Ŷeǁà deǀelopŵeŶtsà takeà theà adǀaŶtageà ofà theà ioŶo-

ĐoǀaleŶtà ďehaǀioƌà ofà theà M-Laà ďoŶdà thatà eŶaďleà theà

fuŶĐtioŶalizatioŶà ǁithà oƌgaŶiĐà ŵoietiesà ďǇà ligaŶdà eǆĐhaŶgeà

ǁithoutà aŶǇàŵodifiĐatioŶà ofà theà {MoϲLϴ}
à ŵ+à à Đoƌe.ϰ,ϱà Clusteƌsà

haǀeà alsoà ďeeŶà eŶĐapsulatedà iŶtoà siliĐaà shellà leadiŶgà toà

ŵultifuŶĐtioŶalà Đoƌe@shellà ŵateƌialsà ǁheŶà ĐoŵďiŶedà toà

luŵiŶesĐeŶtà ziŶĐà oǆideà ŶaŶoĐƌǇstals,à plasŵoŶiĐà goldà oƌà

ŵagŶetiĐà iƌoŶà oǆideà ŶaŶopaƌtiĐles.ϲ–ϴà Hoǁeǀeƌ,à theiƌà useà iŶà

theà deǀelopŵeŶtà ofà ŶaŶoaƌĐhiteĐtoŶiĐsà ŵateƌialsà ofteŶà

ƌeƋuiƌesà seǀeƌalà stepsà eitheƌà toà fuŶĐtioŶalizeà theà ďuildiŶgà

ďloĐkà oƌà toà pƌepaƌeà itsà eŶĐapsulatioŶà iŶtoà siliĐaà oƌà polǇŵeƌà

ŵatƌiǆ.ϵà 

MoleĐulaƌàŵolǇďdeŶuŵà Đlusteƌsà aƌeà ofà gƌeatà iŶteƌestà

foƌàtheiƌàĐatalǇtiĐàpeƌfoƌŵaŶĐesàƌegaƌdiŶgàǁateƌàsplittiŶgàaŶdà

hǇdƌogeŶàpƌoduĐtioŶ.à “peĐialà atteŶtioŶàhasàďeeŶàpaidà soà faƌà

toàMoàsulfideàMo“ǆàďeĐauseàofàitsàhighàstaďilitǇàaŶdàeǆĐelleŶtà

eleĐtƌoĐatalǇtiĐà pƌopeƌties.ϭϬ,à ϭϭàMoƌeà ƌeĐeŶtlǇ,à Ŷeǁà ĐatalǇtiĐà

speĐiesà suĐhà asà Moà oǆidesà MoOǆ
ϭϮ,à aŶdà Moà Ŷitƌidesà MoNǆ,à

gaiŶedà sigŶifiĐaŶtà atteŶtioŶ,à asà ità hasà ďeeŶà shoǁŶà thatà theǇà

ĐaŶà eǆhiďità stƌoŶgà ĐatalǇtiĐà pƌopeƌtiesà ƌegaƌdiŶgà HE‘.à Moƌeà

ƌeĐeŶtlǇ,à [MoϲL
i
ϴL

a
ϲ]

Ϯ-
à Đlusteƌsà uŶitsà haǀeà ďeeŶà gƌaftedà oŶà

gƌapheŶeàoǆideàsuƌfaĐeàaŶdàshoǁedà iŶteƌestiŶgà staďilitǇàaŶdà

effiĐieŶĐǇàtoǁaƌdàHǇdƌogeŶàEǀolutioŶà‘eaĐtioŶà;HE‘Ϳ.ϭϯ 

IŶàaàpƌeǀiousàǁoƌkàǁeàhaǀeàiŶtƌoduĐedàaàŶeǁàpƌoĐessà

toà asseŵďleà seǀeƌalà iŶoƌgaŶiĐà ŶaŶoĐƌǇstals.ϭϰà Weà eǀideŶĐedà
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thatà solǀeŶtà dƌopletsà iŶàŵisĐiďleàŵiǆtuƌesà ĐaŶà teŵplateà theà

selfasseŵďlǇà ofà iƌoŶà oǆide,à ƋuaŶtuŵà dotsà oƌà goldà

ŶaŶopaƌtiĐle.à áloŶgà thisà pƌoĐess,à ŶaŶopaƌtiĐlesà ǁithà sizesà

fƌoŵàϱàtoàϭϬàŶŵ,àshoǁŶàpƌopeƌtiesàtoàselfasseŵďleàiŶtoàsoftà

hǇďƌidsà ŶaŶoĐapsules.ϭϱà IŶà theà pƌeseŶtà ǁoƌk,à ǁeà iŶǀestigateà

theàďehaǀioƌàofàMoϲà Đlusteƌsà iŶàŵisĐiďleàŵiǆtuƌeà iŶàoƌdeƌà toà

ƌeaĐhàŶeǁàaƌĐhiteĐtuƌes.

Pƌoof of ĐoŶĐept
WeàhǇpothesizedàthatàŵolǇďdeŶuŵàoĐtahedƌalàĐlusteƌsàuŶitsà

Đouldà alsoà selfasseŵďleà iŶà THF/Wateƌà ŵiǆtuƌesà toà foƌŵà

ǀesiĐulaƌà stƌuĐtuƌesà usiŶgà theà saŵeà pƌoĐess.à Clusteƌsà

dispeƌsedàiŶàTHFàǁeƌeàsiŵplǇàdilutedàǁithàǁateƌ.àTheàsǇsteŵà

isàletàtoàŵatuƌeàfoƌàϮϰhàďefoƌeàeatiŶgàatàϰϬ°CàfoƌàϭϱhàalloǁiŶgà

solǀeŶtàeǀapoƌatioŶ.àTEMàaŶalǇsesàǁeƌeàpeƌfoƌŵedàafteƌàthisà

step.à FolloǁiŶgà thisà pƌoĐeduƌeà theà sǇsteŵà goesà toà theà self

asseŵďlǇàofàŵetalà Đlusteƌs.àWeàoďseƌǀeàeitheƌàŶaŶoĐapsulesà

ǁithà;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]à à ;Figuƌeà1aͿàoƌàŶaŶospheƌesàǁith 

CsϮ[MoϲBƌ
i
ϴBƌ

a
ϲ] àà;Figuƌeà1ďͿ.àOtheƌàáϮ[MoϲL

i
ϴL

a
ϲ]àĐoŵpouŶdsà

ǁeƌeàeŶgagedàiŶàtheàpƌoĐessàaŶdàsiŵilaƌàspheƌiĐalàstƌuĐtuƌesà

ǁeƌeà oďseƌǀedà foƌà ;NHϰͿϮ[MoϲBƌ
i
ϴF

a
ϲ]à ;Figuƌeà “ϭaϭà aŶdà aϮͿà

aŶdà ;NHϰͿϮ[MoϲBƌ
i
ϴBƌ

a
ϲ]à ;Figuƌeà “ϭĐϭàaŶdà ĐϮͿ.àHoǁeǀeƌ,à suĐhà

oďseƌǀatioŶsà ǁeƌeà ŵadeà atà aŶà eaƌlǇà stageà ofà theà pƌoĐess,à

duƌiŶgà theà ŵatuƌatioŶà tiŵe,à pƌeĐiselǇà afteƌà Ϯhà aŶdà ϭϬhà

ƌespeĐtiǀelǇ.à Figuƌeà “ϭďà aŶdà dà shoǁsà thatà ĐƌǇstalsà aƌeà alsoà

pƌeseŶtà iŶà theà saŵples.à Ità alsoà adǀoĐatesà diffeƌeŶtà kiŶetiĐsà

ƌeaĐtioŶsà eitheƌà iŶà theà selfasseŵďliŶgà aŶdà theà eǀeŶtualà

ĐƌǇstallizatioŶà pheŶoŵeŶoŶà aŶdà ĐoŶfiƌŵsà thatà diffeƌeŶtà

pheŶoŵeŶoŶà oĐĐuƌsà ǁhiĐhà ƌeŶdeƌà theà ŵoŶitoƌiŶgà

ĐoŵpliĐated.à Weà alsoà peƌfoƌŵedà otheƌsà eǆpeƌiŵeŶtsà

ĐhaŶgiŶgàseǀeƌalàĐoŶditioŶsàofàtheàpƌoĐessàsuĐhàasàŵatuƌatioŶà

aŶdàheatiŶgàtiŵes,àteŵpeƌatuƌeàofàheatiŶgàaŶdàĐoŶditioŶsàofà

pƌessuƌeàďǇàopeŶiŶgàoƌàĐlosiŶgàtheàƌeaĐtoƌàduƌiŶgàtheàheatiŶgà

step.à Theà TEMà oďseƌǀatioŶsà aƌeà pƌeseŶtedà Figuƌeà “ϱà aŶdà

Figuƌeà“ϲ.àWeàǁillàtƌǇàtoàpƌoposeàaàgƌoǁthàŵeĐhaŶisŵàďasedà

oŶàtheseàstudiesàlateƌàoŶ.à



Figuƌe ϭ: TEM ŵiĐƌogƌaph of ŶaŶoasseŵďlies oďtaiŶed afteƌ 

Ϯϰ h ŵatuƌatioŶ at RT aŶd ϭϱh at ϰϬ °C fƌoŵ ;aͿ 

;NHϰͿϮ[MoϲBƌi
ϴ;NC“Ϳa

ϲ] aŶd ;ďͿ CsϮ[MoϲBƌi
ϴBƌa

ϲ].



IŶà thisà ĐoŶteǆt,à iŶàoƌdeƌà toà siŵplifǇà theàŵoŶitoƌiŶgàofà

selfasseŵďliŶg,à ǁeà deĐidedà toà heatà upà theà suspeŶsioŶsà atà

ϰϬ°CàŵaiŶtaiŶiŶgà theà ƌeaĐtoƌàĐlosed,à ƌightàafteƌà theàadditioŶà

ofà ǁateƌ.à Fƌoŵà thisà ƌeaĐtioŶà tiŵe,à Ŷotedà TϬ,à ǁeà peƌfoƌŵedà

DL“àŵeasuƌeŵeŶtsà;Figuƌeà2ͿàfoƌàupàtoàϱϬhà;Figuƌeà3aͿ.

DL“àŵeasuƌeŵeŶtsàatàTϬà ;Figuƌeà2ͿàeǀideŶĐeàďothàtheà

[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]

ϮàĐlusteƌàuŶitàaŶdàdƌopletsàiŶàtheàsuspeŶsioŶ.à

Hoǁeǀeƌ,àiŵpoƌtaŶtàsĐatteƌiŶgàĐoŶtƌastàǁithiŶàtheàsuspeŶsioŶà

ďetǁeeŶà Đlusteƌsà aŶdà dƌopletsà ŵakesà DL“à oďseƌǀatioŶsà

diffiĐultà toà pƌoĐessà aloŶgà theà selfasseŵďlǇ.à DL“à

ŵeasuƌeŵeŶtsà eǀideŶĐeà aŶà iŶĐƌeaseà ofà theà )aǀeƌageà fƌoŵà ϭϱϬà

ŶŵàatàTϬàupàtoàaàplateauàatàϮϳϱàŶŵàƌeaĐhedàafteƌàTϬ+ϭϴh.àBasedà

oŶà ouƌà pƌeǀiousà ǁoƌkà aŶdà DL“à ŵeasuƌeŵeŶtsà iŶà Figuƌeà2,à

)aǀeƌageà ǀalueà ofà ϭϱϬà Ŷŵà Đouldà ĐoƌƌespoŶdà toà dƌopletsà

stƌuĐtuƌesàiŶàTHF/Wateƌàŵiǆtuƌe.
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Figuƌe Ϯ: DL“ ŵeasuƌeŵeŶts of ;NHϰͿϮ[MoϲBƌi
ϴ;NC“Ϳa

ϲ] iŶ 

THF/Wateƌ ŵiǆtuƌe at TϬ.

DuƌiŶgà theà pƌoĐessà ǁeà peƌfoƌŵedà TEMà aŶalǇsisà ofà theà

suspeŶsioŶsà atà TϬà ;Figuƌeà3ďͿ,à TϬ+ϭϬhà ;Figuƌeà3ĐͿà aŶdà TϬ+ϯϬhà

;Figuƌeà3dͿ.à átà theà eaƌlǇà stageà ofà theà pƌoĐessà TϬ,à TEMà

ŵiĐƌogƌaphsà shoǁà Ŷuŵeƌousà ǀesiĐulaƌà stƌuĐtuƌesà ofà aƌouŶdà

ϭϬϬàŶŵà;Figuƌeà3ďͿ.àOďseƌǀatioŶsàalsoàshoǁsàaggƌegatesàǁithà

aà sizeàofà aƌouŶdàϮϱàŶŵ,à aggloŵeƌatedàoŶàTEMàgƌidsà ;Figuƌeà

“ϮaͿ.





átà aà lateƌà stageà TϬ+ϭϬh,à ǁeà ĐoŶtiŶueà toà oďseƌǀeà ďothà

kiŶdsàofàstƌuĐtuƌesà;Figuƌeà3ĐàĐeŶteƌͿ:àtheàFiguƌeà3Đàleftàzooŵà

shoǁsà daƌkà ƌoughà aggƌegatesàǁithà sizesà ďetǁeeŶà ϲϬϭϬϬŶŵà

aŶdàFiguƌeàϰĐàƌightàzooŵàshoǁsàǀesiĐulaƌàstƌuĐtuƌesàVesiĐulaƌà

stƌuĐtuƌesàappeaƌedàdeflatedà thiŶàŶaŶoĐapsulesàasà shoǁŶà iŶà

theàƌightà iŶset.àáfteƌàϯϬàh,àǁeàĐleaƌlǇàeǀideŶĐeàŶaŶoĐapsulesà

ǁithàaàdiaŵeteƌàofàaƌouŶdàϮϱϬàŶŵàaŶdàaàthiĐkŶessàofàϰϬàŶŵà

;Figuƌeà3dͿ.à áltogetheƌà theseà ƌesultsà suggestà thatà tǁoà

populatioŶsàofàstƌuĐtuƌesàaƌeàgƌoǁiŶgàsiŵultaŶeouslǇàǁhiĐhàisà

suppoƌtedà ďǇà oďseƌǀatioŶsà atà TϬ+ϭϬh,à ofà iŶteƌŵediatesà

ŶaŶoĐapsulesàďetǁeeŶàaggƌegatesàaŶdàĐapsulesà;Figuƌeà“ϮďͿ.







Figuƌe ϯ: Gƌoǁth ŵoŶitoƌiŶg of ŶaŶoĐapsules oďtaiŶed fƌoŵ ;NHϰͿϮMoϲBƌi

ϴNC“a
ϲ at ϰϬ°C. ;aͿ MoŶitoƌiŶg of )aǀeƌage of the 

suspeŶsioŶ oďtaiŶed ďǇ DL“ iŶ fuŶĐtioŶ of tiŵe aŶd TEM ŵiĐƌogƌaphs of the suspeŶsioŶ at ;ďͿ TϬ, ;ĐͿ TϬ+ϭϬh aŶd ;dͿ TϬ+ϯϬh. 



“ϮaͿ.
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Figuƌe ϰ: High ƌesolutioŶ TEM aŶd ĐheŵiĐal ŵappiŶg of NaŶospheƌes aŶd NaŶoĐapsules. ;a, ď, ĐͿ High ƌesolutioŶ TEM 

ŵiĐƌogƌaphs of ŶaŶospheƌes, ;dͿ DiffƌaĐtioŶ patteƌŶ of ŶaŶospheƌes, ;eͿ “TEMED“ eleŵeŶtal ŵappiŶg of ŶaŶospheƌes, 

;f, g, hͿ High ƌesolutioŶ TEM ŵiĐƌogƌaphs of ŶaŶoĐapsules, ;iͿ DiffƌaĐtioŶ patteƌŶ of ŶaŶoĐapsules, ;jͿ “TEMED“ 

eleŵeŶtal ŵappiŶg of ŶaŶoĐapsules

Theà oďseƌǀatioŶà ofà ŶaŶoĐapsulesà seeŵsà toà ĐoŶfiƌŵà theà

iŶteƌfaĐialà selfasseŵďlǇà ofà [MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]

Ϯà Đlusteƌà uŶità asà

suggestedà iŶà ouƌà pƌeǀiousà ǁoƌkà ǁithà ŶaŶopaƌtiĐles.à Fƌoŵà

theseàoďseƌǀatioŶsàǁeàsuggestedàtheàfolloǁiŶgàŵeĐhaŶisŵàiŶà

theà Đaseà ofà [MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]

Ϯà uŶit:à átà theà eaƌlǇà stageà ;TϬͿ,à

ĐlusteƌàuŶità selfasseŵďleà iŶtoà spheƌiĐalà stƌuĐtuƌes,à pƌoďaďlǇà

atà aŶà iŶteƌfaĐe,à asà suggestedà ďǇà Ŷuŵeƌousà ŶaŶoĐapsulesà

oďseƌǀedàFiguƌeà3Đ.àátà theàsaŵeàtiŵeà;TϬͿ,à theàĐlusteƌsàuŶitsà

alsoàaggƌegateàiŶtoàsŵallàaggƌegatesàthatàaggloŵeƌateàoŶàtheà

TEMàgƌidàupoŶàdƌǇiŶgàasà shoǁsàFiguƌeà “Ϯa.àOǀeƌà tiŵe,àďothà

stƌuĐtuƌesà ŵatuƌe.à OŶà theà oŶeà haŶd,à iŶteƌfaĐialà asseŵďliŶgà

ĐoŶtiŶuesà leadiŶgà toà theà thiĐkeƌiŶgà ofà theà ŶaŶoĐapsulesà

;Figuƌeà3ĐàƌightàzooŵͿà;TϬ+ϭϬhͿ.àOŶàtheàotheƌàhaŶd,àtheàĐlusteƌà

uŶitsà aggƌegatesà ǁhiĐhà aƌeà oďseƌǀedà atà theà eaƌlǇà stageà TϬà

;Figuƌeà “ϮaͿà ĐoŶtiŶuesà toà feedà theà gƌoǁthà ofà ƌaspďeƌƌiesà

aggƌegatesà;Figuƌeà3ĐàaŶdàFiguƌeà“ϮaͿà;TϬ+ϭϬhͿ.à
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
Figuƌe ϱ: AƋua/HǇdƌoǆo CƌǇstal ChaƌaĐteƌizatioŶ. ;aͿ OptiĐal MiĐƌosĐopǇ of ;HϯOͿϮ[MoϲBƌi

ϴ;OHͿa
ϲ].ϭϬHϮO, ;ďͿ PƌojeĐtioŶ 

oďtaiŶed fƌoŵ RX stƌuĐtuƌe, ;ĐͿ RaŵaŶ “peĐtƌa of ;HϯOͿϮ[MoϲBƌi
ϴ;OHͿa

ϲ].ϭϬHϮO.



FiŶallǇ,àoďseƌǀatioŶsàŵadeàafteƌàTϬ+ϭϬhàoŶlǇàshoǁàsoŵeàlaƌgeƌà

ŶaŶoĐapsulesà Figuƌeà 3dà  ;TϬ+ϯϬhͿ.à   Clusteƌà    ƌaspďeƌƌiesà

aggƌegatesà oďseƌǀedà atà theà eaƌlǇà stagesà disappeaƌ,à pƌoďaďlǇà

atà theà adǀaŶtageà ofà ŶaŶoĐapsules.à Thisà ŵightà ďeà dueà toà

Ostǁaldà ƌipeŶiŶg.à Thisà isà suppoƌtedà ďǇà seǀeƌalà otheƌà

oďseƌǀatioŶsà atà TϬ+Ϯϰh,à TϬ+ϯϰh,à TϬ+ϰϳhà ;Figuƌeà “ϮĐeͿ.à DL“à

ŵeasuƌeŵeŶtsà iŶà fuŶĐtioŶà ofà tiŵeà ĐoŶfiƌŵà theà gƌoǁthà

pheŶoŵeŶoŶà;Figuƌeà3aͿ.à

Highà ƌesolutioŶà TEMà ;H‘TEMͿà aŶalǇsisà ǁeƌeà

speĐifiĐallǇà peƌfoƌŵedà oŶà theà tǇpiĐalà ŶaŶospheƌesà aŶdà

ŶaŶoĐapsulesà pƌeseŶtedà oďtaiŶedà fƌoŵà

;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]à aŶdà CsϮ[MoϲBƌ

i
ϴBƌ

a
ϲ]à ƌespeĐtiǀelǇ.à

Figuƌeà ϰaĐà aŶdà fgà iŶdiĐatesà theà aŵoƌphousà ĐoŶstitutioŶà ofà

theàŶaŶospheƌesà;FiguƌeàϰďàaŶàĐͿàaŶdàŶaŶoĐapsulesà;Figuƌeàϰgà

aŶdà hͿ.à Theseà oďseƌǀatioŶsà aƌeà suppoƌtedà ďǇà theà Đoŵpleteà

aďseŶĐeàofàdiffƌaĐtioŶàpatteƌŶàiŶà“áEDàiŵagesàFiguƌeà4dàaŶdài.à

Fƌoŵà“TEMED“àeleŵeŶtàŵappiŶgà Figuƌeà ϰeϭeϰ,àǁeà ĐleaƌlǇà

eǀideŶĐeàthatàMo,àBƌàaŶdàOàaƌeàuŶifoƌŵlǇàdistƌiďutedàǁithiŶà

theà ŶaŶospheƌe.à Theà ĐoloĐalizatioŶà ofàMo,à Bƌà aŶdà Oà isà alsoà

shoǁŶà iŶà theà Đaseà ofà ŶaŶoĐapsulesà Figuƌeà ϰjϭjϰ.à Theƌefoƌe,à

“TEMED“àeleŵeŶtàŵappiŶgàĐoŶfiƌŵàtheàpƌeseŶĐeàofàoǆǇgeŶà

ǁithiŶàŶaŶoasseŵďliesàaŶdàstƌoŶglǇàsuggestsàtheàhǇdƌolǇsisàofà

ŵolǇďdeŶuŵà Đlusteƌ.à Neǀeƌtheless,à theà ED“à ĐheŵiĐalà

ŵappiŶgà doesà Ŷotà suĐĐeedà toà ƋuaŶtifǇà theà oǆǇgeŶà aŵouŶt.à

HeŶĐe,à theàpƌeĐiseà ĐheŵiĐalà ĐoŵpositioŶàofà theà ĐoŵpouŶdsà

foƌŵiŶgà theà spheƌes/Đapsulesà ĐaŶŶotà ďeà deteƌŵiŶedà atà thisà

stage.

Ità isà iŵpoƌtaŶtà toà ŵeŶtioŶà thatà theà staďilitǇà ofà theà

Đlusteƌsà iŶà aƋueousà solutioŶsà isà stillà Ŷotà ĐoŵpletelǇà

uŶdeƌstood.àHoǁeǀeƌ,àtheàsuďstitutioŶàofàapiĐalàligaŶdsà;LaͿàďǇà

hǇdƌoǆǇlà gƌoups,à oƌà ǁateƌà ŵoleĐulesà hasà ďeeŶà ĐoŶfiƌŵed.ϭϲà

Thus,à ŵaŶǇà hǇdƌates,ϭϳà hǇdƌolǇsedà ŵolǇďdeŶuŵϭϴà Đlusteƌsà

aŶdàaƋuahǇdƌoǆoàĐƌǇstalsàhaǀeàďeeŶàƌepoƌted.ϭϯàIŶteƌestiŶglǇ,à

theà ĐƌǇstallizatioŶà pheŶoŵeŶoŶà suggestedà fƌoŵà Figuƌeà “ϭďà

aŶdà dà ledà toà theà gƌoǁthà ofàŵiĐƌosĐopiĐà ĐƌǇstals,à duƌiŶgà theà

selfasseŵďlǇà ofà ;NHϰͿϮ[MoϲBƌ
i
ϴF

a
ϲ],à ;NHϰͿϮ[MoϲBƌ

i
ϴBƌ

a
ϲ]à aŶdà

CsϮ[MoϲBƌ
i
ϴBƌ

a
ϲ]à;FiguƌeàϱaͿ.à


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Theà ĐƌǇstalà stƌuĐtuƌeàǁasà deteƌŵiŶedà ďǇà siŶgleà ĐƌǇstalà XƌaǇà

ŵeasuƌeŵeŶtsà aŶdà ĐoŶfiƌŵsà theà ĐƌǇstallizatioŶà ofà theà ǁellà

defiŶeà aƋuahǇdƌoǆoà Đoŵpleǆà ;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮOà iŶà

‘ϯŵàspaĐeà;Taďleà“ϭͿàasàpƌeǀiouslǇàƌepoƌted.ϭϯà

Thus,àiŶàtheàĐƌǇstalàallàapiĐalàBƌaàligaŶdsàaƌeàsuďstitutedàďǇàOHà

ligaŶdsà foƌŵiŶgà theà [MoϲBƌ
i
ϴ;OHͿ

a
ϲ]

Ϯà uŶits.à Theà Ŷeǁà MoOà

ďoŶdàdistaŶĐesà aƌeà iŶà adeƋuatioŶàǁithàpƌeǀiousàǁoƌkà ;Taďleà

“ϮͿ.ϭϯà Theà ĐƌǇstalliŶeà stƌuĐtuƌeà isà ŵaiŶtaiŶedà ďǇà ǁateƌà ofà

ĐƌǇstallizatioŶ,à thusàĐƌeatiŶgàaàŶetǁoƌkàǁithàhǇdƌoǆǇlà ligaŶdsà

thƌoughà HďoŶdiŶgà asà shoǁŶà iŶà Figuƌeà ϱď.à Theà ĐƌǇstalliŶeà

ĐoŵpouŶdà ;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮOà ŵaǇà eǆhiďità

iŶteƌestiŶgà pƌotoŶà ĐoŶduĐtiǀitǇà pƌopeƌtiesà ǁhiĐhà aƌeà uŶdeƌà

iŶǀestigatioŶ

.

ToàďetteƌàuŶdeƌstaŶdàtheàĐheŵiĐalàtƌaŶsfoƌŵatioŶàduƌiŶgàtheà

pƌoĐess,à‘aŵaŶàspeĐtƌosĐopǇàstudiesàǁeƌeàpeƌfoƌŵed.àOŶlǇàaà

feǁà studiesà haǀeà ďeeŶà deǀotedà toà theà ǀiďƌatioŶalà

speĐtƌosĐopǇà iŶǀestigatioŶà ofà áϮ[MoϲL
i
ϴL

a
ϲ]à ĐoŵpouŶds.à

[MoϲL
i
ϴL

a
ϲ]à Đlusteƌsà uŶitsà ďeloŶgà toà theà Ohà poiŶtà gƌoup,à aŶdà

theàseleĐtioŶàƌulesàalloǁàteŶàǀiďƌatioŶàŵodesàiŶà‘aŵaŶ.ϭϵàItàisà

iŵpoƌtaŶtàtoàŶoteàthatàtheàsǇŵŵetƌǇàŵaǇàďeàdegƌadedàďǇàtheà

eŶǀiƌoŶŵeŶtà ofà theà Đoŵpleǆesà iŶà ĐƌǇstalliŶeà oƌà aŵoƌphousà

stƌuĐtuƌesàaŶdàŵoƌeàthaŶàtheàpƌediĐtedàŶuŵďeƌàofàǀiďƌatioŶsà

ŵaǇà ďeà oďseƌǀed.à IŶà ouƌà Đase,à theà eǆpeĐtedà ŵodesà

ĐoƌƌespoŶdà toà ďƌeathiŶgà ŵotioŶsà ofà theàMoϲà Đage,à L
i
ϴà faĐe

ďƌidgiŶgàĐuďeàaŶdàapiĐalàLaϲàligaŶds.àTheàĐoŵpleteàattƌiďutioŶà

foƌà theà Đlusteƌà ĐoŵpouŶdsà CsϮ[MoϲBƌ
i
ϴBƌ

a
ϲ]à aŶdà

;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]àisàpƌeseŶtedàFiguƌeà“ϯ.à











Figuƌe ϲ: RaŵaŶ ĐhaƌaĐteƌizatioŶ of the pƌeĐuƌsoƌs, ŶaŶoĐapsules, ŶaŶospheƌes aŶd aƋuahǇdƌoǆo ĐƌǇstal. ;aͿ RaŵaŶ speĐtƌa of 

CsϮ[MoϲBƌi
ϴBƌa

ϲ] ;ďlue liŶeͿ, ;HϯOͿϮ[MoϲBƌi
ϴ;OHͿa

ϲ].ϭϬHϮO ;ďlaĐk liŶeͿ aŶd ŶaŶospheƌes ;ƌed liŶeͿ, ;ďͿ RaŵaŶ speĐtƌa of 

;NHϰͿϮ[MoϲBƌi
ϴNC“a

ϲ] ;ďlue liŶeͿ, ;HϯOͿϮ[MoϲBƌi
ϴ;OHͿa

ϲ].ϭϬHϮO ;ďlaĐk liŶeͿ aŶd ŶaŶoĐapsules ;ƌed liŶeͿ.






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Theà ŵaiŶà ǀiďƌatioŶà ŵodesà aƌeà oďseƌǀedà foƌà

CsϮ[MoϲBƌ
i
ϴBƌ

a
ϲ]à pƌeĐuƌsoƌà ǁithà ĐhaƌaĐteƌistiĐà ďaŶdsà atà ϭϮϭ,à

ϭϮϵ,àϭϯϮ,àϭϰϱ/ϭϰϵ,àϭϳϰ/ϭϳϴ,àϮϭϬ,àϮϱϲàaŶdàϯϮϮĐŵ-ϭ.àBaŶdsàatà

ϭϮϭàĐŵ-ϭ,àϭϮϵàĐŵ-ϭàaŶdàϯϮϮàĐŵ-ϭàaƌeàattƌiďutedàtoàMoϲàĐage,à

ďaŶdsàatàϭϯϮàĐŵ-ϭ,àϭϳϰ/ϭϳϴàĐŵ-ϭàaŶdàϮϭϬàĐŵ-ϭàaƌeàattƌiďutedà

toàMo-BƌiϴàǀiďƌatioŶs,àaŶdàfiŶallǇàďaŶdsàatàϭϰϱ/ϭϰϵàtoàtheàMo-

Bƌaϲà ďoŶdsà iŶà liŶeà ǁithà pƌeǀiousà ƌesults.
ϭϵà IŶà theà Đaseà ofà

;NHϰͿϮ[MoϲBƌ
i
ϴNC“

a
ϲ]à thƌeeàǀiďƌatioŶàďaŶdsàĐoƌƌespoŶdiŶgàtoà

theà Moϲà Đageà ;ϭϭϴà Đŵ
-ϭ,à ϭϮϰà Đŵ-ϭà aŶd,à ϯϮϯà Đŵ-ϭͿà aŶdà theà

thƌeeà ǀiďƌatioŶsàďaŶdsà foƌàMo-BƌiϴàďoŶdsà ;ϭϯϰà Đŵ
-ϭ
,àϭϳϴ/ϭϴϯà

Đŵ-ϭ
àaŶdàϮϭϬàĐŵ

-ϭͿàaƌeàoďseƌǀed.àHoǁeǀeƌ,à theàďaŶdsàatàϯϬϭà

Đŵ-ϭ
àaŶdàϯϱϯàĐŵ

-ϭàaƌeàattƌiďutedàtoàtǇpiĐalàǀiďƌatioŶsàofàMo-Nà

ďoŶds.20à Theà defoƌŵatioŶà ǀiďƌatioŶà ofà theà C≡Nà ďoŶdà iŶà

isothioĐǇaŶateàgƌoupsàisàƌespoŶsiďleàfoƌàtheàďƌoadàďaŶdàiŶàtheà

ƌaŶgeà ofà ϰϲϬ-ϰϵϬà Đŵ-ϭà aŶdà itsà seĐoŶdà oƌdeƌà atà ϵϱϬà Đŵ-ϭà

;Figuƌeà “ϯďͿ.à áà thiƌdà aƌeaà shoǁsà theà tǇpiĐalà stƌetĐhiŶgà

ǀiďƌatioŶsàofàC-“àǁithàstƌoŶgàŵultipleàďaŶdsàatàϴϮϵàĐŵ-ϭ
,àϴϯϵà

Đŵ-ϭ
,àϴϰϵàĐŵ

-ϭ
.àFiŶallǇ,à theà tǁoàďaŶdsàatàϮϬϱϱàĐŵ

-ϭàaŶdàϮϬϳϭà

Đŵ-ϭà aƌeà tǇpiĐallǇà Đoƌƌelatedà toà theà stƌetĐhiŶgà ǀiďƌatioŶsà ofà

C≡NàďoŶdàiŶàisothioĐǇaŶateàgƌoups.àállàtheseàattƌiďutioŶsàaƌeà

iŶàgoodàagƌeeŵeŶtàǁithàpƌeǀiouslǇàƌepoƌtedàĐhaƌaĐteƌizatioŶà

ofà;Ŷ-BuϰͿϮ[MoϲBƌ
i
ϴNC“

a
ϲ].

ϮϬ 

IŶàoƌdeƌà toà fuƌtheƌà iŶǀestigateàtheàhǇdƌolǇsisàofàapiĐalà

ligaŶds,à ǁeà atteŵptedà theà ‘aŵaŶà studǇà ofà theà ĐƌǇstalà

ĐoŵpouŶdà;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮO,àpƌeseŶtedàFiguƌeàϱĐ.à

IŶà ĐoŵpaƌisoŶà toà theà pƌeĐuƌsoƌ,à ǁeà oďseƌǀeà theà

disappeaƌaŶĐeàofàtheàďaŶdàatàϭϰϵàĐŵ-ϭ,àĐoƌƌespoŶdiŶgàtoàtheà

Mo-BƌaϲàǀiďƌatioŶàǁhiĐhàisàŶotàeǆpeĐtedàaŶǇŵoƌe.àThisàtƌeŶdà

isàĐoƌƌelatedàǁithàtheàeŵeƌgeŶĐeàofàŶeǁàďaŶdsàƌelatedàtoàtheà

ŶeǁàMo-OàďoŶd.àNeǁàďaŶdsà ƌiseàatàϮϮϬ,àϮϴϳ,àϱϭϳ,àϴϴϭàaŶdà

ϵϯϭà Đŵ-ϭ.à Theseà ďaŶdsà Đouldà ďeà attƌiďutedà toà theà Mo-Oà

ǀiďƌatioŶà ďǇà ĐoŵpaƌisoŶà ǁithà pƌeǀiousà studiesà ofà

ŵolǇďdeŶuŵà oǆides,21à polǇoǆoŵolǇďdates.22à IŶà suĐhà

ĐoŵpouŶds,à theàMo-Oà ďoŶdà ǀaleŶĐeà aŶdà oǆidatioŶà stateà ofà

Moà isàŵaŶifoldà aŶdàupà toàϭϱàďaŶdsàǁeƌeàoďseƌǀedà iŶà soŵeà

Đase.21à “ǇŵŵetƌǇà ŵodesà Đouldà alsoà ŵultiplǇà theà possiďleà

‘aŵaŶàďaŶdsàoďseƌǀed,àthusàĐoŵpliĐatiŶgàassigŶŵeŶtsàofàtheà

Mo-Oà ǀiďƌatioŶsà fƌeƋueŶĐies.à Hoǁeǀeƌ,à theàMo-Oà ǀiďƌatioŶsà

hasàďeeŶàĐoƌƌelatedàtoàtheàďaŶdsàatàϮϮϵàĐŵ-ϭàaŶdàϮϵϮàĐŵ-ϭàiŶà

NaϮ[MoϲCl
i
ϴ;OMeͿaϲ]à aŶdà NaϮ[Moϲ;OMeͿiϴ;OMeͿaϲ]à Đlusteƌsà

ĐoŵpouŶdsàƌespeĐtiǀelǇ.ϭϵàMoƌeoǀeƌ,àallàtheàďaŶdsàatàϮϴϳàĐŵ-

ϭ,àϱϭϳàĐŵ-ϭ,àϴϴϭàĐŵ-ϭàaŶdàϵϯϭàĐŵ-ϭàhaǀeàďeeŶàassigŶedàtoàMo-

Oà ǀiďƌatioŶà iŶà ŵaŶǇà ŵolǇďdeŶuŵà oǆidesϮϭ–Ϯϰà aŶdà

polǇoǆoŵolǇďdatesϮϱ.à IŶà additioŶ,à theà ďaŶdà atà Ϯϴϳà Đŵ-ϭà isà

ǀeƌǇàĐloseàtoàtheàoŶeàatàϮϴϮàĐŵ-ϭàassigŶedàtoàMo-FàǀiďƌatioŶà

iŶà ;TBáͿϮ[MoϲBƌ
i
ϴF

a
ϲ]à ĐoŵpouŶd.Ϯϲà IŶà thisà ĐoŶteǆt,à

oďseƌǀatioŶsàŵadeà fƌoŵàFiguƌeàϱàĐoŶfiƌŵà theàassigŶŵeŶtàofà

Ŷeǁà ďaŶdsà atà ϮϮϬ,à Ϯϴϳ,à ϱϭϳ,à ϴϴϭ,à ϵϯϭà Đŵ-ϭà toà theà Mo-Oà

ǀiďƌatioŶsà iŶà ;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮOà aƋuahǇdƌoǆoà

ĐƌǇstal.à Toà fuƌtheƌà ĐoŶfiƌŵà aŶdà ƋuaŶtifǇà theà hǇdƌolǇsisà ofà

apiĐalà ligaŶds,à X-ƌaǇà photoeleĐtƌoŶà speĐtƌoŵetƌǇà

ŵeasuƌeŵeŶtsà;XP“ͿàaŶdàĐalĐulatioŶsàaƌeàstillàoŶàgoiŶg. 

 

TheàFiguƌeàϲaàshoǁsà‘aŵaŶàspeĐtƌaàofàŶaŶospheƌesàtogetheƌà

ǁithà thoseà ofà CsϮ[MoϲBƌ
i
ϴBƌ

a
ϲ]à pƌeĐuƌsoƌà aŶdà

;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮOà aƋuahǇdƌoǆoà ĐƌǇstal.à állà theà

ǀiďƌatioŶsàďaŶdsà;ϭϯϮ,àϭϰϯ,àϭϳϭ,àϮϬϭ,àϮϮϬ,àϮϴϳ,àϯϯϱ,àϱϭϳ,àϴϴϭ,à

ϵϯϭà Đŵ-ϭͿà pƌeǀiouslǇà assigŶedà foƌà

;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮOà aƌeà pƌeseŶtà iŶà theà speĐtƌuŵà ofà

ŶaŶospheƌes.à Thisà ĐoŶfiƌŵsà thatà theà {MoϲBƌ
i
ϴ}

ϰ+à Đoƌeà isà

pƌeseƌǀedàduƌiŶgàtheàself-asseŵďlǇ.à ItàalsoàĐoŶfiƌŵsàthatà theà

ŶaŶospheƌesà aƌeà ĐoŶstitutedà ofà theà [MoϲBƌ
i
ϴOH

a
ϲ]

Ϯ-à uŶitsà

siŵilaƌlǇàtoà;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮOàaƋuahǇdƌoǆoàĐƌǇstal.à

‘aŵaŶà studiesà ǁeƌeà alsoà peƌfoƌŵedà iŶà theà Đaseà ofà

ŶaŶoĐapsulesà aŶdà Đoŵpaƌedà toà theiƌà pƌeĐuƌsoƌà

;NHϰͿϮ[MoϲBƌ
i
ϴNC“

a
ϲ].à Theà Figuƌeà ϲďà pƌeseŶtsà theà ‘aŵaŶà

speĐtƌaà ofà ŶaŶoĐapsulesà aŶdà ofà ;NHϰͿϮ[MoϲBƌ
i
ϴNC“

a
ϲ]à aŶdà

;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮO.à Theà pƌeseŶĐeà ofà ďaŶdsà atà ϭϮϲà

Đŵ-ϭ,à ϭϯϰà Đŵ-ϭ,à ϭϳϴà Đŵ-ϭà aŶdà ϮϭϬà Đŵ-ϭ
à ĐoŶfiƌŵsà thatà theà

oĐtahedƌalàĐlusteƌàisàŵaiŶtaiŶedàiŶàŶaŶoĐapsulesàasàǁell.àTheà

ďaŶdsàƌelatedàtoàtheàǀiďƌatioŶàofàMo-NàďoŶdsà ;ϯϬϭàĐŵ-ϭ
àaŶdà

ϯϱϯàĐŵ-ϭͿàaƌeàalsoàoďseƌǀaďleà iŶàŶaŶoĐapsulesà speĐtƌuŵàďutà

aƌeà ďƌoadeŶedà aŶdà lessà iŶteŶseà thaŶà iŶà theà Đaseà ofà theà

pƌeĐuƌsoƌ.à Thisà isà ŵostà pƌoďaďlǇà ƌelatedà toà theà aŵoƌphousà

stƌuĐtuƌeà aŶdà aà diffeƌeŶtà eŶǀiƌoŶŵeŶtà ofà theà Đlusteƌ.à IŶà

additioŶà theà ďaŶdà atà Ϯϴϳà Đŵ-ϭ
,à attƌiďutedà toà Mo-Oà asà

pƌeǀiouslǇàŵeŶtioŶed,àseeŵsàtoàďeàpƌeseŶtàďutàoǀeƌlappedàďǇà

theàlaƌgeƌàsigŶalàofàMo-NàǀiďƌatioŶ.àThisàiŶfoƌŵatioŶàstƌoŶglǇà

suggestsà theà pƌeseŶĐeà ofà Mo-Oà ďoŶd,à thusà attestiŶgà ofà aà

paƌtialà suďstitutioŶà ofà NC“aà apiĐalà ligaŶds.à Moƌeoǀeƌ,à theà

saŵeàoďseƌǀatioŶsà aƌeàŵadeà foƌà theà defoƌŵatioŶà ǀiďƌatioŶsà

ofàC≡NàďoŶdsà;ϰϳϬàaŶdàϰϵϬàĐŵ-ϭͿ,àfoƌàstƌetĐhiŶgàǀiďƌatioŶsàofà

C-“à ďoŶdsà ;ϴϮϵà Đŵ-ϭ,à ϴϯϵà Đŵ
-ϭ,à ϴϰϵà Đŵ

-ϭͿà aŶdà foƌà stƌetĐhiŶgà

ǀiďƌatioŶsà ofà C≡Nà ďoŶds.à IŶdeed,à allà ďaŶdsà appeaƌedà
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ďƌoadeŶedà Đoŵpaƌedà toà ;NHϰͿϮ[MoϲBƌ
i
ϴNC“

a
ϲ],à ǁhiĐhà isà

tǇpiĐallǇàattƌiďutedàtoàaàpheŶoŵeŶoŶàofàaŵoƌphizatioŶàofàtheà

stƌuĐtuƌe.

WheŶàĐoŵpaƌedàtoàtheàNHϰNC“àsalt,à theàŶaƌƌoǁedàďaŶdsàofà

theà ;NHϰͿϮ[MoϲBƌ
i
ϴNC“

a
ϲ]à iŶà ďothà ϳϱϬϴϱϬà Đŵ

ϭà ;Figuƌeà “ϰaͿà

aŶdà ϮϬϳϱĐŵϭà zoŶesà ;Figuƌeà “ϰĐͿ,à suggestà aà siŵilaƌà

eŶǀiƌoŶŵeŶtà ofà theà NC“à gƌoup.à Hoǁeǀeƌ,à ƌegaƌdiŶgà

ŶaŶoĐapsulesà saŵple,à ďaŶdsà iŶà ďothà aƌeasà appeaƌsà

ďƌoadeŶedàaŶdàoƌà shifted.à Thisà ĐoŶfiƌŵsà thatà isothioĐǇaŶateà

gƌoupsàuŶdeƌgoesàsigŶifiĐaŶtàĐhŶgesàduƌiŶgàtheàseflasseŵďlǇ,à

aŶdà suggestsà thatà isothioĐǇaŶateà gƌoupà iŶà ŶaŶoĐapsulesà

saŵpleà isà iŶà seǀeƌalà eŶǀiƌoŶŵeŶts.à Ità ŵaǇà ďeà eǆplaiŶà ďǇà aà

tƌappedàthioĐǇaŶateàioŶ.

XP“àaŶalǇsisà shouldàĐoŶfiƌŵà thisàoďseƌǀatioŶàǁithàaŶàatoŵiĐà

ƋuaŶtifiĐatioŶàofàallàeleŵeŶts.

Lotsà ofà effoƌtsà aƌeàŵadeà iŶà theà deǀelopŵeŶtà ofà solaƌà

eŶeƌgǇà aŶdà eleĐtƌoĐheŵiĐalà ǁateƌà splittiŶgà isà oŶeà ofà theà

pƌoŵisiŶgàǁaǇsà toà stoƌeà sustaiŶaďleàeŶeƌgǇà ƌesouƌĐesà iŶà theà

foƌŵà ofà hǇdƌogeŶ.à IŶà ǁateƌà splittiŶgà Đell,à theà HǇdƌogeŶà

EǀolutioŶà ‘eaĐtioŶà ;HE‘Ϳà takesà plaĐeà atà theà Đathodeà aŶdà

oǆǇgeŶà eǀolutioŶà ƌeaĐtioŶà ;OE‘Ϳà takesà plaĐeà atà theà aŶode.à

;ƌefͿà Theseà tǁoà ƌeaĐtioŶsà aƌeà faǀouƌedà iŶà aĐidiĐà ĐoŶditioŶs,à

ǁhiĐhàĐaŶàďeàaàpƌoďleŵàiŶàtheàstaďilitǇàofàĐatalǇsts.àáŵoŶgstà

ŵaŶǇà ŵolǇďdeŶuŵà ĐoŵpouŶdsà pƌeseŶtiŶgà eleĐtƌoĐatalǇtiĐà

aĐtiǀities,à Felizà et al.à hasà ďeeŶà pƌoǀedà thatà [MoϲBƌ
i
ϴ;OHͿ

a
ϲ]

Ϯà

uŶitsàgeŶeƌatedàiŶàsituàshoǁsàĐatalǇtiĐàaĐtiǀitǇàtoǁaƌdàHE‘.ϭϯà

Mostà ofà theà studiesà ƌepoƌtà aĐtiǀitiesà iŶà aĐidiĐà oƌà alkaliŶeà

ŵediaàaŶdàaĐhieǀiŶgàHE‘àiŶàŶeutƌalàŵediaàisàstillàaàĐhalleŶgeà

toà oǀeƌĐoŵeà iŶstaďilitǇà ofà ĐatalǇstsà aŶdà liŵità destƌuĐtiǀeà

ĐoƌƌosioŶ.

IŶàoƌdeƌà toàeǀaluateà theà ĐatalǇtiĐàpeƌfoƌŵaŶĐeàofà theà

ŵolǇďdeŶuŵà oĐtahedƌalà Đlusteƌsà aŶdà Ŷeǁà ŶaŶoasseŵďlies,à

ǁeà eŶgagedà ŶaŶospheƌesà aŶdà ŶaŶoĐapsulesà foƌà hǇdƌogeŶà

eǀolutioŶà ƌeaĐtioŶà ;HE‘Ϳ.à Weà estaďlishedà heƌeà aà Ƌualitatiǀeà

aŶdà Đoŵpaƌatiǀeà eleĐtƌoĐheŵiĐalà studǇà ďetǁeeŶà

;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ],à CsϮ[MoϲBƌ

i
ϴBƌ

a
ϲ]à aŶdà theiƌà ƌespeĐtiǀeà

ŶaŶoĐapsulesà aŶdà ŶaŶospheƌesà asseŵďlies.à Weà Đoŵpaƌedà

aĐtiǀitiesà toà Pt,à theà ďestà ĐatalǇstà kŶoǁŶà foƌà HE‘.à Theà fouƌà

speĐiesàǁeƌeàdepositedàatàtheàsuƌfaĐeàofàaàglassǇàĐaƌďoŶà;GCͿà

diskàeleĐtƌode.àFoƌàĐoŵpaƌisoŶ,àtheàeleĐtƌoĐatalǇtiĐàaĐtiǀitiesà

ofà ďaƌà GCà eleĐtƌodeà aŶdà ofà theà Ptà eleĐtƌodeà ǁeƌeà alsoà

ŵeasuƌed.à Figuƌeà ϳaà ƌepoƌtsà ĐuƌƌeŶtà deŶsitiesà oďtaiŶedà foƌà

theà fiƌstà liŶeaƌà sǁeepà ǀoltaŵŵetƌǇà eǆpeƌiŵeŶtà ;L“VͿà ofà

;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]à;ƌedàliŶeͿ,àŶaŶoĐapsulesàoďtaiŶedàfƌoŵà

;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]à ;oƌaŶgeà liŶeͿ,à CsϮ[MoϲBƌ

i
ϴBƌ

a
ϲ]à ;ďlueà

liŶeͿ,àŶaŶospheƌesàoďtaiŶedàfƌoŵàCsϮ[MoϲBƌ
i
ϴBƌ

a
ϲ]à;ĐǇaŶàliŶeͿ,à

ĐoŵpaƌedàtoàĐoŶtƌolàeleĐtƌodeàofàGCà;ƌedàdashedàliŶeͿàaŶdàPtà

;ďlaĐkà dashedà liŶeͿà iŶà ϭà Mà KNOϯà pHà ϳ.à FoƌŵatioŶà ofà gasà

ďuďďles,àǁhiĐhàĐeƌtaiŶlǇàĐoƌƌespoŶdsàtoàtheàpƌoduĐtioŶàofàHϮ,à

ǁasàoďseƌǀedàatàtheàǀiĐiŶitǇàofàtheàeleĐtƌodeàsuƌfaĐe.àCuƌƌeŶtà

deŶsitiesàofàϭϬàŵá/Đŵ²àaƌeàƌeaĐhedàďetǁeeŶàϭ.ϱϱàVàaŶdàϭ.ϳϬà

Và foƌà allà Đlusteƌà ĐoŵpouŶds,à ǁheƌeasà GCà oŶlǇà affoƌdsà thisà

ĐuƌƌeŶtàdeŶsitǇàǁheŶàϮàVàisàapplied.àL“VàĐuƌǀesàeǀideŶĐeàthatà

allà speĐiesà displaǇà aà ĐatalǇtiĐà effeĐtà toǁaƌdà HE‘.à Moƌeoǀeƌ,à

higheƌà ĐuƌƌeŶtà deŶsitiesà aƌeà ŵeasuƌedà ǁheŶà ŶaŶoĐapsulesà

aŶdà ŶaŶospheƌesà aƌeà used,à Đoŵpaƌedà toà theiƌà ƌespeĐtiǀeà

pƌeĐuƌsoƌsà;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]àaŶdà;NHϰͿϮ[MoϲBƌ

i
ϴBƌ

a
ϲ]àatàaà

giǀeŶàpoteŶtial.





Figuƌe ϳ: L“V Đuƌǀes of ;NHϰͿϮ[MoϲBƌi
ϴNC“a

ϲ], ŶaŶoĐapsules, 

CsϮ[MoϲBƌi
ϴBƌa

ϲ], ŶaŶospheƌes, Pt aŶd GC iŶ Aƌpuƌged ϭM 

KNOϯ pH ϳ solutioŶ. ;aͿ Fiƌst L“V Đuƌǀe, ;ďͿ “uĐĐessiǀe L“V 

Đuƌǀes ;ϭst, ϮŶd, ϭϬth ĐuƌǀesͿ foƌ ;NHϰͿϮ[MoϲBƌi
ϴNC“a

ϲ] aŶd 

ŶaŶoĐapsules. “ĐaŶ ƌate: ϭϬϬ ŵV.sϭ

-196-



 

 

Toà iŶǀestigateà theà staďilitǇà ofà theà ĐoatiŶgà ofà

ŶaŶoĐapsulesàoƌàofà ;NHϰͿϮ[MoϲBƌ
i
ϴ;NC“Ϳ

a
ϲ]à duƌiŶgà theà Đouƌseà

ofàHE‘,àǁeàhaǀeàĐoŵpaƌedàtheàfiƌst,àtheàseĐoŶdàaŶdàtheàteŶthà

L“VàĐuƌǀesàƌeĐoƌdedàiŶàtheàsaŵeàĐoŶditioŶs.àFiguƌeàϳďàĐleaƌlǇà

eǀideŶĐesàaŶàeǀolutioŶàofàtheàdiffeƌeŶtàL“VàfoƌàďothàspeĐies,à

ǁhiĐhà Đouldà eitheƌà suggestà aà degƌadatioŶà ofà speĐiesà atà theà

eleĐtƌodeà oƌà aà ƌeleaseà fƌoŵà theà GCà suƌfaĐe.à Hoǁeǀeƌ,à thisà

eǀolutioŶàisàdelaǇedàiŶàtheàĐaseàofàŶaŶoĐapsules. 

IŶà thisà pƌeliŵiŶaƌǇà eleĐtƌoĐheŵiĐalà studǇ,à ǁeà oŶlǇà

foĐusedàoŶàĐuƌƌeŶtàdeŶsities.à FiƌstàŵadeàoďseƌǀatioŶsàďasedà

oŶàplottedàL“VàĐuƌǀes,àdoesàŶotàgiǀeàallàiŶfoƌŵatioŶàaďoutàtheà

ƌeaĐtiǀitǇ.à Fuƌtheƌà ĐoŶsideƌatioŶsà aƌeà Ŷeededà oŶà speĐifiĐà

ĐatalǇtiĐà speĐiesà iŶà áϮ[MoϲL
i
ϴL

a
ϲ]à Đlusteƌà ĐoŵpouŶdsà ofà ouƌà

studǇ,àfoƌàeǆaŵpleàTafel͛sàplot.ToàfuƌtheƌàeǆaŵiŶeàstaďilitǇàaŶdà

ƌeaĐtiǀitǇ,à XP“à aŶalǇsesà aƌeà oŶgoiŶgà aŶdà ǁillà giǀeà aà deepeƌà

uŶdeƌstaŶdiŶgàaďoutàoǆidatioŶà stateà aŶdà staďilitǇàofàpƌeseŶtà

eleŵeŶtsàduƌiŶgàtheàĐouƌseàofàHE‘. 

 

CONCLU“ION 

IŶà suŵŵaƌǇ,à Ŷeǁà ŶaŶoasseŵďliesà eǆĐlusiǀelǇà ďasedà oŶà

oĐtahedƌalà ŵolǇďdeŶuŵà Đlusteƌsà haǀeà ďeeŶà pƌepaƌedà

thƌoughà aŶà iŶŶoǀatiǀeà self-asseŵďliŶgà appƌoaĐhà iŶàŵiǆtuƌesà

ofà ŵisĐiďleà solǀeŶts.à Weà shoǁedà thatà seǀeƌalà spheƌiĐalà

stƌuĐtuƌesà ĐaŶà ďeà oďtaiŶedà ďǇà ĐhaŶgiŶgà theà pƌeĐuƌsoƌ.àWellà

defiŶedàŶaŶospheƌeàaŶdàŶaŶoĐapsulesàǁeƌeàoďtaiŶed.àToàtheà

ďestà ofà ouƌà kŶoǁledgeà thisà isà theà fiƌstà self-asseŵďlǇà iŶtoà

ŶaŶospheƌesàaŶdàholloǁàŶaŶoĐapsulesàeǆĐlusiǀelǇàĐoŵposedà

ofàoĐtahedƌalàŵolǇďdeŶuŵàĐlusteƌ.àCheŵiĐalàaŶalǇsisàofàtheseà

ŶeǁàŶaŶoŵateƌialsàiŶdiĐatesàaàpaƌtialàhǇdƌolǇsisàofàtheàĐlusteƌà

uŶitsàiŶàtheàĐaseàofàŶaŶoĐapsulesàaŶdàaàĐoŵpleteàhǇdƌolǇsisàiŶà

theàĐaseàofàŶaŶospheƌe.àTheseàŶaŶoasseŵďliesàĐouldàeǆhiďitsà

iŶteƌestiŶgà ĐatalǇtiĐà pƌopeƌtiesà asà theǇà ĐoŶtaiŶà

[MoϲBƌ
i
ϴ;OHͿ

a
ϲ]

Ϯ-à uŶits.à “uĐhà uŶitsà haǀeà alƌeadǇà shoǁŶà

eleĐtƌoĐatalǇtiĐà effiĐieŶĐǇà toǁaƌdsà HE‘à ǁheŶà gƌaftedà oŶà

gƌapheŶeàoǆide.àMoƌeàgeŶeƌallǇ,àthisàǁoƌkàopeŶàpeƌspeĐtiǀesà

iŶà theà gƌoǁthà ofà uŶiƋueà ŶaŶospheƌesà aŶdà ŶaŶoĐapsulesà

ďasedà oŶà Đlusteƌ.à ádditioŶalà ĐhaƌaĐteƌizatioŶs,à suĐhà asà

ŵagŶetiĐàaŶdàfluoƌesĐeŶĐeàpƌopeƌtiesàŵaǇàďeàaddƌessedàlateƌà

oŶàthisàstudǇ. 

Method 

Mateƌials. 

THFàǁasà puƌĐhasedà ďǇà VW‘.à állà aƋueousà solutioŶsà ǁeƌeà

pƌepaƌedàǁithàMilliQàǁateƌà;ϭϴ,ϮàMΩ.Đŵ-ϭͿàpuƌifiedàusiŶgàaà

PuƌelaďàPƌiŵaàsǇsteŵ. 

 

 

“ǇŶthesis of oĐtahedƌal ŵolǇďdeŶuŵ Đlusteƌs. 

MolǇďdeŶuŵà oĐtahedƌalà Đlusteƌà ĐoŵpouŶdsà

;NHϰͿϮ[MoϲBƌiϴ;NC“Ϳaϲ],à CsϮ[MoϲBƌiϴBƌaϲ],à

;NHϰͿϮ[MoϲBƌiϴBƌaϲ],à ;NHϰͿϮ[MoϲBƌiϴFaϲ],à ǁeƌeà sǇŶthesizedà

aĐĐoƌdiŶgàtoàpƌeǀiousàŵethods.à;‘efs) 
 

 

 

“elf-AsseŵďlǇ of ŶaŶoďeads aŶd ŶaŶoĐapsules. 

áà solutioŶà ofà oĐtahedƌalà Đlusteƌà pƌeĐuƌsoƌà ;ϭϬϬà µL,à ϭϱϲà µgͿà

ǁasàdilutedàiŶàTHF.àTheŶàϴϬϬàµLàofàǁateƌàǁasàaddedàaŶdàtheà

ŵiǆtuƌeà ǀigouƌiŶgà ǀoƌteǆed.à Theà suspeŶsioŶà isà letà toà ƌestà foƌà

Ϯϰà hà ďefoƌeà heatà upà iŶà aà dƌǇà ďathà atà ϰϬ°Cà duƌiŶgà ϭϱà h.à Theà

oďtaiŶàsuspeŶsioŶàǁasàtheŶàĐeŶtƌifugedàatàϭϬ ϬϬϬàƌpŵàfoƌàϭϬà

ŵiŶàaŶdàsuspeŶdedàiŶàϭŵLàofàǁateƌ. 

 

RaŵaŶ speĐtƌosĐopǇ 

‘aŵaŶà speĐtƌaà ǁeƌeà ƌeĐoƌdeƌà ďǇà aà Laď‘aŵà H‘ϴϬϬà ‘aŵaŶà

ŵiĐƌosĐopeà ;Hoƌiďaà “ĐieŶtifiĐͿ.à Toà aǀoidà fluoƌesĐeŶĐeà Ŷoiseà

aŶdà toà pƌeseƌǀeà theà saŵple,à theà eǆĐitatioŶà ǁaǀeleŶgthà ǁasà

ϳϴϱà Ŷŵà fƌoŵà aà XT‘áà ;TOPTICáͿà laseƌà diode.àMeasuƌeŵeŶtsà

haǀeàďeeŶàpeƌfoƌŵedàiŶàďaĐkàsĐatteƌiŶgàĐoŶfiguƌatioŶàǁithàaà

ϭϬϬǆà oďjeĐtiǀe.à Poǁeƌà laseƌà ǁasà adjustedà toà aǀoidà saŵpleà

heatiŶg. 

 

EleĐtƌoŶ MiĐƌosĐopǇ 

TƌaŶsŵissioŶà eleĐtƌoŶà ŵiĐƌosĐopǇà ǁasà peƌfoƌŵedà usiŶgà aà

JEOLà JEM-ϭϰϬϬà opeƌatiŶgà atà ϭϮϬà kVà aŶdà eƋuippedà ǁithà aà

GáTáNàOƌiusàϭϬϬϬàĐaŵeƌa.àHighàƌesolutioŶàTEMàŵiĐƌogƌaphs,à

Ŷegatiǀeà staiŶiŶgà “TEMà aŶdà EŶeƌgǇà dispeƌsiǀeà X-ƌaǇà

speĐtƌosĐopǇàaŶalǇsis,àǁeƌeàpeƌfoƌŵedàoŶàaàJEOLàJEM-ϮϭϬϬFà

atàϮϬϬàkV.à“ĐaŶŶiŶgàeleĐtƌoŶàŵiĐƌosĐopǇàǁasàpeƌfoƌŵedàusiŶgà

aàJEOLàϳϭϬϬfàttlsàatàϭϬàkVàǀoltage,àeƋuippedàǁithàaàtuŶgsteŶà

tipàaŶdàaàEǀeƌhaƌt-ThoƌŶleǇàdeteĐtoƌ. 
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Light “ĐatteƌiŶg MeasuƌŵeŶts. 

DiffusioŶà Lightà sĐatteƌiŶgà ;DL“Ϳà ŵoŶitoƌiŶgà ǁasà peƌfoŵedà

ǁithàaàNaŶosizeƌà;MalǀeƌŶàIŶstƌuŵeŶtsͿ.à 

 

EleĐtƌoĐatalǇtiĐ ďehaǀiouƌ toǁaƌds HER. 

TheàeleĐtƌoĐatalǇtiĐàaĐtiǀitiesàǁeƌeàƌeĐoƌdedàusiŶgàaŶàáutolaďà

eleĐtƌoĐheŵiĐalàaŶalǇzeƌà;PG“TáTàϯϬàpoteŶtiostat/galǀaŶostatà

fƌoŵàEĐoCheŵieàB.V.ͿàiŶàaàthƌee-eleĐtƌodeàsetup.àáàsatuƌatedà

ĐaloŵelàeleĐtƌodeà;“CEͿàaŶdàplatiŶuŵàǁiƌeàǁeƌeàusedàasàtheà

ƌefeƌeŶĐeà eleĐtƌodeà aŶdà asà theà ĐouŶteƌà eleĐtƌode,à

ƌespeĐtiǀelǇ.à Theà ǁoƌkiŶgà eleĐtƌodeà isà aà glassǇà ĐaƌďoŶà diskà

eleĐtƌodeàofàϯàŵŵàdiaŵeteƌ.àNaŶoĐapsulesàaŶdàŶaŶospheƌesà

ǁeƌeàsiŵplǇàdƌopĐastedàoŶtoàtheàGCàsuƌfaĐe.àTheàaŵouŶtàofà

depositedàofàŶaŶoĐapsulesàaŶdàŶaŶospheƌesàǁeƌeàƋuaŶtifiedà

thƌoughà QCMà ŵeasuƌeŵeŶts,à pƌioƌà toà eleĐtƌoĐheŵiĐalà

ŵeasuƌeŵeŶts.à “uspeŶsioŶsà ǁeƌeà fiƌstà dƌopĐastedà oŶà aà

platiŶizedà Ƌuaƌtzà suƌfaĐeà aŶdà theŶà theà ǀaƌiatioŶà ofà theà

ŶoŵiŶatiǀeà fƌeƋueŶĐǇàǁasàĐoŶǀeƌtedàtoàaàŵassàaĐĐoƌdiŶgà toà

“aueƌďƌeǇà eƋuatioŶ:à ∆�� =  −�∆�à ǁithà k=ϭ.ϭŶgHz-ϭ.à

TǇpiĐallǇ,à aà ϮϬàµLàdƌopàofàŶaŶoĐapsulesà solutioŶàgiǀesà ϰ.ϵϬϳà

µgà ofà ŶaŶoĐapsules.à Theà dƌopĐastà ofà ϭϬϬà µlà ofà theseà

suspeŶsioŶsà oŶà theà GCà eleĐtƌodeà ;diaŵeteƌà ϯŵŵͿà thusà

ĐoƌƌespoŶdà toà aà ĐatalǇstà loadiŶgà ofà Ϯ.ϴŵg/Đŵ²à à oŶà theà

ǁoƌkiŶgà eleĐtƌode.à EleĐtƌoĐheŵiĐalà ŵeasuƌeŵeŶtsà ǁeƌeà

peƌfoƌŵedàǁithàaàsĐaŶàƌateàofàϭϬϬàŵV.s-ϭàiŶàKNOϯàϭàMà;pHàϳͿà

asà eleĐtƌolǇte.à Theà eleĐtƌoĐatalǇtiĐà aĐtiǀitiesà ofà

;NHϰͿϮ[MoϲBƌ
i
ϴBƌ

a
ϲ]àaŶdà;NHϰͿϮ[MoϲBƌ

i
ϴNC“

a
ϲ]àǁeƌeàŵeasuƌedà

iŶàtheàsaŵeàĐoŶditioŶsàtoàeŶaďleàĐoŵpaƌisoŶ. 

 

“iŶgle-CƌǇstal X-ƌaǇ DiffƌaĐtioŶ. 

“iŶgleà ĐƌǇstalà ofà ;HϯOͿϮ[MoϲBƌ
i
ϴ;OHͿ

a
ϲ].ϭϬHϮOàǁeƌeà oďtaiŶedà

fƌoŵà diffeƌeŶtà pƌeĐuƌsoƌs:à ;ϭͿà ;NHϰͿϮ[MoϲBƌ
i
ϴF

a
ϲ],à ;ϮͿà

;NHϰͿϮ[MoϲBƌ
i
ϴBƌ

a
ϲ],à aŶdà ;ϯͿà CsϮ[MoϲBƌ

i
ϴBƌ

a
ϲ].à Theà ĐƌǇstalà

stƌuĐtuƌeàŵeasuƌeŵeŶtsàǁeƌeà ĐaƌƌiedàoutàoŶàáPEXà IIà Bƌukeƌà

áX“àspeĐtƌoŵeteƌàusiŶgàMo-KαàX-ƌaǇàǁaǀeleŶgthà;CDIFX,àI“C‘,à

‘eŶŶesͿ.à MeasuƌeŵeŶtsà ǁeƌeà peƌfoƌŵedà atà ƌooŵà

teŵpeƌatuƌeà ;Tà =à Ϯϵϯ;ϮͿKͿà foƌà ;ϭͿà aŶdà ;ϮͿ,à aŶdà atà loǁà

teŵpeƌatuƌeà;Tà=àϭϱϬ;ϮͿKͿàfoƌà;ϯͿ.àTheàstƌuĐtuƌesàǁeƌeàsolǀedà

ďǇà diƌeĐtà ŵethodsà usiŶgà “I‘ϵϳà pƌogƌaŵ27à aŶdà theŶà ƌefiŶedà

ǁithà full-ŵatƌiǆà least-sƋuaƌeàŵethodsà ďasedà oŶà FϮà ;“HELXL-

ϮϬϭϰͿ28à usiŶgà theà WiŶGXà softǁaƌeà paĐkage.29à Multi-sĐaŶà

aďsoƌptioŶà ĐoƌƌeĐtioŶà ǁasà appliedà usiŶgà “áDáB“.à állà ŶoŶ-

hǇdƌogeŶà atoŵsà ǁeƌeà ƌefiŶedà ǁithà aŶisotƌopiĐà atoŵiĐà

displaĐeŵeŶtà paƌaŵeteƌs.à HǇdƌogeŶà atoŵsà ǁeƌeà Ŷotà

ĐoŶsideƌedà iŶà theà stƌuĐtuƌalà ŵodel.à PuďlishiŶgà dataà ǁeƌeà

ĐoŵputedàusiŶgàC‘Y“CáLCàpƌogƌaŵà;T.à‘oisŶel,àloĐalàpƌogƌaŵ,à

ϮϬϭϳͿ.à CƌǇstalà dataà foƌà ;ϭͿ:à saŵpleà sizeà=à Ϭ.Ϭϵà ×à Ϭ.Ϭϴà ×àϬ.Ϭϯà

ŵŵϯ,à spaĐeà gƌoupàR-ϯŵ,à Tà =à Ϯϵϯ;ϮͿK,à aà =à ϭϱ.ϮϳϴϬ;ϲͿàÅ,à Đà =à

ϭϭ.ϮϬϯϱ;ϲͿàÅ,àVà=àϮϮϲϰ.ϳ;ϮϰͿàÅϯ,à)à=àϯ,àMfà=àϭϱϯϱ.ϭϳàg.ŵol-ϭ,à

ĐalĐà =à ϯ.ϯϳϳà g.Đŵ
-ϯ,à à =à Ϯ.ϯϴϮà toà ϯϯ.ϭϱϮ°,à ϱϳϳϯà ƌefleĐtioŶsà

ĐolleĐted,à ϭϬϱϱà uŶiƋueà ƌefleĐtioŶs,à ‘iŶtà =à Ϭ.Ϭϵϯϰ,à

ĐoŵpleteŶessà toà thetaàŵaǆà =à Ϭ.ϵϵϯ,à ϯϮà ƌefiŶedà paƌaŵeteƌs,à

fiŶalà‘ϭà [Ià>àϮ]à=àϬ.Ϭϯϴϴ,à fiŶalàǁ‘Ϯà [Ià>àϮ]à=àϬ.Ϭϴϰϰ,à laƌgestà

diffeƌeŶĐeà peakà aŶdà holeà ǁeƌeà +ϭ.ϴϵϱà aŶdà -ϭ.ϮϬϳà e.Å-ϯ.à

CƌǇstalà dataà foƌà ;ϮͿ:à saŵpleà sizeà =à Ϭ.ϭϳà ×à Ϭ.ϭϮà ×à Ϭ.Ϭϳàŵŵϯ,à

spaĐeà gƌoupà R-ϯŵ,à Tà =à Ϯϵϯ;ϮͿK,à aà =à ϭϱ.Ϯϵϲϲ;ϭϴͿà Å,à Đà =à

ϭϭ.Ϯϭϴϴ;ϭϱͿàÅ,àVà=àϮϮϳϯ.ϰ;ϴͿàÅϯ,à)à=àϯ,àMfà=àϭϱϯϱ.ϭϳàg.ŵol-ϭ,à

ĐalĐà =à ϯ.ϯϲϰà g.Đŵ
-ϯ,àà =à ϯ.ϱϳϮà toà ϯϯ.ϮϬϬ°,à ϭϵϵϳϭà ƌefleĐtioŶsà

ĐolleĐted,à ϭϬϲϱà uŶiƋueà ƌefleĐtioŶs,à ‘iŶtà =à Ϭ.Ϭϲϭϭ,à

ĐoŵpleteŶessà toà thetaàŵaǆà =à Ϭ.ϵϵϴ,à ϯϮà ƌefiŶedà paƌaŵeteƌs,à

fiŶalà‘ϭà [Ià>àϮ]à=àϬ.Ϭϭϴϴ,à fiŶalàǁ‘Ϯà [Ià>àϮ]à=àϬ.ϬϱϮϭ,à laƌgestà

diffeƌeŶĐeà peakà aŶdà holeà ǁeƌeà +Ϭ.ϲϲϲà aŶdà -Ϭ.ϰϵϬà e.Å-ϯ.à

CƌǇstalà dataà foƌà ;ϯͿ:à saŵpleà sizeà =à Ϭ.ϭϲà ×à Ϭ.Ϭϴà ×à Ϭ.Ϭϳàŵŵϯ,à

spaĐeà gƌoupà R-ϯŵ,à Tà =à ϭϱϬ;ϮͿK,à aà =à ϭϱ.Ϯϲϳϱ;ϰͿà Å,à Đà =à

ϭϭ.ϭϱϵϰ;ϯͿàÅ,àVà=àϮϮϱϮ.ϳ;ϮͿà Åϯ,à )à =àϯ,àMfà =à ϭϱϯϱ.ϭϳàg.ŵol-ϭ,à

ĐalĐà =à ϯ.ϯϵϱà g.Đŵ
-ϯ,àà =à ϯ.ϱϴϮà toà ϰϱ.ϮϲϬ°,à ϭϴϭϬϳà ƌefleĐtioŶsà

ĐolleĐted,à ϮϮϰϰà uŶiƋueà ƌefleĐtioŶs,à ‘iŶtà =à Ϭ.Ϭϰϴϰ,à

ĐoŵpleteŶessà toà thetaàŵaǆà =à Ϭ.ϵϵϳ,à ϯϮà ƌefiŶedà paƌaŵeteƌs,à

fiŶalà‘ϭà [Ià>àϮ]à=àϬ.ϬϮϴϱ,à fiŶalàǁ‘Ϯà [Ià>àϮ]à=àϬ.ϬϱϱϬ,à laƌgestà

diffeƌeŶĐeàpeakàaŶdàholeàǁeƌeà+ϭ.ϮϬϳàaŶdà-ϭ.Ϭϱϲàe.Å-ϯ. 

 

 

AĐkŶoǁledgŵeŶts 

Theà authoƌsà ǁaŶtà toà thaŶksà “ĐaŶMatà platfoƌŵs,à iŶà

paƌtiĐulaƌà THEMI“à foƌà TEMà ŵiĐƌosĐopǇ,à “I‘à foƌà ‘aŵaŶà

studies. 
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Coƌdieƌ,à “.;à Molaƌd,à Y.à IŶ “ituà GeŶeƌatioŶà ofà áĐtiǀeà
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Woodƌuff,à W.à H.à ‘esoŶaŶĐeà ‘aŵaŶà “peĐtƌaà ofà [MϲXϴYϲ]Ϯà

ClusteƌàCoŵpleǆesà;Mà=àMo,àW;àX,àYà=àCl,àBƌ,àIͿ.à IŶorg. Cheŵ.à

ϭϵϵϲ,àϯϱ,àϲϲϬϲ–ϲϲϭϯ.
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Supporting Information 

Figure S1: TEM miĐƌosĐopǇ of ŶaŶoasseŵďlies oďtaiŶed fƌoŵ ǀaƌious oĐtahedƌal Đlusteƌs. 
 

Figuƌe “Ϯ: TEM ŵiĐƌogƌaphs of stƌuĐtuƌes oďtaiŶed duƌiŶg the self-asseŵďlǇ of ;NHϰͿϮ[MoϲBƌi
ϴ;NC“Ϳa

ϲ]. 
 

Taďle “ϭ: AtoŵiĐ ĐooƌdiŶates, site oĐĐupaŶĐǇ aŶd eƋuiǀaleŶt isotƌopiĐ displaĐeŵeŶt paƌaŵeteƌs of 
;HϯOͿϮ[MoϲBƌi

ϴ;OHͿa
ϲ].ϭϬHϮO. 

 

Taďle “Ϯ: Aǀeƌage ďoŶd distaŶĐes iŶ [MoϲBƌi
ϴ;OHͿa

ϲ]Ϯ- Đlusteƌ uŶits. 
 

Figuƌe “ϯ: RaŵaŶ ĐhaƌaĐteƌizatioŶ aŶd assigŶŵeŶts of RaŵaŶ ǀiƌatioŶs of oĐtahedƌal ŵolǇďdeŶuŵ Đlusteƌs 
pƌeĐuƌsoƌs. 
 

Figuƌe “ϯ: “iŶgle ĐƌǇstal data ĐolleĐtioŶ aŶd stƌuĐtuƌe ƌefiŶeŵeŶt of ;HϯOͿϮ[MoϲBƌi
ϴ;OHͿa

ϲ].ϭϬHϮO. 
 

Figuƌe “ϰ: RaŵaŶ studǇ of isothioĐǇaŶate gƌoup iŶ ;NHϰͿϮ[MoϲBƌi
ϴNC“a

ϲ], ŶaŶoĐapsules Đoŵpaƌed to NHϰNC“ salt. 
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
Figuƌe “ϭ: TEM ŵiĐƌogƌaphs of asseŵďlies oďtaiŶed fƌoŵ oĐtahedƌal Đlusteƌs ;a,ďͿ ;NHϰͿϮ[MoϲBƌi

ϴFa
ϲ] afteƌ Ϯh of ŵatuƌatioŶ 

aŶd ;Đ,dͿ ;NHϰͿϮ[MoϲBƌi
ϴBƌa

ϲ] afteƌ ϭϬh of ŵatuƌatioŶ. 
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

Figuƌe “Ϯ: TEM ŵiĐƌogƌaphs of stƌuĐtuƌes oďtaiŶed duƌiŶg the selfasseŵďlǇ of ;NHϰͿϮ[MoϲBƌi
ϴ;NC“Ϳa

ϲ] at ϰϬ°C iŶ Đlosed ƌeaĐtoƌ 
at ;aͿ TϬ, ;ďͿ TϬ+ϭϬh, ;ĐͿ TϬ+Ϯϰh , ;dͿ TϬ+ϯϰh aŶd ;eͿ TϬ+ϰϳh. 
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;ϭͿ       

Atoŵ “ite ǆ Ǉ z OĐĐ. U;eƋͿ 
Mo ϭϴh Ϭ.ϭϭϰϰ;ϭͿ ǆ/Ϯ Ϭ.ϱϵϱϴ;ϭͿ ϭ.ϬϬ Ϭ.Ϭϭϭϲ;ϮͿ 
Bƌi;ϭͿ ϲĐ Ϭ Ϭ Ϭ.ϳϴϱϴ;ϮͿ ϭ.ϬϬ Ϭ.Ϭϭϲϴ;ϯͿ 
Bƌi;ϮͿ ϭϴh Ϭ.ϮϮϴϰ;ϭͿ ǆ/Ϯ Ϭ.ϰϬϲϵ;ϭͿ ϭ.ϬϬ Ϭ.Ϭϭϴϵ;ϮͿ 
Oa

 ϭϴh Ϭ.Ϯϰϭϲ;ϰͿ ǆ/Ϯ Ϭ.ϳϬϴϭ;ϱͿ ϭ.ϬϬ Ϭ.ϬϮϰϭ;ϭϭͿ 
O ;ǁateƌͿ ϯϲi Ϭ.ϮϭϬϴ;ϰͿ -Ϭ.ϬϮϱϵ;ϯͿ Ϭ.ϴϴϬϮ;ϰͿ ϭ.ϬϬ Ϭ.ϬϰϬϵ;ϭϮͿ 
       

;ϮͿ       

Atoŵ “ite ǆ Ǉ z OĐĐ. U;eƋͿ 
Mo ϭϴh Ϭ.ϭϭϰϱ;ϭͿ ǆ/Ϯ Ϭ.ϱϵϱϵ;ϭͿ ϭ.ϬϬ Ϭ.ϬϭϭϮ;ϭͿ 
Bƌi;ϭͿ ϲĐ Ϭ Ϭ Ϭ.ϳϴϲϬ;ϭͿ ϭ.ϬϬ Ϭ.Ϭϭϲϱ;ϮͿ 
Bƌi;ϮͿ ϭϴh Ϭ.ϮϮϴϱ;ϭͿ ǆ/Ϯ Ϭ.ϰϬϲϴ;ϭͿ ϭ.ϬϬ Ϭ.Ϭϭϴϰ;ϮͿ 
Oa

 ϭϴh Ϭ.Ϯϰϭϴ;ϮͿ ǆ/Ϯ Ϭ.ϳϬϴϳ;ϮͿ ϭ.ϬϬ Ϭ.ϬϮϰϯ;ϱͿ 
O ;ǁateƌͿ ϯϲi Ϭ.Ϯϭϭϭ;ϮͿ -Ϭ.ϬϮϱϳ;ϮͿ Ϭ.ϴϳϵϵ;ϮͿ ϭ.ϬϬ Ϭ.ϬϰϬϭ;ϱͿ 
       

;ϯͿ       

Atoŵ “ite ǆ Ǉ z OĐĐ. U;eƋͿ 
Mo ϭϴh Ϭ.ϭϭϰϳ;ϭͿ ǆ/Ϯ Ϭ.ϱϵϲϱ;ϭͿ ϭ.ϬϬ Ϭ.ϬϬϱϵ;ϭͿ 
Bƌi;ϭͿ ϲĐ Ϭ Ϭ Ϭ.ϳϴϳϳ;ϭͿ ϭ.ϬϬ Ϭ.ϬϬϵϬ;ϭͿ 
Bƌi;ϮͿ ϭϴh Ϭ.ϮϮϵϮ;ϭͿ ǆ/Ϯ Ϭ.ϰϬϲϰ;ϭͿ ϭ.ϬϬ Ϭ.ϬϭϬϬ;ϭͿ 
Oa

 ϭϴh Ϭ.ϮϰϮϯ;ϮͿ ǆ/Ϯ Ϭ.ϳϭϬϯ;ϮͿ ϭ.ϬϬ Ϭ.Ϭϭϰϳ;ϰͿ 
O ;ǁateƌͿ ϯϲi Ϭ.ϮϭϬϲ;ϮͿ -Ϭ.ϬϮϲϰ;ϮͿ Ϭ.ϴϳϵϵ;ϮͿ ϭ.ϬϬ Ϭ.ϬϮϯϭ;ϯͿ 
 

Taďle “ϭ: AtoŵiĐ ĐooƌdiŶates, site oĐĐupaŶĐǇ aŶd eƋuiǀaleŶt isotƌopiĐ displaĐeŵeŶt paƌaŵeteƌs of 
;HϯOͿϮ[MoϲBƌi

ϴ;OHͿa
ϲ].ϭϬHϮO oďtaiŶed fƌoŵ diffeƌeŶt pƌeĐuƌsoƌs: ;ϭͿ ;NHϰͿϮ[MoϲBƌi

ϴFa
ϲ], ;ϮͿ ;NHϰͿϮ[MoϲBƌi

ϴBƌa
ϲ], aŶd ;ϯͿ 

CsϮ[MoϲBƌi
ϴBƌa

ϲ]. 
 

 
PƌeĐuƌsoƌ Teŵpeƌatuƌe ;KͿ Mo-Mo ;ÅͿ Mo-Bƌi ;ÅͿ Mo-Oa ;ÅͿ 
;ϭͿ Ϯϵϯ;ϮͿ Ϯ.ϲϮϱ;ϮͿ Ϯ.ϲϭϭ;ϮͿ Ϯ.ϭϬϭ;ϱͿ 
;ϮͿ Ϯϵϯ;ϮͿ Ϯ.ϲϮϵ;ϭͿ Ϯ.ϲϭϲ;ϭͿ Ϯ.ϭϬϵ;ϮͿ 
;ϯͿ ϭϱϬ;ϮͿ Ϯ.ϲϯϭ;ϭͿ Ϯ.ϲϭϴ;ϭͿ Ϯ.ϭϭϭ;ϮͿ 
 
Taďle “Ϯ: Aǀeƌage ďoŶd distaŶĐes iŶ [MoϲBƌi

ϴ;OHͿa
ϲ]Ϯ- Đlusteƌ uŶits 
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
Figuƌe “ϯ: RaŵaŶ ChaƌaĐteƌizatioŶ aŶd assigŶŵeŶts of oĐtahedƌal ŵolǇďdeŶuŵ Đlusteƌs pƌeĐuƌsoƌs. ;a, ď, ĐͿ RaŵaŶ “peĐtƌa of 
;NHϰͿϮ[MoϲBƌi

ϴ;NC“Ϳa
ϲ] ;ďlaĐk liŶeͿ aŶd CsϮ[MoϲBƌi

ϴBƌa
ϲ] ;ƌed liŶeͿ, ;d,eͿ OptiĐal ŵiĐƌogƌaph of the aĐƋuisitioŶ zoŶe foƌ CsϮ[MoϲBƌi

ϴBƌa
ϲ] aŶd 

;NHϰͿϮ[MoϲBƌi
ϴ;NC“Ϳa

ϲ] ƌespeĐtiǀelǇ. ;fͿ RaŵaŶ shifts aŶd assigŶŵeŶts foƌ pƌeĐuƌsoƌs.

 
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Figuƌe “ϰ: RaŵaŶ speĐtƌa of isothioĐǇaŶate gƌoup iŶ ;NHϰͿϮ[MoϲBƌi
ϴNC“a

ϲ] ;ďlue liŶeͿ, aŶd ŶaŶoĐapsules ;ƌed liŶeͿ Đoŵpaƌed to NHϰNC“ salt
;oƌaŶge liŶeͿ.

Figuƌe “ϱ: TEM ŵiĐƌogƌaphs of stƌuĐtuƌes oďtaiŶed duƌiŶg the selfasseŵďlǇ of ;NHϰͿϮ[MoϲBƌi
ϴ;NC“Ϳa

ϲ] at ϰϬ°C iŶ opeŶ ƌeaĐtoƌ at
;aͿ TϬ+ϭϯhϯϬ, ;ĐͿ TϬ+Ϯϰh , ;dͿ TϬ+ϳϮh aŶd ;eͿ TϬ+ϵϲh.

We oďseƌǀe fƌoŵ Figuƌe “ϱď ďloǁŶ up ŶaŶoĐapsules of oǀeƌ ϱϬϬ Ŷŵ. “oŵe NaŶoĐapsules appeaƌed eǆploded ǁhiĐh suggest a 
diffeƌeŶĐe of pƌessuƌe ďetǁeeŶ the iŶside aŶd outside of the Đapsule. 

Figuƌe “ϲ: TEM ŵiĐƌogƌaphs of stƌuĐtuƌes oďtaiŶed duƌiŶg the selfasseŵďlǇ of ;NHϰͿϮ[MoϲBƌi
ϴ;NC“Ϳa

ϲ] iŶ Đlose ƌeaĐtoƌ ǁithout
aŶǇ heatiŶg step at TϬ+ϭϬϬ daǇs.
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Les nanotechnologies soŶtàdeǀeŶuesàeŶàƋuelƋuesàdizaiŶesàd͛aŶŶĠesàuŶàsujetàd͛iŶtĠƌġtàdaŶsàdeà

ŶoŵďƌeuǆàdoŵaiŶes.àEllesàsusĐiteŶtàl͛iŶtĠƌġtàdeàŶoŵďƌeusesàĐoŵŵuŶautĠsàaussiàďieŶàaĐadĠŵiƋuesà

Ƌu͛iŶdustƌiellesàdûàăàleuƌàhautàpoteŶtielàeŶàƌeĐheƌĐheàetàdĠǀeloppeŵeŶt.àLesàpƌopƌiĠtĠsàŵĠcaniques, 

chimiques, optiques, électroniques, magnétiques des nanoparticules très différentes des propriétés à 

l͛Ġtatàŵassif,à offƌeŶtà d͛iŶŶoŵďƌaďlesà doŵaiŶesà d͛eǆploƌatioŶà daŶsà lesà ďƌaŶĐhes de la physique, la 

Đhiŵie,àlaàďiologie,àl͛iŶgĠŶieƌieàetĐ.àDaŶsàĐeàĐoŶteǆteàiŶteƌdisĐipliŶaiƌe,àl͛oďjeĐtifàiŶitialàdeàĐetteàthğseà

était double: 

 Ġtudieƌà lesà iŶteƌaĐtioŶsà eŶtƌeà ŶaŶopaƌtiĐulesà età pƌotĠiŶesà daŶsà leà ďutà d͛appƌĠheŶdeƌà

l͛iŶflueŶĐeàdesàŶaŶoŵatĠƌiauǆàsuƌàlaàstƌuĐtuƌeàetàl͛aĐtiǀitĠàdesàďioŵolĠĐules.à 

 étudier les interactions entre nanoparticules et polymères afin de stabiliser des agrégats 

d͛oǆǇdesàŵagŶĠtiƋues 

 

Rapidement, l͛eǆploƌatioŶàdesàŵĠlaŶgesàteƌŶaiƌesàsolǀaŶt/eau/ŶaŶopaƌtiĐulesàaàpeƌŵisàdeàŵettƌeàeŶà

évidence à la fois le comportement particulier du mélange miscible eau/THF, ainsi que le 

comportement interfacial deàŶaŶopaƌtiĐulesàd͛oǆǇdesàdeàfeƌàauàseiŶàdeàĐeàŵĠlaŶge. 

Ilà aà ĠtĠà ĐoŶfiƌŵĠà paƌà diffusioŶà deà laà luŵiğƌeà Ƌueà leà ŵĠlaŶgeà d͛eauà deà deà THFà ĐoŶduità ăà

l͛appaƌitioŶàdeàstƌuĐtuƌesàdoŶtàlaàtailleàĐaƌaĐtĠƌistiƋue estàdeàl͛oƌdƌeàd͛uŶeàĐeŶtaiŶeàdeàŶaŶoŵğtƌes.à

Cesà stƌuĐtuƌesà Ƌueà Ŷousà aǀoŶsà d͛aďoƌdà appelĠsà gouttesà ƌesteŶtà eŶĐoƌeà deà Ŷatuƌeà iŶdĠteƌŵiŶĠe.à

L͛eǆisteŶĐeàetà laàpaƌtiĐulaƌitĠàdeàĐesà« gouttes » semblent les rapprocher du phénomène Ouzo. En 

effet, les conditions semblent réunies puisƋueà leà THFà età l͛eauà soŶtà ŵisĐiďles.à Cesà oďseƌǀatioŶsà

suggğƌeŶtà laà pƌĠseŶĐeà d͛uŶà solutĠà Ƌui,à daŶsà uŶàŵĠlaŶgeà ƌiĐheà eŶà eauà ;ϳϬ-90%), serait contraint à 

précipiter. Cependant, Đeà solutĠà Ŷ͛aà pasà ĠtĠà ĐlaiƌeŵeŶtà ideŶtifiĠà jusƋu͛ăà pƌĠseŶtà ďien que le 

staďilisaŶtàduàTHFàsoitàplusàƋueàsuspeĐtĠàetàƋueàsoŶàƌƀleàdaŶsàl͛appaƌitioŶàdeàĐesàstƌuĐtuƌesàaàdĠjăàĠtĠà

ƌappoƌtĠ.à Desà Ġtudesà poƌtaŶtà suƌà laà ƋualitĠà duà THF,à ouà d͛autƌesà solǀaŶtsà ŵisĐiďlesà ăà l͛eauà pouƌà

lesquels des structures ont été rapportés (alcools etc) devraient permettre une étude plus précise du 

système ternaire dans la zone Ouzo. 

Dans le cas ou des nanoparticules sont en suspension dans les conditions propices à la 

ŶaŶopƌĠĐipitatioŶ,à Ŷousà aǀoŶsà oďseƌǀĠà l͛auto-assemblage de ces dernières à l͛iŶteƌfaĐeà

liƋuide/liƋuideà aloƌsà ĐƌĠĠe.à Ceà phĠŶoŵğŶeà Ŷ͛aǀaità jusƋue-là peu ou pas été observé pour des 

nanoparticules inorganiques seules. De plus, l͛eǆpliĐatioŶà deà l͛asseŵďlageà deà ŶaŶoĐƌistauǆà sousà laà

foƌŵeàdeàŶaŶoĐapsulesàpaƌàl͛effetàOuzoàŶ͛aàpasàĠtĠàƌapportée. Ces assemblages ont été stabilisés par 

différents polymères et ont donné naissance aux Hybridosomes. 
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Paƌàlaàsuite,àlaàĐoŵpositioŶàdesàHǇďƌidosoŵesàaàĠtĠàŵodulĠeàgƌąĐeàăàl͛utilisatioŶàdeàpaƌtiĐulesà

d͛oƌ,à deà ƋuaŶtuŵàdots,à deà paƌtiĐulesà up-converting, apportant ainsi un caractère multifonctionnel 

aux nanocapsules de par leur constituants inorganiques. Des Hybridosomes magnétiques, 

luminescents, plasmoniques et up-converting ont été obtenus. La grande diversité, pour ne pas dire 

les quasi infinies possibilités, de synthèse de nanoparticules de taille entre 2 et 10 nm et 

fonctionnalisées par des ligands hydrophobes, peƌŵetà d͛eŶǀisageƌà pƌesƋueà touteà lesà ĐoŵpositioŶsà

chimique pour les Hybridosomes.  

Leà pƌoĐĠdĠà d͛asseŵďlageà ăà peƌŵisà deà piĠgeƌà uŶà fluoƌophoƌe auà seiŶà deà l͛HǇďƌidosoŵe,à

démontrant ainsi que la fluorescence des capsules peut aussi être de nature moléculaire. Cette 

pƌeuǀeà deà ĐoŶĐept,à peƌŵetà aussià deà ǀalideƌà l͛eŵpƌisoŶŶeŵeŶtà d͛uŶeà ŵolĠĐuleà hǇdƌophoďeà età

d͛eŶǀisageƌàlesàappliĐatioŶsàdeàƌelaƌgage.à 

De plus, le caractère hybride de la capsule, apporté par un poly(acide acrylique) qui maintient 

la paroi de nanoparticules, confère des comportements réactifs. Dans notre cas, les propriétés acides 

duàPááàoŶtàpeƌŵisàd͛iŶduiƌeàlaàdestƌuĐtioŶàdesàĐapsules.àLe stimulus peut aussi être varié grâce aux 

nombreux polymères réactifs à la température, à un courant électrique, à un champ magnétique par 

exemple. La diversité des polymères, autant par leur nature que par leur structure, permet là encore 

un degré de libeƌtĠàĐoŶsĠƋueŶtàdaŶsàleàĐhoiǆàdeàlaàpƌopƌiĠtĠàetàleàdesigŶàd͛HǇďƌidosoŵesàăàfaçoŶ.àPaƌà

eǆeŵple,àl͛utilisatioŶàdeàpolǇŵğƌesàŶatuƌelsàĐoŵŵeàlesàpolǇsaĐĐhaƌides,àouàăàl͛iŶǀeƌseàdesàpolǇŵğƌesà

sǇŶthĠtiƋuesà deà dĠƌiǀĠsà deà polǇǀiŶǇle,à peƌŵetà d͛eŶǀisageƌà laà ĐoŶstƌuĐtion de matériaux aux 

appliĐatioŶsàdaŶsàlaàsĐieŶĐeàduàǀiǀaŶtàouàplusàpƌoĐheàdesàŵatĠƌiauǆàpouƌàl͛ĠŶeƌgie. 

L͛aspeĐtà hǇďƌideà appoƌtĠà paƌà leà polǇŵğƌe,à eŶà plusà d͛ġtƌeà stƌuĐtuƌaŶt,à peƌŵetà aussià uŶeà

fonctionnalisation supplémentaire. Dans le chapitre 3, nous avons montré la fonctionnalisation du 

PAA par un groupement alcyne, pour ensuite assembler les Hybridosomes avec le PAA-alcyne. Cette 

ĠtapeàăàƌeŶduàpossiďleàl͛utilisatioŶàdesàHǇďƌidosoŵes-alcyne comme partenaire dans la réaction de 

cycloaddition de Huisgen (chimie click). Par un procédé de chimie électroclick, nous avons montré 

Ƌu͛ilà Ġtaità possiďleà deà ƌĠtiĐuleƌà desàHǇďƌidosoŵes sur une surface électro-active et ainsi créer des 

films tout en conservant les spécificités des capsules. La pluralité des Hybridosomes a permis de 

construire de nouveaux films à la fois nanostructurés et multifonctionnels. Des coatings à la fois pH 

et électro-réactifs, ont aussi apportés la preuve du relargage du Bodipy emprisonné dans le film. 

D͛iŵpoƌtaŶtes étapes ont été franchies lors cette étude et les résultats obtenus sont encourageants 

pour le développement de nouveaux matériaux qui pourraient trouver des applications en catalyse, 

avec le choix de matériaux electroactifs, mais également en optique grâce aux particules 

plasmoniques. 
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La première application des Hybridosomes se situe du côté de la nanomedecine. Les 

Hybridosomes magnétiques ont déjà permis de confirmer que ces propriétés magnétiques rendent 

possiďleàleàdĠǀeloppeŵeŶtàd͛ageŶtsàdeàĐoŶtƌastesàeŶàI‘M.àNousàaǀoŶs montré que leur efficacité est 

comparable à un agent commercial préclinique (Feraspin, Miltenyi). Dans le domaine biomédical, les 

applications apparaissent très nombreuses également notamment en imagerie multimodale, 

imagerie ciblée et relargage. Des études concernant le comportement des Hybridosomes vis-à-vis de 

différents rayonnements devraient rapidement confirmer ou infirmer si la thérapie photothermique 

ouàeŶĐoƌeàlaàthĠƌapieàphotodǇŶaŵiƋueàfoŶtàpaƌtieàduàĐhaŵpàd͛appliĐatioŶsàpossiďles. Des études sur 

l͛eŶĐapsulatioŶà deà pƌiŶĐipesà aĐtifsà deǀƌaieŶtà aussià ĐoŶfoƌteƌà leà poteŶtielà desà HǇďƌidosoŵesà eŶà

nanomedecine. Malgré les coûts financier et temporel élevés de ces différentes études, elles 

viendront accroitre les chances de valorisation des Hybridosomes dans les années futures. Les 

Hybridosomes apporteront certainement des éléments réponses dans le développement de 

certaines solutions en nanomédecine, bien que le challenge soit considérable. 

Pour finir, nous avons montré dans le chapitre 5, que le phénomène mis en évidence lors du  

pƌoĐĠdĠà peƌŵetà l͛asseŵďlageà deà Đlusteƌsà ŵĠtalliƋues.à áiŶsi,à deà Ŷouǀeauǆà ŵatĠƌiauǆà ăà ďaseà deà

ĐlusteƌsàoŶtàaussiàĠtĠàsǇŶthĠtisĠsàsaŶsàl͛ajoutàd͛uŶeàƋuelĐoŶƋueàautre matrice. Ces édifices adressent 

également de nouvelles questions à la science des matériaux et ouvrent de nouvelles possibilités 

dans le domaine des « nanoarchitectonics »à Đ͛est-à-diƌeà daŶsà l͛asseŵďlageà età laà ĐoŶstƌuĐtioŶà

d͛ĠdifiĐesàfoŶĐtioŶels, structurés deàl͛ĠĐhelleàŶaŶoŵĠtƌiƋueàăàl͛ĠĐhelleàŵaĐƌosĐopiƋue. 
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