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« Je ne cherche pas à connaître les réponses, 

 je cherche à comprendre les questions. » 

Confucius	
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Liste	des	abréviations	

2D-IE:	Two-dimensional	immunoelectrophoresis		
AFM:	Atomic	force	microscopy	
ANOVA:	Analysis	of	variance		
API:	Active	pharmaceutical	ingredient	
ASTM:	American	Society	for	Testing	and	Materials	
BSAI:	Biological	Surface	Adsorption	Index		
C-IE:	Crossed	immunoelectrophoresis		
C3A50:	Protein	C3	activation	at	50%		
CARPA:	Complement	Activation	Related	Pseudo	Allergy	
CE:	Capillary	electrophoresis	
CRO:	Contract	research	organization	
CS:	Complement	system	
CVF:	Cobra	venom	factor		
CZE:	Capillary	zone	electrophoresis	
DCS:	Differential	centrifugal	sedimentation	
DH:	Hydrodynamic	diameter	
DLS:	Dynamic	light	scattering		
ELISA:	Enzyme-linked	immunosorbent	assay	
ELS:	Electrophoresis	light	scattering	
EM:	Electron	microscopy		
EMA:	European	medicine	agency	
EOF:	Electroosmotic	flow	
EP:	Emulsion	polymerization	
EPR:	Enhanced	Permeation	and	Retention	
EU-NCL:	European	Nanomedicine	Characterization	Laboratory	
FDA:	Food	and	drug	administration		
FFF:	Field	flow	fractionation	
GC-MS:	Gas	chromatography	-	mass	spectrometry	
GUM:	Guide	to	the	expression	of	uncertainty	in	measurement	
HAGG:	Heat-activated	gamma	globulin		
IBCA:	Isobutylcyanoacrylate		
ICH:	International	Conference	on	Harmonisation	of	Technical	Requirements	for	Registration	
of	Pharmaceuticals	for	Human	Use	
ID:	Immunodiffusion	
IE:	Immunoelectrophoresis	
ISO:	International	Organization	for	Standardization	
LC-MS:	Liquid	chromatography	-	mass	spectrometry	
MALS:	Multi-angle	light	scattering	
MC:	Mass	concentration	
MultiCrossed-IE:	Serial	multiple	crossed	immunoelectrophoresis	at	a	micro	scale		
N.	Meningitidis:	Neisseria	Meningitidis	
NaMe:	Nafamostat	mesylate	
NC:	Nanocarrier	
NCL:	Nanotechnology	Characterization	Laboratory	
NM:	Nanomedicine	
NMR:	Nuclear	magnetic	resonance	
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NP:	Nanoparticle	
OECD:	Organization	for	Economic	Co-operation	and	Development		
PD:	Pharmacodynamics	
PEG:	Polyethylene	glycol	
PEO:	Polyethylene	oxide		
pI:	Isoelectric	point	
PIBCA:	poly(isobutylcyanoacrylate)	
PK:	Pharmacokinetics	
PTA:	Particle	tracking	analysis		
RC:	Repellent	capacity	
RSD:	Relative	standard	deviation		
RU:	Response	unit	
SAXS:	Small	angle	X-ray	scattering	
SC:	Surface	concentration	
SEC:	Size	exclusion	chromatography	
SEM:	Scanning	electron	microscopy		
SIMS:	Secondary	ion	mass	spectrometry	
SPE:	Solid	phase	extraction	
SPR:	Surface	plasmon	resonance		
SUSTU:	SUrface	proteo-	mics,	Safety,	Targeting,	Uptake	
TEM:	Transmission	electron	microscopy	
TRPS:	Tunable	resistive	pulse	sensing	
VBS:	Veronal	buffer	saline		
WAXS:	Wide	angle	X-ray	scattering	
µC-IE:	multi-crossed	2D	immunoelectrophoresis	
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La	Nanomédecine			

L’avancée	 des	 connaissances	 scientifiques	 alliée	 aux	 progrès	 techniques	 permet	 de	

développer	de	nouvelles	technologies	pour	faire	face	à	de	nombreux	challenges	jusqu’içi	hors	

d’atteinte.	 L’émergence	 des	 nanotechnologies	 en	 est	 un	 excellent	 exemple,	 dont	 les	

applications	sont	profitables	dans	de	nombreux	domaines	tels	que	l’énergie,	les	matériaux,	le	

digital,	l’alimentation,	l’industrie	cosmétique	ainsi	que	dans	le	domaine	médical	[1-4].	Nous	

assistons	 à	 un	 développement	 exponentiel	 de	 ces	 technologies	 pour	 la	médecine,	 faisant	

même	 apparaître	 le	 terme	 «	 nanomédecine	 »	 (NM)	 au	 début	 des	 années	 2000	 [5,6].	 On	

désigne	par	nanomédecine	le	domaine	des	entités	supramoléculaires	d’ordre	nanométrique	

fabriquées	à	des	fins	thérapeutiques,	diagnostiques	ou	combinant	les	deux	(théranostique).	

Généralement,	 ce	 terme	 est	 limité	 pour	 des	 nanomatériaux	 présentant	 au	 moins	 une	

dimension	 comprise	 entre	 1	 et	 100	 nm	 [7-9].	 Cependant,	 la	 limite	 des	 propriétés	

nanométriques	 n’étant	 pas	 figée	 à	 100	 nm	 [7,8],	 nous	 étendrons	 l’utilisation	 du	 préfixe	

«	nano	»	pour	désigner	des	objets	compris	entre	1	et	plusieurs	centaines	de	nm	içi	(jusqu’à	

300	nm).	Ces	entités	peuvent	être	de	nature	métallique	 (or,	 fer,	 zinc),	 inorganique	 (silice),	

lipidique	ou	encore	polymère,	et	présenter	une	 très	grande	diversité	en	 termes	de	 forme,	

greffage	de	polymère	en	surface,	ligands	[6,10]	(cf.	Fig.	1). 

	

	

	

	

	

	

	

	

Figure	1	:	Illustration	de	la	diversité	des	nanosystèmes	actuels,	de	par	leur	nature	chimique,	

forme,	 propriétés	 physico-chimiques	 et	 fonctionnalisation	 (reproduit	 depuis	 [10]	 avec	

l’autorisation	de	The	Royal	Society	of	Chemistry).	
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Apparus	bien	avant	la	création	du	domaine	des	nanomédecines	avec	le	concept	de	«	magic	

bullet	»	de	Paul	Elrich	au	début	du	20ème	siècle,	les	nanomatériaux	à	visée	médicinale	ont	déjà	

fait	 l’objet	 de	 nombreuses	 recherches,	 se	 développant	 années	 après	 années	 [11].	 Alliant	

chimie,	 physique,	 physico-chimie,	 biologie,	 sciences	 pharmaceutiques	 et	 médicales,	 cette	

discipline	requiert	une	étroite	collaboration	entre	scientifiques	de	ces	différents	domaines.	

L’utilité	 finale	 des	 nanomatériaux	 pour	 la	 médecine	 est	 multiple.	 Du	 point	 de	 vue	

thérapeutique,	le	nanomédicament	comporte	plusieurs	bénéfices	potentiels	[12]:	

- Meilleur	ciblage	des	tissus	pour	la	libération	du	principe	actif	:	efficacité	du	traitement	

accrue	 pour	 une	 dose	 injectée	 réduite,	 diminution	 de	 la	 toxicité	 et	 des	 effets	

indésirables	

- Protection	du	principe	actif	d’une	dégradation	précoce	dans	le	milieu	biologique	

- Dans	certains	cas,	permettre	une	libération	prolongée	du	principe	actif	pour	une	action	

continue	dans	le	temps	

Physiquement,	les	nanomédecines	sont	composées	d’une	enveloppe	pouvant	contenir	une	ou	

plusieurs	molécules	d’intérêt	biologique.	Cette	enveloppe	a	été	modifiée	au	fil	du	temps	en	

lui	 apportant	 des	 caractéristiques	 de	 furtivité	 vis	 à	 vis	 du	 système	 immunitaire,	 puis	 en	 y	

greffant	 des	 agents	 de	 ciblage	 [13].	 On	 peut	 aujourd’hui	 recenser	 trois	 générations	 de	

nanomédecines	[14,15]	(cf.	Fig.	2)	: 

- La	1ère	génération	:	constituée	de	nanoparticules	de	formulation	relativement	simple	

contenant	le	principe	actif.	En	général,	ces	systèmes	sont	rapidement	reconnus	par	le	

système	immunitaire	et	pris	en	charge	par	ce	dernier.	 Ils	peuvent	cibler	de	manière	

passive	un	agent	actif	vers	des	cellules	ou	organes	du	système	immunitaire.		

- La	2ème	génération	:	constituée	d’un	cœur	nanoparticulaire	greffé	d’une	couronne	de	

polymère	hydrophile,	ayant	pour	but	de	 limiter	 l’adsorption	de	protéines,	diminuer	

l’opsonisation	et	ainsi	prolonger	le	temps	de	circulation	dans	l’organisme.	Dans	le	cas	

du	 cancer,	 cela	 favorise	 l’accumulation	 dans	 les	 tumeurs	 via	 l’effet	 EPR	 (Enhanced	

Permeability	 and	Retention)	 qui	 permet	 aux	NMs	de	 traverser	 l’endothélium	et	 de	

s’accumuler	au	niveau	des	cellules	tumorales	où	la	vascularisation	est	hétérogène	et	

perméable	[13,16].	C’est	le	ciblage	passif.	

- La	3ème	génération	:	elle	consiste	en	des	NMs	de	2ème	génération	où	sont	attachés	des	

agents	de	ciblages	(protéines,	peptides,	aptamères,	RNA)	ayant	pour	fonction	de	cibler	
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des	tissus	et	cellules	spécifiques	et	ainsi	améliorer	encore	la	spécificité	et	l’efficacité	

du	traitement.	On	parle	de	ciblage	actif.	

 

Figure	2	 :	 représentation	des	3	générations	de	nanomédecines	dans	 le	 cas	d’un	 liposome.	

	A	:	Liposome	de	1ère	génération	;	B	:	liposome	de	deuxième	génération	avec	une	couronne	de	

polymère	hydrophile	;	C	:	liposome	de	3ème	génération	avec	des	ligand	de	ciblage	attachés	au	

polymère	hydrophile	en	surface	(©	François	CAILLAUD/SAGASCIENCE/CNRS	Photothèque).	

Succès	et	échecs		

Au	niveau	clinique,	les	premières	nanoparticules	à	visée	thérapeutique	ont	atteint	le	marché	

au	milieu	des	années	1990s	(Liposomes	–	Ambisome®,	Doxil®).	S’en	est	suivit	un	essor	de	la	

recherche	et	de	l’investissement	des	entreprises	biotechnologiques	et	des	grands	laboratoires	

pharmaceutiques.	 Aujourd’hui,	 on	 dénombre	 de	 nombreuses	 nanomédecines	 en	 essais	

cliniques	 et	 plusieurs	 sur	 le	 marché,	 ce	 qui	 témoigne	 du	 fort	 potentiel	 et	 des	 avancées	

réalisées	[17-22].	Cependant,	une	fort	taux	d’attrition	des	nanomédecines	en	phase	clinique	

reste	à	déplorer	[23-25].	 

Les	points	limitants		

Ce	sont	 les	caractéristiques	 inhérentes	aux	nanomatériaux	qui	 rendent	 la	 translation	entre	

recherche	en	laboratoire	et	clinique	particulièrement	difficile.	La	complexité	apportée	par	ces	

nanovecteurs	 de	 par	 leur	 composition,	 leur	 ratio	 surface/volume	 important	 ainsi	 que	 leur	

taille	les	rendant	actifs	à	l’échelle	biologique	rend	la	compréhension	de	leur	devenir	in	vivo	

très	compliquée	[26,27].	A	ce	jour,	il	est	encore	impossible	d’élaborer	une	nanomédecine	de	

façon	rationnelle	en	maitrisant	tous	ces	aspects.	La	difficile	transposition	des	effets	rencontrés	

en	 laboratoire	de	 recherche	 jusqu’en	clinique,	aussi	appelée	«	vallée	de	 la	mort	»,	rend	 le	

développement	d’une	NM	très	risqué	pour	les	entreprises	pharmaceutiques	[28,29].	

Une	revue	publiée	par	Chan	et	al.	en	2016	faisait	remarquer	que	seulement	0.7%	de	la	dose	

de	NM	 injectée	atteignait	 les	 tissus	de	 la	 tumeur	 ciblée,	 sur	une	moyenne	de	plus	de	200	
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travaux	publiés	ces	10	dernières	années	[30].	Ce	pourcentage	d’efficacité	de	ciblage	apparaît	

faible	mais	il	ne	prend	pas	en	compte	les	nombreux	autres	avantages	apportés	par	la	forme	

nanomédecine	au	niveau	du	tissu	cible.	Notamment,	de	nombreuses	molécules	qui	pénètrent	

mal	 dans	 les	 cellules	 sous	 forme	 libre	 atteignent	 plus	 efficacement	 les	 compartiments	

intracellulaires	 lorsqu’elles	 sont	encapsulées	dans	ces	nanovecteurs.	 Le	principe	actif	 reste	

également	 protégé	 d’une	 dégradation	 extracellulaire	 tant	 qu’il	 reste	 associé	 à	 la	

nanomédecine.	Cette	étude	motive	aussi	la	poursuite	des	efforts	destinés	à	comprendre	les	

mécanismes	qui	gouvernent	le	devenir	de	la	NP	in	vivo.	La	difficulté	réside	notamment	dans	

le	fait	que	les	propriétés	initiales	de	la	nanomédecine	(taille,	charge,	chimie	de	surface),	aussi	

appelée	 identité	synthétique,	sont	totalement	bouleversées	une	fois	 la	NM	dans	un	milieu	

biologique	après	administration.	Elle	acquiert	alors	une	identité	biologique	(cf.	Fig.	3)	[31].		

	

	

	

	

	

	

	

	

	

	

	

	

	 	

Figure	 3	 :	 Illustration	 des	 notions	 d’identités	 synthétiques	 et	 biologique	 acquise	 après	

administration	(reproduit	depuis	[31]	avec	l’autorisation	de	The	Royal	Society	of	Chemistry).	

Dans	le	cas	de	l’administration	intraveineuse,	cette	identité	biologique	est	conférée	en	grande	

partie	par	l’adsorption	de	protéines	sériques	à	la	surface	de	la	NM,	aussi	appelée	«	protéine	

corona	»	[32,33].	Cette	dernière	va	alors	modifier	la	taille,	la	charge	apparente,	les	propriétés	

chimiques	de	surface	et	les	interactions	de	la	NM	avec	les	éléments	biologiques,	pour	impacter	

finalement	 sa	 biodistribution	 [34-36].	 La	 prochaine	 étape	 dans	 le	 développement	 de	 la	

nanomédecine	consiste	en	la	compréhension	de	la	corrélation	entre	identité	synthétique	et	
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biologique	 [37].	 L’idéal	 est	 de	déterminer	quels	 sont	 les	paramètres	 initiaux	de	 la	NM	qui	

influencent	sa	future	identité	biologique	et	donc	son	devenir	physiologique.	Des	modèles	de	

prédictions	tendent	à	être	mis	au	point	afin	de	progresser	dans	ce	sens	et	pouvoir	prédire	le	

devenir	d’une	nanomédecine	à	partir	de	ses	propriétés	intrinsèques	(cf.	Fig.	4)	[38-41].		

	

	

	

	

	

	

	

	

	

	

	

	

Figure	4	:	Modèle	de	prédiction	de	la	réponse	physiologique	à	partir	de	l’identité	synthétique	

d’une	NM	(reproduit	depuis	[38]	avec	la	permission	d’Elsevier).	

Ces	interactions	ont	également	un	impact	sur	la	possible	toxicité	associée	à	l’administration	

de	 nanomédecines.	 Les	 composants	 de	 la	 réponse	 immunitaire	 innée	 présents	 dans	 le	

compartiment	 sanguin	 sous	 forme	 de	 protéines	 (système	 du	 complément)	 peuvent	 être	

source	de	réactions	d’hypersensibilité	menant	à	des	conséquences	plus	ou	moins	graves	[42].	

Les	méthodes	de	caractérisation	actuelles	ne	permettent	pas	d’identifier	assez	finement	les	

caractéristiques	critiques	qui	jouent	un	rôle	déterminant	dans	le	devenir	de	NMs	[38].	Il	est	

donc	également	 impossible	d’identifier	 les	paramètres	pertinents	qu’il	 serait	nécessaire	de	

vérifier	pour	le	contrôle	de	la	conformité	d’un	lot	de	NMs	quant	à	la	reproductibilité	de	son	

comportement	in	vivo	et	à	sa	toxicité.		
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Problématique	étudiée		

La	 caractérisation	 des	 NMs	 apparaît	 comme	 un	 des	 leviers	 qui	 permettrait	 de	 mieux	

rationaliser	le	design	des	NMs	dans	un	premier	temps	et	de	réduire	l’attrition	de	ces	systèmes	

en	phase	de	développement	clinique,	en	garantissant	une	meilleure	reproductibilité	de	leur	

comportement	in	vivo	[43,44].	

è	 Vers	 une	 meilleure	 compréhension	 des	 nanomédecines.	 Au	 vu	 de	 l’importance	 des	

interactions	 entre	 protéines	 et	NMs,	 il	 apparaît	 très	 important	 de	 pouvoir	 comprendre	 et	

contrôler	ces	interactions	se	produisant	après	administration.	En	phase	de	recherche,	l’étude	

directe	de	 la	protéine	 corona	est	utilisée	pour	 comprendre	 le	devenir	de	 la	NM	 in	 vivo	 et	

trouver	une	possible	corrélation	[38,45].	Il	a	été	montré	que	la	protéine	corona	avait	des	effets	

sur	la	furtivité	de	la	NM	[46,47],	sa	biodistribution	ainsi	que	sa	capture	cellulaire	[45,48,49].	

Cependant,	les	méthodes	d’étude	de	la	protéine	corona	utilisées	actuellement	souffrent	de	

nombreux	désavantages	principalement	de	par	leur	complexité	ainsi	que	les	nombreux	biais	

pouvant	 être	 introduits	 lors	 de	 l’incubation	 (type	 de	 plasma,	 durée,	 conditions	 de	 flux,	

température)	 [33,50-53]	 et	 les	 étapes	 de	 traitement	 de	 l’échantillon	 (centrifugation,	

désorption,	lavages)	précédant	l’analyse	[38,51,54].	

D’autres	techniques	telles	que	l’électrophorèse	capillaire	(EC),	la	résonance	plasmonique	de	

surface	 (SPR)	 ou	 encore	 la	 titration	 de	 calorimétrique	 isotherme	 (ITC)	 permettent	 de	

caractériser	la	surface	des	nanoparticules	de	manière	plus	systématique	mais	moins	directes	

sont	utilisées	[55].	Ce	type	de	caractérisation	semble	être	plus	facilement	applicable	dans	un	

contexte	de	contrôle	qualité	en	clinique.		

è	Vers	une	meilleure	maitrise	des	paramètres	et	du	contrôle	qualité	des	NMs.		Après	les	

études	précliniques	et	animales,	de	plus	en	plus	de	NMs	sont	testées	en	clinique.	Cependant,	

les	méthodes	de	caractérisation	permettant	de	certifier	une	interaction	reproductible	entre	

NMs	et	éléments	biologiques	ne	sont	pas	adaptées	à	une	utilisation	en	contexte	clinique	[43].	

Ces	 méthodes	 sont	 souvent	 fastidieuses,	 complexes	 et	 coûteuses.	 L’échec	 des	 études	 de	

phase	 clinique	 peut	 dans	 certains	 cas	 être	 dû	 à	 un	mauvais	 contrôle	 des	 phénomènes	 se	

produisant	 autour	 de	 la	 NM	 in	 vivo,	 menant	 à	 des	 résultats	 inconsistants.	 Des	méthodes	

permettant	de	contrôler	une	interaction	reproductible	entre	des	éléments	biologiques	et	la	

NM	sont	indispensables	pour	améliorer	le	contrôle	qualité	de	ces	systèmes	complexes.	Des	
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méthodes	de	caractérisation	physicochimique	plus	fines	sont	aussi	nécessaires	afin	de	garantir	

une	reproductibilité	face	à	la	finesse	des	processus	biologiques.	

Contexte	et	Objectifs	de	la	thèse	

Cette	thèse	a	été	réalisée	dans	le	cadre	d’un	consortium	financé	par	BPI	France	(Projet	NICE:	

Nano	 Innovation	 for	 CancEr)	 [56]	 réunissant	 deux	 acteurs	 industriels	 développant	

actuellement	des	nanomédecines	en	phase	clinique	(Onxeo	-	Livatag®	Phase	III;	Nanobiotix	-	

NBTXR3	 Phase	 II/III)	 [57,58],	 deux	 partenaires	 académiques	 (CNRS	 et	 CEA-LETI	 –	 Lipidots,	

LipIMage	Phase	préclinique)	[59,60]	ainsi	que	le	groupe	Amatsi,	spécialisé	en	développement	

pharmaceutique	[61].	Le	CNRS,	représenté	par	 l’Institut	Galien	Paris	Sud	a	pour	mission	de	

développer	des	méthodes	permettant	une	meilleure	 caractérisation	des	NMs,	notamment	

avec	 les	 milieux	 biologiques.	 La	 première	 partie	 de	 cette	 thèse	 a	 été	 de	 comprendre	 les	

besoins	 de	 ces	 compagnies	 en	 réalisant	 une	 étude	 des	 différentes	 méthodes	 utilisées	

aujourd’hui	 et	 leur	 applicabilité	 en	 contexte	 clinique.	 Cela	 nous	 a	 permis	 d’identifier	 les	

problématiques	et	points	limitants	de	ces	méthodes	pour	une	utilisation	en	clinique.	L’objectif	

principal	des	travaux	de	cette	thèse	a	été	de	proposer	et	développer	des	méthodes	utilisables	

en	 routine	 pour	 une	 caractérisation	 des	 lots	 cliniques	 de	 nanomédecines.	 Ces	 méthodes	

doivent	donc	être	accessibles,	peu	coûteuses,	facilement	utilisables,	applicables	à	un	grand	

nombre	d’échantillons,	automatisables	et	limiter	les	étapes	de	préparation	d’échantillon.	Les	

méthodes	développées	ont	été	dirigées	vers	 l’évaluation	des	 interactions	de	NMs	avec	 les	

protéines	plasmatiques	et	avec	les	protéines	du	système	du	complément.	

Les	 méthodes	 développées	 au	 cours	 de	 ce	 travail	 pour	 une	 analyse	 en	 routine	 des	

caractéristiques	des	NMs	peuvent	être	utilisées	à	des	fins	plus	fondamentales	qui	ont	permis,	

par	 exemple,	 d’étudier	 des	 phénomènes	 en	 vue	 d’améliorer	 la	 compréhension	 du	

comportement	des	systèmes	nanoparticulaires	en	présence	d’entités	biologiques.	
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Organisation	générale	du	manuscrit		

Le	présent	manuscrit	de	 thèse	comprend	une	partie	bibliographique	sur	 les	enjeux	actuels	

posés	par	la	caractérisation	des	nanomédecines	destinées	à	un	usage	clinique.	Elle	ouvre	la	

discussion	sur	les	méthodes	actuellement	appliquées	et	à	développer.	

La	partie	expérimentale	présentera	ensuite	les	différentes	méthodes	développées	au	cours	de	

ces	 travaux	 de	 thèse	 pour	 une	 caractérisation	 en	 routine	 des	 nanomédecines	 en	 phase	

clinique	et	leurs	applications.	Elle	sera	divisée	en	4	chapitres	présentant	respectivement	:		

-	 le	 développement	 d’une	 méthode	 haut	 débit	 d’immunoélectrophorèse	 sur	 gel	 en	 deux	

dimensions	 pour	 mesurer	 l’activation	 du	 système	 du	 complément	 générée	 par	 des	

nanoparticules.	

-	l’application	de	cette	méthode	d’immunoélectrophorèse	à	haut	débit	pour	l’investigation	de	

la	voie	d’activation	privilégiée	par	les	nanoparticules.	

-	 le	 développement	 d’une	 méthode	 utilisant	 la	 résonnance	 plasmonique	 de	 surface	 pour	

étudier	l’activation	du	système	du	complément	de	façon	automatisée.	

-	 le	 développement	 d’une	 méthode	 d’électrophorèse	 capillaire	 permettant	 de	 doser	 des	

protéines	utilisées	comme	sondes	moléculaires	à	la	surface	de	nanoparticules.	Les	propriétés	

de	couverture	de	surface	des	nanoparticules	sont	ainsi	évaluées.	

Une	discussion	générale	 reprendra	 les	différents	aspects	abordés	sur	 l’ensemble	du	travail	

avant	de	conclure	et	tirer	les	perspectives	sur	lesquelles	ouvrent	ces	travaux.		
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Summary	of	the	general	introduction	

The	burgeoning	field	of	Nanomedicine	is	seen	as	a	potential	revolution	in	medicine,	having	

possibilities	of	applications	in	therapeutic	and	diagnostic	areas.	Nanomaterials	actors	in	this	

field	 are	 very	 small	 nano-objects	 (from	 1	 to	 several	 hundreds	 of	 nanometers)	 made	 of	

different	chemical	nature	(metal,	lipid,	polymer,	inorganic).	The	main	improvements	provided	

by	 such	 complex	 structures	are	a	better	 targeting	of	damaged	 tissues,	 a	protection	of	 the	

active	drug	from	precocious	degradation	or	even	a	sustained	release	of	the	drug	to	ensure	a	

prolonged	effect	over	time.	

The	conception	of	nanomedicines	(NMs)	has	evolved	with	the	increasing	comprehension	of	

these	 systems	 since	 several	 decades.	 In	 this	 thesis,	 the	 case	 of	 NMs	 destined	 to	 be	

admnistered	 through	 the	 intravenous	 route	 has	 been	 studied.	 The	 first	 generation	 of	

nanomedicines	was	 conceived	 as	 bare	 nanoparticles	 being	 rapidly	 cleared	 by	 the	 immune	

system.	The	second	generation	incorporated	hydrophilic	macromolecules	on	the	surface	of	

nanoparticles	 in	 order	 to	 reduce	 this	 rapid	 clearance	 and	 prolong	 the	 residence	 in	

bloodstream,	hence	 increasing	the	chance	to	reach	target	tissues	by	passive	targeting.	The	

third	generation	is	today	under	development	and	adds	targeting	moieties	on	the	surface	of	

nanomedicines	in	order	to	improve	the	efficacy	of	targeting	towards	well-defined	tissue	and	

cells	(cf.	Figure	2).	

However,	it	is	still	scarce	for	NMs	to	reach	the	market.	This	difficult	translation	from	bench	to	

bedside	 has	 been	 partly	 explained	 by	 the	 lack	 of	 knowledge	 about	 NMs’	 becoming	 after	

administration.	 The	 initial	 synthetic	 identity	 is	 actually	 replaced	 by	 a	 biological	 identity	

acquired	 in	 vivo	 (cf.	 Figure	 3).	 This	 newly	 acquired	 identity,	 mainly	 influenced	 by	 the	

adsorption	of	blood	proteins,	is	responsible	for	the	fate	of	NMs.	The	lack	of	characterization	

methods	hampers	 the	 comprehension	of	phenomena	mastering	 this	 identity	modification.	

This	 incomplete	NM’s	 characterization	 also	 leads	 to	 unexplained	 inconsistencies	 in	 in	 vivo	

response	observed	during	some	clinical	trials.	The	challenge	for	improving	NMs	development	

is	to	better	understand	them	and	be	able	to	control	them	in	details.	

The	 purpose	 of	 this	 thesis	 was	 to	 develop	 methods	 applicable	 in	 routine	 for	 a	 better	

characterization	of	NMs	and	their	interactions	with	blood	proteins.	This	thesis	was	conducted	
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in	the	context	of	NICE	consortium	gathering	companies	currently	carrying	out	clinical	trials	on	

nanomedicines	(Onxeo,	Nanobiotix).		

This	manuscript	first	presents	a	bibliographic	part	on	current	stakes	of	NMs	characterization	

for	a	clinical	use	(chapter	I).		

Then,	the	experimental	part	presents	methods	developed	during	this	thesis.	First,	a	method	

of	bidimensionnal	 immunoelectrophoresis	for	the	assessment	of	complement	activation	by	

nanomedicines	 in	 a	 high	 throughput	 way	 was	 developed	 (chapter	 II)	 and	 applied	 to	 a	

mechanistic	study	of	complement	activation	by	nanoparticles	(chapter	III).	

Then,	 a	 chip	 was	 developed	 for	 the	 automated	 assessment	 of	 complement	 activation	 by	

surface	plasmon	resonance	(SPR)	(chapter	IV).		

Finally,	 a	 method	 using	 capillary	 electrophoresis	 was	 proposed	 as	 a	 novel	 approach	 to	

characterize	NMs’	surface	coverage	properties	(chapter	V).	

All	the	developped	methods	and	results	obtained	through	the	different	chapters	were	further	

discussed	in	a	general	discussion	before	drawing	the	conclusion	and	perspectives	of	this	thesis	

work.	
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Chapitre	I	:	Les	enjeux	de	la	caractérisation	des	

nanomédecines	dans	le	processus	de	translation	clinique	

	

	

Avant-propos	 :	 La	 caractérisation	 des	 nanomédecines	 en	 phase	 clinique	 est	 très	

importante	 pour	 garantir	 une	 bonne	 conformité	 des	 lots	 et	 ainsi	 une	 activité	 biologique	

reproductible,	 indispensable	pour	 la	consistance	des	résultats	et	 la	sécurité	d’utilisation	en	

clinique.	 Dans	 cette	 partie,	 une	 revue	 de	 l’état	 de	 la	 caractérisation	 actuelle	 des	

nanomédecines	en	 contexte	 clinique	est	proposée	et	mise	en	 confrontation	avec	 le	degré	

d’exigence	rencontré	dans	les	processus	biologiques.	Des	exemples	de	la	finesse	des	systèmes	

biologiques	 sont	 étayés	 pour	 illustrer	 le	 degré	 de	 précision	 rencontré	 dans	 ces	 processus.	

Confrontés	à	 cette	 réalité,	 les	 autorités	de	 régulation	 recommandent	 la	 caractérisation	de	

certains	 paramètres	 bien	 définis	 de	 la	 nanomédecine	 tels	 que	 la	 taille,	 la	 charge,	 la	

morphologie,	 et	 autres	 informations	 sur	 la	 cinétique	 de	 libération	 du	 principe	 actif	 par	

exemple.	Un	état	de	 l’art	 des	méthodes	 couramment	utilisées	 actuellement	est	 réalisé	en	

tenant	 compte	 des	 avantages	 et	 faiblesses	 associés	 à	 ces	 méthodes.	 La	 précision	 et	 les	

informations	 obtenues	 par	 la	 caractérisation	 de	 routine	 telle	 qu’elle	 est	 effectuée	

actuellement	ne	semblent	pas	pouvoir	garantir	une	totale	reproductibilité	des	interactions	de	

la	 nanomédecine	 avec	 les	milieux	 biologiques.	 De	 nouveaux	 horizons	 sont	 proposés	 pour	

améliorer	ces	limites	de	la	caractérisation	actuelle.	Plusieurs	pistes	sont	envisageables	pour	le	

développement	de	nouvelles	méthodes	de	caractérisation.	Certaines	pourraient	permettre	

d’obtenir	 des	 informations	 plus	 précises	 sur	 la	 nanomédecine,	 d’autres	 pourraient	

directement	faire	intervenir	des	composés	biologiques	pour	garantir	une	interaction	précise	

et	reproductible	en	mimant	les	conditions	d’utilisation.
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Abstract	

The	nanotechnology	revolution	offers	many	expectations	for	the	improvement	of	medicine	

treatments.	 At	 present,	 nanomedicine	 (NM)	 development	 is	 hampered	 by	methodological	

barriers	 for	 a	 better	 characterization	 and	 a	wider	 understanding	of	 their	 in	 vivo	 behavior.	

While	regulatory	agencies	setup	guidelines	to	support	NM	translation	from	bench	to	bedside,	

the	gap	is	still	hardly	overcome	by	main	nanomedicines.	One	lever	for	filling	this	gap	is	a	better	

characterization	of	NMs.	Here,	we	review	the	current	methodologies	routinely	used	for	clinical	

release	of	nanomedicine	batches	in	compliance	with	official	guidelines.	We	confront	them	to	

the	extreme	sharpness	of	biological	systems	and	finally	discuss	future	possible	orientations	

for	a	better	characterization	of	NMs,	from	physicochemical	to	biological	fields.		

	

Keywords:	Characterization,	nanomedicine,	biological	systems,	architecture,	quality	control	
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I. Introduction	

Since	the	early	age	of	nanotechnologies,	nanomedicines	(NMs)	are	considered	as	the	most	

revolutionary	 way	 to	 design	 medicines	 bringing	 high	 potential	 for	 the	 development	 of	

treatments	 for	 non-curable	 diseases	 and	 for	 diseases	 of	 severe	 prognostic	 (e.g.	 cancer,	

infections,	 cardiovascular	diseases,	neurodegenerative	deseases).	An	 increasing	number	of	

emerging	small	companies	as	well	as	big	pharmas	are	exploring	the	Nanomedicine’s	field	for	

its	promises	[1-3].	However,	the	number	of	50	marketed	NMs	(among	which	the	most	known	

AmBisome®	(1990),	Doxil®	(1995),	Abraxane®	(2005),	Onivyde®	(2015))	appears	inconsistently	

low	compared	with	the	tremendous	research	activities	in	academics	and	clinics	[4-7].	The	gap	

for	the	translation	of	advances	made	in	research	laboratories	to	the	patient	is	so	huge	that	it	

earned	the	title	of	“death	valley”	[8].	Many	challenges	have	been	identified	as	bottlenecks	for	

the	clinical	translation	of	NMs.	One	part	concerns	the	complexity	of	the	diseases	to	be	treated.	

Designing	efficient	nanomedicines	 requires	a	better	understanding	of	 their	mechanisms	of	

action	 including	the	 interactions	occurring	between	NMs	and	biological	systems.	 In	 turn,	a	

better	knowledge	of	NMs’	characteristics	is	needed	to	complete	this	understanding.	Another	

part	concerns	the	production	of	nanomedicines	including	the	scale-up	of	preparation	methods	

and	quality	controls	that	are	needed	to	achieve	batch	to	batch	consistency	[8,9].		In	both	cases,	

the	achievement	of	a	relevant	characterization	of	NMs	is	needed.	At	present,	it	is	still	a	difficult	

task	to	fix.	One	reason	is	the	need	to	further	understand	which	parameters	are	governing	their	

in	vivo	 fate	and	activity.	A	second	reason	 is	 found	 in	 the	 few	number	of	methods	that	are	

operational	to	achieve	a	proper	characterization	of	nanomedicines	on	a	daily	basis.		

The	purpose	of	the	present	review	paper	was	to	discuss	the	physicochemical	characterization	

of	NMs	considering	differences	in	characteristics	that	can	be	detected	by	biological	systems	

with	potential	influence	on	their	in	vivo	fate,	hence	interfering	with	their	activity	and	safety.	

As	 the	 world	 of	 Nanomedicine	 includes	 many	 different	 types	 of	 nanotechnologies,	 this	

analysis	considered	nanoparticles	(NPs)	which	size	was	larger	than	that	of	blood	proteins.	The	

analysis	also	focused	on	NMs	intended	to	be	administered	by	the	intravenous	route,	as	they	

represent	 most	 of	 systems	 considered	 in	 development	 of	 treatments	 for	 cancer,	 severe	

infections	 and	 neurodegenerative	 diseases	 among	 all	 nanotechnologies	 developed	 as	

nanomedicines	[10,11].	The	first	part	of	the	paper	analyses	the	physicochemical	parameters	

that	are	relevant	from	biological	systems’	side	to	discriminate	NMs	(I).	The	paper	then	reviews	



Partie	bibliographique	–	Chapitre	I	:	Les	enjeux	de	la	caractérisation	des	nanomédecines	

	 32	

the	 present	 recommended	 strategies	 for	 NMs	 characterization	 in	 the	 light	 of	 guidelines	

provided	 by	 health	 agencies	 (II).	 The	 next	 parts	 discuss	 properties	 and	methods	 for	 NMs	

characterization.	Those	that	are	readily	applicable	for	quality	control	analyses	were	presented	

first	 (III).	 Then,	 characteristics	 that	may	 be	 interesting	 to	 evaluate	 due	 to	 their	 relevance	

regarding	 their	 influence	on	biological	 system	responses	were	discussed.	Other	potentially	

interesting	methods	currently	in	development	were	also	presented	(IV).	

II. Relevant	physicochemical	characteristics	of	nanomedicines	

detected	by	biological	systems	with	implication	on	their	in	vivo	

fate	

II.1. The	mystery	of	NMs	in	vivo	fate	is	driven	by	their	initial	properties	

One	concern	in	clinical	development	of	nanomedicines	is	to	be	able	to	warrant	their	safety	

and	the	reproducibility	of	their	activity	from	batch	to	batch.	The	same	consideration	applies	

in	the	development	of	generic	nanomaterials	(nanosimilars).	Here,	it	is	proposed	to	examine	

differences	 in	 physicochemical	 characteristics	 that	 biological	 systems	 can	 detect	 with	

implication	on	the	in	vivo	fate	of	nanomedicines	and	potential	impacts	on	their	activity	and	

safety.		

Obviously,	the	in	vivo	fate	of	nanomedicines	introduced	in	the	general	circulation	is	governed	

by	interactions	with	components	of	the	different	biological	environments	and	barriers	found	

on	 their	 way	 to	 the	 site	 of	 action.	 Understanding	 these	 interactions	 and	 controlling	

nanoparticle	characteristics	that	are	influencing	them	are	challenges	for	the	development	of	

safe	and	efficient	nanomedicines	[12].	So	far,	most	works	focused	on	the	understanding	of	

interactions	occurring	directly	after	NMs	introduction	in	the	bloodstream.	This	is	consistent	

with	 the	 fact	 that	events	happening	at	 this	 stage	have	a	 tremendous	 implication	on	NMs’	

biodistribution	[13,14].	This	has	been	understood	in	the	early	development	of	NMs	and	led	to	

the	definition	of	two	types	of	NMs	with	distinct	pharmacokinetics	(PK).	NMs	showing	a	long	

half-life	(hours)	in	the	bloodstream	were	classified	as	“stealth”	while	“non-stealth”	NMs	are	

rapidly	 cleared	 from	 the	 bloodstream	 (within	 minutes)	 and	 accumulate	 in	 organs	 rich	 in	

macrophages	 (liver,	 spleen)	 [15-19].	 Recently,	 efforts	 were	 intensified	 to	 identify	 more	

precisely	 NMs’	 characteristics	 controlling	 these	 interactions	 [20-23].	 A	 summary	 of	 data	

analyzing	 the	 degree	 of	 sensitivity	 of	 phenomena	 implicated	 in	 protein	 adsorption	 and	

activation	of	the	complement	system	with	nanoparticles	is	given	below.	Other	studies	have	
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investigated	parameters	governing	interactions	between	NMs	and	cells	expected	to	occur	at	

the	target	site.	The	end	of	this	part	points	out	two	examples	taken	from	Mother	nature	that	

further	illustrates	the	high	sensitivity	of	biological	systems,	able	to	detect	subtle	changes	in	

structural	characteristics	of	entities	they	are	confronted	with.	

II.2. NMs	characteristics	controlling	their	interactions	with	blood	proteins	

Two	distinct	ways	to	study	properties	influencing	NMs	interactions	with	blood	proteins	are	

described.		

(i)	The	identification	of	the	“adsorbome”	of	proteins	forming	the	so-called	“protein	corona”	

around	the	NM,	providing	a	new	biological	identity	supplanting	the	initial	synthetic	identity	of	

the	nanomaterial	[24].	It	consists	in	the	identification	of	the	proteins	adsorbed	onto	the	NM	

after	contact	with	blood	plasma.	The	throughput	and	accuracy	of	such	a	study	has	been	greatly	

improved	 by	 the	 development	 of	 systems	 of	 liquid	 chromatography	 coupled	 to	 mass	

spectrometry	(LC-MS)	on	this	purpose.	Among	these	studies,	several	parameters	of	NMs	have	

been	put	under	lights	for	their	influence	on	this	adsorbome	[25-27].	More	precisely,	the	size	

[28-32],	the	shape	[33],	but	even	more	the	surface	chemistry	and	the	charge	of	NMs	were	

found	to	strongly	impact	the	protein	corona	composition	[29,31,34-38].	While	polyethylene	

glycol	(PEG)	surfaces	have	been	widely	studied	since	the	middle	of	the	1990’s	[19,39-41],	other	

surface	 chemistries	 are	 being	 explored	 for	 their	 stealth	 properties	 too	 (polysaccharides,	

synthetic	surfactants)	[42-44].	Besides,	these	studies	showed	that	for	a	given	chemical	nature,	

the	length,	the	density	as	well	as	the	conformation	of	the	surface	were	determinant	in	regards	

to	 protein	 interactions	 [40,45-47],	 emphasizing	 the	 need	 for	 a	 precise	 characterization	 of	

NM’s	surface	properties	and	control	of	the	surface	architecture	too.		

(ii)	The	assessment	of	interactions	with	proteins	of	biochemical	cascades	is	another	way	to	

study	 interactions	 of	 NMs	 with	 blood	 proteins	 more	 directed	 towards	 safety	 [48,49].	

Coagulation	 and	 complement	 systems	 consist	 in	 groups	 of	 proteins	 that	 regulate	 body’s	

homeostasis	 towards	 foreign	 agents.	 Interactions	 of	 NMs	 with	 proteins	 and	 cells	 of	 the	

coagulation	system	are	important	because	they	can	lead	to	reactions	such	as	hemorrhage	or	

conversely	thrombosis	[50].	A	review	described	some	known	interactions	between	different	

kind	of	nanomaterials	and	the	coagulation	system	[51].	It	emphasized	that	NMs’	size,	charge,	

surface	composition	were	also	involved	in	interactions	with	the	coagulation	system.	So	far,	

most	studies	focused	on	the	interactions	between	NMs	and	the	complement	cascade,	thus	
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being	more	deeply	described	in	this	review.	Complement	proteins	are	part	of	the	first	barrier	

of	innate	immunity	encountered	by	the	nanomaterial	in	the	blood.	A	premature	detection	of	

NMs	by	this	system	leads	to	their	opsonization	and	capture	by	macrophages.	NMs	are	then	

mainly	retained	in	the	liver	hence	biasing	all	their	biodistribution.	Several	studies	showed	that	

above	cited	NMs	properties	influenced	the	triggering	of	this	cascade	[52-54].	Once	again,	the	

surface	architecture	has	been	proved	to	be	very	important	concerning	complement	activation	

with	different	type	of	macromolecules	composing	the	NP	shell	(PEG	[55-59],	polysaccharides	

[60-64]).	

II.3. NMs	characteristics	controlling	their	interactions	with	cells	

To	promote	interactions	with	target	cells,	ligands	can	be	attached	on	the	nanoparticle	surface.	

In	general,	nanoparticles	bearing	such	ligands	are	more	likely	to	be	taken	up	by	cells	exhibiting	

the	corresponding	receptors	[65-67].	Little	 is	known	about	the	number	of	requested	ligand	

per	nanoparticle	to	improve	internalization	of	the	nanomedicine	by	the	target	cells.	It	can	be	

reasonably	 assumed	 that	 the	 internalization	 pathway	 is	 defined	 by	 the	 type	 of	 targeted	

receptor	in	this	case.	Besides,	nanoparticles	can	be	internalized	by	cells	even	in	the	absence	

of	targeting	moiety	by	several	mechanisms	[68-71].	Some	studies	showed	the	importance	of	

surface	 charge,	 geometry	 and	 even	 architecture	 on	 cellular	 uptake	 of	 NMs	 [70,72-75].	

However,	 very	 little	 is	 known	 about	 nanoparticle	 characteristics	 that	 control	 cell	

internalization	 phenomenon.	 The	 situation	 is	 even	 more	 complex	 because	 the	 above	

mentioned	 protein	 corona	 has	 been	 identified	 to	 also	 influence	 the	 cellular	 uptake	

[45,72,73,76-78].	 Today,	 only	 punctual	 observations	 are	 available	 without	 enough	

comparative	 studies	 allowing	 a	 better	 understanding	 of	 critical	 parameters	 intervening	 in	

interactions	between	cells	and	NMs.	The	correlation	between	synthetic	parameters	of	 the	

NM,	biological	acquired	identity	and	cellular	uptake	is	not	understood	although	models	are	

being	established	to	connect	them	[29,79,80].	Once	in	the	cell,	the	intracellular	trafficking	also	

depends	 on	 NMs	 characteristics.	While	 nucleus	 is	 often	 the	 targeted	 organelle,	 the	 NMs	

properties	must	make	them	able	to	escape	the	endosome	in	order	to	produce	the	desired	

activity	[68,69,71].		
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II.4. Concluding	remarks	in	the	light	of	examples	taken	in	biological	systems	found	in	

Mother	nature	

As	 pointed	 out	 above,	 modifications	 in	 the	 surface	 architecture	 of	 nanoparticles	 can	

dramatically	affect	the	way	these	nano-objects	developed	as	nanomedicines	are	seen	by	the	

organism	after	intravenous	injection,	with	possible	influence	on	their	in	vivo	fate.	This	is	due	

to	the	high	sensitivity	of	biological	systems	that	are	capable	to	distinguish	very	small	structural	

differences	that	may	occur	at	a	molecular	level.	The	extremely	high	degree	of	precision	shown	

by	biological	systems	is	illustrated	below	through	two	examples	taken	from	Mother	Nature.		

At	 first,	 the	 bacterial	 capsules	 of	 Neisseria	 meningitidis	 (N.	 Meningitidis)	 embody	 the	

sensitivity	 of	 biological	 systems.	 Among	 them,	 the	 sialic	 acid	 capsular	 polysaccharides	

expressed	by	N.	Meningitidis	serogroups	B	and	C	are	very	similar	[81,82].	The	complexity	of	

the	finding	of	an	efficient	vaccine	against	N.	Meningitidis	serogroup	B	comparatively	to	the	C	

type	was	explained	by	the	non-immunogenicity	of	the	B	serogroup	and	its	ability	to	escape	

the	immune	system	[83].	This	form,	not	detected	by	the	immune	system,	is	responsible	for	

severe	infections	while	serogroups	A	and	C	types	are	more	easily	cleared.	This	is	due	to	the	

capsule	conformation	which	has	a	very	strong	impact	on	the	becoming	of	the	bacteria	in	the	

host	 body.	 The	 difference	 lies	 in	 the	 substitution	 differing	 from	 one	 carbon	 on	 the	

polysaccharide	capsule:	while	N.	Meningitidis	serogroup	C	has	a	poly(alpha	2-9	acid	 	acetyl	

neuraminic)	capsule	composition,	the	B	type	capsule	is	made	of	poly(alpha	2-8	acid	N-acetyl	

neuraminic)	 [82,84]	 (see	 Fig.	 1A).	 This	 small	 chemical	 change	 implies	 a	 conformation	

modification	 of	 the	 final	 sialic	 acid,	 which	modifies	 negative	 charges	 exposure	 and	 steric	

hindrance	effects	[85,86].	It	has	also	been	proofed	that	N.	Meningitidis	serogroup	B	capsule	

composition	was	similar	to	those	found	in	an	endogen	neuronal	protein,	playing	a	great	role	

in	 its	 non-immunogenicity	 [87].	 This	 is	 an	 example	 showing	 the	 extreme	 sensitivity	 of	

biological	 systems,	 that	 can	 be	 recognized	 or	 not	 depending	 on	 the	 displacement	 of	

substitution	of	one	carbon	in	the	chain,	inducing	conformational	changes	in	the	final	structure.	

This	example	easily	translates	to	the	NMs	field	with	the	importance	of	the	surface	architecture	

on	their	in	vivo	fate.	

Then,	the	antigen-antibody	interaction	is	another	proof	of	the	sensitivity	of	biological	systems.	

Modification	of	 few	amino	acids	 (a.a)	 in	 a	 chain	of	more	 than	1300	a.a	 allows	 a	dramatic	

change	in	antigen-antibody	interaction.	Indeed,	a	sequence	of	five	a.a	is	responsible	for	the	
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specific	 interaction	 between	 an	 antigen	 and	 an	 antibody	 that	 form	 an	 antigen-antibody	

complex	with	an	extremely	high	specificity.	Modification	of	one	or	several	amino	acids	on	the	

paratope	 and/or	 epitope	 can	 reduce	 the	 strength	 of	 the	 interaction	 by	 three	 orders	 of	

magnitude,	 thus	 hampering	 the	 formation	 of	 the	 complex	 [88].	 These	 interactions	 are	 a	

combination	of	electrostatic	interactions	added	to	a	favorable	conformation	of	the	epitope’s	

chain	[89].	While	Immunoglobulins	G	are	proteins	around	10	nm	in	size,	their	action	is	driven	

by	a	couple	of	a.a.	A	study	was	performed	to	 identify	key	residues	 involved	 in	 interactions	

between	platelet	receptor	glycoprotein	Iba	(GPIba)	and	a	monoclonal	antibody	6B4,	that	could	

be	used	as	an	inhibitor	of	overexpressed	interaction	of	GPIba	with	Von	Willebrand	Factor	that	

can	 lead	 to	 thrombosis	 [88].	 We	 can	 see	 in	 the	 paratope-epitope	 simulation	 of	 H-bond	

interaction	mapping	for	protein	and	monoclonal	antibody	6B4	that	four	amino	acids	from	the	

antibody	 paratope	 and	 2	 a.a	 from	 the	 protein	 epitope	 are	 strongly	 implied	 in	 the	 affinity	

between	the	two	entities	(red	colors	in	Fig.	1B).	Translating	this	example	to	the	NM	field,	this	

is	typically	the	complex	issue	observed	in	the	grafting	of	targeting	moieties	on	NMs.	Most	of	

these	moieties	are	antibodies,	RNA,	aptamers	or	again	proteins,	grafted	in	a	targeting	purpose	

to	be	recognized	by	receptors	on	specific	cells.	However,	current	coupling	methods	used	with	

these	 complex	molecules	are	not	precise	enough	 to	 choose	 the	exact	 location	of	 grafting.	

Moreover,	 characterization	 methods	 are	 not	 sensitive	 enough	 to	 determine	 in	 which	

conformation	 the	 grafted	moiety	 stands	 on	 the	 nanoparticle	 surface.	 This	 is	 a	 huge	 issue	

encountered	today	in	NMs	design	and	characterization	[20,23].	Thus,	it	is	difficult	to	assess	

the	efficacy	of	such	targeting	strategy	and	the	way	to	 improve	 it	since	 it	 is	not	possible	to	

achieve	a	precise	characterization	yet.	

These	examples,	combined	to	all	the	data	gathered	on	the	influence	of	NMs	characteristics	on	

their	interactions	in	vivo	after	an	intravenous	administration,	highlight	the	great	importance	

of	 the	 required	keenness	 for	NMs	characterization.	As	 seen,	a	modification	of	NM	surface	

architecture	can	be	at	the	root	of	major	changes	in	terms	of	biodistribution.	Hence,	the	NM	

design	is	a	very	subtle	process	which	impacts	the	becoming	of	the	NM	from	its	entry	into	the	

bloodstream	 to	 its	 fate	 inside	 the	 cell.	 The	 sharpness	 of	 the	 elements	 and	 processes	

encountered	in	vivo	requires	a	very	fine	control,	characterization	and	understanding	of	these	

initial	parameters.	
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Figure	1:	Examples	of	structural	sharpness	found	in	Mother	nature	and	their	biological	impact.	

A:	 polysaccharide	 structure	 of	N.	 Meningitidis	 capsules	 of	 B	 and	 C	 serogroups.	 Left	 part	

reproduced	from	[84]	with	permission	from	The	American	Association	of	Immunologists,	Inc.	

Copyright	1981.	

B:	Identification	of	amino	acids	implied	in	antibody	antigen	recognition.	Left	part	reproduced	

from	[88].	

III. General	strategies	for	nanomedicine	characterization	and	

recommendations	of	health	authorities	

III.1. The	characterization	revolution	brought	by	“nano”-medicines	

It	is	now	well	established	that	a	lack	of	proper	and	rational	characterization	is	one	of	the	main	

blocking	 step	 of	 NMs	 translation	 from	 bench	 to	 bedside	 [22,90,91].	 Firstly,	 the	 lack	 of	

established	characterization	at	a	preclinical	stage	is	one	of	the	bottleneck	for	nanomaterials	

access	 to	 the	market	 [92].	 Then,	 an	 incomplete	 characterization	 of	 batches	 during	 clinical	

testing	reduces	the	strength	of	the	NM	assessment	in	clinics.	This	is	acknowledged	by	the	fact	
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that	many	 formulations	 are	being	 stopped	because	of	unknown	 causes,	which	 could	have	

been	detected	with	a	proper	characterization.	

Due	to	the	disrupting	complexity	of	nanoformulations,	traditional	approaches	for	medicine	

regulation	 cannot	 be	 applied	 without	 a	 significant	 adaptation	 to	 the	 nature	 of	 the	

pharmaceutical	object	[92,93].	The	emergence	of	the	field	of	nanomedicine	brings	a	huge	deal	

for	 a	 renewed	 regulatory	 process.	 Indeed,	 added	 to	 the	 nano-	 scale,	 the	 overexpressed	

surface	 area,	 the	 multi-component	 composition	 of	 such	 technologies	 makes	 even	 more	

difficult	their	characterization	and	the	understanding	of	their	 in	vivo	behavior.	To	 illustrate	

this	difficulty,	table	1	gives	a	brief	comparison	of	the	major	differences	between	conventional	

medicines	and	nanomedicines	including	implications	on	their	respective	characterization.	

	
Conventional	medicine	 Nanomedicine	

Composition	
Active	Pharmaceutical	

ingredient	(API)	+	excipients	

API	within	the	nanocarrier	(NC)	

(complex	assembly)	

Transport	of	the	API	 Single	molecule	solubilized	
Within	the	NC	(biodistribution	and	

release	profile	modified)	

Biological	activity	 API	dependent	 Nanocarrier	+	API	dependent	

Characterization	

API	identity	(chemical	

signature	by	NMR,	UV,	IR)	

	Solubility	–	Dissolution	rate

Purity,	contaminants	free	

API	identity	

	NM	properties:	Size,	charge,	

morphology,	drug	loading	and	

release	

Purity,	contaminants	free	

	
Biological	activity	and	safety	

warranted	

Not	enough	to	ensure	full	

biological	activity	and	safety	

Table	1:	Major	differences	encountered	between	conventional	drug	medicine	and	

nanomedicines	when	bridging	the	translation	gap.	

III.2. Towards	new	guidelines	adapted	to	nanomedicines	

A	 panel	 of	 parameters	 to	 be	 assessed	 and	 methods	 have	 been	 implemented	 by	 the	

Nanotechnology	 Characterization	 Laboratory	 (NCL),	 created	 in	 2004	 to	 reach	 these	 issues	

related	to	NM	clinical	translation.	Assay	cascades	for	assessing	physicochemical	properties	as	

well	as	 in	vitro	and	 in	vivo	testing	procedures	were	setup	to	guide	companies	dealing	with	

such	entities	[94].	Two	main	categories	can	be	distinguished,	namely	the	non-biological	and	

biological	assays:	



Partie	bibliographique	–	Chapitre	I	:	Les	enjeux	de	la	caractérisation	des	nanomédecines	

	 39	

-	The	first	category	of	methods	aims	to	characterize	intrinsic	properties	of	the	nanomedicine	

through	 its	 physicochemical	 characteristics	 (size,	 charge,	 composition,	 morphology,	

concentration,	API	loading,	free	of	contaminants).		

-	The	second	category	includes	techniques	investigating	interactions	of	the	nanomedicine	with	

biological	entities	encountered	 in	vivo.	 This	 involves	hematocompatibility	 tests	 (hemolysis,	

cytokine	 proliferation),	 investigation	 of	 interferences	 with	 biochemical	 cascades	

(complement,	coagulation),	in	vitro	cellular	or	tissue	assays	and	in	vivo	studies	[95].	This	part	

is	notably	pointed	out	in	the	development	of	nanosimilars	that	can	have	different	interactions	

with	blood	components	[5,96-98].	

NCL	 has	 now	 extended	 to	 Europe	 since	 2015	 with	 the	 creation	 of	 EU-NCL	 (European	

Nanomedicine	 Characterization	 Laboratory)	 [99].	 They	 give	 an	 encouraging	 way	 to	 fix	

guidelines	and	unavoidable	parameters	 to	be	assessed	 for	every	NM	before	being	 sent	 to	

clinical	 studies.	This	process	 led	 to	 the	assessment	of	new	properties	 related	 to	 the	nano-	

character	of	the	new	drug.	Some	recent	reviews	discussed	about	these	evolving	aspects	of	

NMs	regulation	and	approvals	[4,7,95,100,101].		

The	point	that	seems	to	be	less	regulated	and	controlled	is	the	characterization	needed	for	

the	release	of	a	NM	batch	prior	to	clinical	use.	Indeed,	added	to	conventional	tests	for	batch	

release	of	medicines,	additional	tests	must	be	performed	over	the	entire	final	nano-object.	

The	complexity	is	greatly	augmented	in	these	systems	and	batch	release	cannot	be	treated	

the	same	as	for	“simple”	drugs.	As	the	research	and	potentiality	offered	by	these	new	forms	

of	 medicines	 brings	 a	 lot	 of	 researchers	 and	 companies	 working	 on	 it,	 a	 strong	 effort	 of	

regulatory	aspect	had	to	follow	this	wave	for	a	faster	and	safer	translation	to	the	clinics.	The	

NCL	 assay	 cascade	 is	 valuable	 in	 a	 context	 of	 evaluation	 of	 the	 nanomedicine	 before	 its	

launching	in	clinical	trials.	However,	once	the	study	launched	or	when	the	product	is	on	the	

market,	 every	 single	 batch	 cannot	 be	 screened	 for	 conformity	 taking	 into	 account	 all	 the	

considered	 parameters,	 due	 to	 the	 extreme	 tediousness	 of	 the	 task,	 associated	 to	 a	

considerable	 cost.	 Some	 critical	 parameters	 are	 chosen	 as	 markers	 ensuring	 the	

reproducibility	of	the	NM	effect	once	administered.	Methods	on	this	purpose	may	naturally	

be	picked	from	the	previously	mentioned	assay	cascades.	The	most	important	is	to	identify	a	

set	 of	 key	 parameters	 that	 will	 be	 relevant	 to	 detect	 a	 possible	 modification	 in	 NM	

characteristic	influencing	the	in	vivo	behavior	[102,103].	So	far,	it	is	assumed	that	a	case	by	
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case	selection	of	this	set	of	parameters	has	to	be	made	due	to	the	huge	diversity	of	systems	

encountered	 in	 the	world	 of	 nanomedicines	 (polymer	 based,	 inorganic,	 lipid,	 nanocrystal)	

[92,104].		

III.3. Health	agencies	positions	

Aware	of	 current	 characterization	 limitations,	 European	and	American	 regulatory	 agencies	

(European	Medicine	 agency	 (EMA)	 and	 Food	 and	 Drug	 Administration	 (FDA)	 respectively)	

opened	reflections	about	future	development	needed.	

EMA	 points	 out	 the	 matter	 of	 batch	 to	 batch	 consistency	 in	 its	 reflection	 papers	 about	

different	 kinds	 of	 nanomaterials.	 Notably,	 reflection	 papers	 related	 to	 block	 copolymer	

medicinal	 products	 [105],	 liposomes	 for	 intravenous	 delivery	 [106]	 and	 iron	 based	

nanocolloids	[107]	recommended	to	identify	critical	quality	attributes	that	will	have	an	impact	

on	the	behavior	of	the	NM	in	vivo	(PK,	PD,	safety,	efficacy).	Most	of	the	parameters	cited	there	

are	 not	 directly	 focused	 on	 the	 “nano”	 character	 of	 the	 NM.	 Namely,	 control	 of	 the	 raw	

material	(lipids,	copolymers,	carbohydrates)	for	purity,	composition,	stability	before	their	use	

in	a	complex	system,	manufacturing	process	(reconstitution	procedure,	sterility),	stability	over	

time,	or	again	parameters	related	to	the	mode	of	administration	(eg.	osmolality,	degradation	

rate	 and	 location,	 drug	 release	 rate	 and	 location)	 are	mentioned	 to	 be	 controlled.	When	

directly	 dealing	 with	 the	 full	 nanomaterial	 characterization	 by	 itself,	 quality	 parameters	

proposed	are	all	linked	to	its	physicochemical	properties.	These	parameters	are	typically	size,	

size	distribution,	surface	charge,	morphology,	drug	 loading	and	release	profile,	and	 in	vitro	

stability.	 EMA	 warn	 about	 the	 necessity	 to	 develop	 methods	 that	 guarantee	 a	 better	

reproducibility	for	batch	release.	In	a	communication	about	quality	in	2014,	EMA	still	stressed	

the	need	 for	more	specific	guidance	on	 the	quality	of	nanomedicines,	 the	 identification	of	

critical	parameters	and	the	implementation	of	new	characterization	methods	[108].		

On	 the	FDA	side,	 the	nanotechnology	 task	 force	published	 in	2007	 raised	a	 scientific	 issue	

about	the	understanding	of	nanomedicine	interactions	with	biological	systems	[104,109].	It	

has	also	been	claimed	that	a	need	for	new	methods	is	urgent.	Common	parameters	for	quality	

were	cited	as	size	(surface	area	and	size	distribution),	chemical	composition	(such	as	purity	

and	 crystallinity),	 surface	 properties	 (surface	 reactivity,	 surface	 groups,	 inorganic/organic	

coatings),	solubility,	shape	and	aggregation	state.	It	was	also	mentioned	that	the	NCL	would	

be	a	major	actor	of	the	development	of	screening	tools	for	nanomedicine	characterization.	
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Since	2007,	a	final	guidance	was	published	by	FDA,	mainly	concerning	nanotechnologies	 in	

food	and	 cosmetics	 [110].	 To	our	 knowledge,	 no	major	update	has	been	 released	directly	

concerning	nanomedicines.	

International	Standard	Organization	(ISO)	and	Organization	for	Economic	Co-operation	and	

Development	 (OECD)	 have	 planted	 the	 properties	 of	 interest	 for	 nanotoxicology.	 These	

properties	 are	 similar	 to	 those	mentioned	by	medicine	 agencies,	 i.e.	 particle	 size	 and	 size	

distribution,	aggregation/agglomeration,	shape,	surface	area/porosity,	composition,	surface	

chemistry,	surface	charge,	solubility	[111-113].	Meanwhile,	Contract	Research	Organizations	

(CROs)	in	charge	of	quality	control	of	NMs	are	focused	on	physicochemical	properties	as	well,	

in	compliance	with	current	guidelines.	Nevertheless,	some	biological	 tests	are	proposed	as	

optional	for	NMs	bearing	targeting	moieties	[114].		

To	 sum	 up,	 in	 practice,	 properties	 checked	 for	 a	 batch	 release	 are	 fixed	 by	 the	 company	

developing	the	NM	in	accordance	with	regulatory	experts.	A	consensus	is	taken	on	a	case	by	

case	 basis	 in	 regard	 with	 current	 feasibility	 of	 such	 controls	 in	 routine.	 Apart	 from	

contaminants	 and	 basic	 parameters	 needed	 for	 intravenous	 administration	 of	 any	 drug	

(impurities	dosage,	API	degradation,	residual	solvents,	metal	traces)	and	characteristics	of	the	

route	 of	 administration	 (pH,	 osmolality,	 pyrogen-free,	 endotoxin	 free,	 sterility)),	 only	 few	

parameters	 specific	 to	 the	 nanomaterial	 are	 requested.	 They	 are	 linked	 to	 the	 drug	

loading/release	properties18	and	to	the	characterization	of	several	physicochemical	properties	

consistently	 with	 available	 methods	 allowing	 their	 determination.	 For	 example,	 some	

mentioned	parameters	(e.g.	surface	properties	 in	FDA	task	force	[104])	cannot	be	properly	

characterized	with	 today’s	 accessible	methods.	 It	 is	 noteworthy	 that	 efficiency	 of	 current	

criteria	defined	to	ensure	the	reproducibility	of	NMs’	in	vivo	fate	and	methodology	used	for	

determining	safety	and	quality	of	NMs	are	under	debate	[20,115].	It	appears	clear	for	actors	

in	the	field	of	pharmaceutical	development	that	the	biological	studies	are	non-applicable	on	

a	 quality	 control	 routine	 basis	 [101].	 For	 instance,	 in	 vivo	 animal	 studies	 are	 generally	

considered	 unethical	 to	 be	 used	 in	 systematic	 controls	 above	 the	 fact	 that	 they	 are	 time	

consuming,	 requires	 specific	 facilities,	 highly	 trained	 lab-workers	 and	 expensive.	 Tests	

performed	 in	 cell	 cultures	 can	 be	 envisaged	 although	 they	 are	 generally	 complex	 and	

demanding.	In	the	following	parts	of	this	review	paper,	the	determination	of	physicochemical	

parameters	 characterizing	 NMs	 was	 examined	 in	 terms	 of	 methodologies	 and	 discussed	



Partie	bibliographique	–	Chapitre	I	:	Les	enjeux	de	la	caractérisation	des	nanomédecines	

	 42	

regarding	the	degree	of	precision	of	biological	systems	as	highlighted	earlier.	Physicochemical	

parameters	presently	 recommended	for	quality	control	evaluation	of	NM	were	considered	

first.	The	final	part	discusses	other	parameters	that	may	be	of	interest	to	characterize	pointing	

out	the	methodological	outcomes.	

IV. Recommended	physicochemical	parameters	for	NMs	

characterization	

The	list	of	physicochemical	characteristics	recommended	for	testing	the	conformity	of	a	NM,	

includes	size,	size	distribution,	morphology,	surface	charge,	surface	chemistry,	drug	loading	

and	releasing	profile,	concentration,	stability.	The	concentration	and	stability	are	related	to	

the	 population	 of	 nanomaterials	 included	 in	 the	 nanomedicine.	 The	 stability	 includes	 two	

aspects	in	the	case	of	NMs.	As	for	all	medicines,	they	need	to	show	chemical	stability	over	

time	 but	 also	 the	 stability	 against	 aggregation	 or	 agglomeration	 because	 NMs	 act	 as	 a	

population	 of	 individual	 nano-objects.	 This	 is	 generally	 done	 evaluating	 the	 size,	 the	 size	

distribution,	the	morphology	and	the	surface	charge	to	verify	that	these	characteristics	are	

preserved	over	 time.	The	other	parameters	of	 the	 list	define	what	 is	 called	 the	 “synthetic	

identity”	of	the	nanomaterial	and	are	expected	to	influence	its	in	vivo	fate	[24,116].		

For	 a	 clinical	 use,	 all	 batches	 of	 produced	 NMs	must	 be	 submitted	 to	 a	 characterization	

cascade	 that	 aims	 to	 prove	 batch	 to	 batch	 consistency,	 assuming	 that	 the	 performed	

characterization	is	relevant	enough	to	warrant	biological	activity	and	safety	of	the	medicine.	

Methods	used	 to	achieve	 these	characterizations	must	be	 robust,	 straightforward,	easy	 to	

carry	out	on	a	 systematic	basis,	 affordable	and,	 if	 possible,	 automatable.	Recently,	 an	 ISO	

document	 providing	 the	 different	 measurement	 techniques	 validated	 for	 nanomaterial	

characterization	was	published	[117]. Table	2	gives	an	overview	of	methods	recommended	

for	 the	 characterization	 of	 physicochemical	 parameters.	 This	 table	 also	 highlights	 ISO	

standards	when	existing	for	the	considered	methods	and	notices	the	availability	of	marketed	

instruments	for	a	routine	evaluation	of	the	corresponding	parameter.		
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Property	 Method	 Measurand	 Advantages	 Drawbacks	

Size		
[92,94,95,99,116,117,119,121]	

Dynamic	Light	

Scattering	(DLS)	*	‡		

Hydrodynamic	

diameter	
Easy	handling,	low	cost,	rapid	

Not	appropriate	for	multimodal	

dispersions,	low	resolution,	not	

adapted	to	non-spherical	NPs	

Particle	tracking	

analysis	(PTA)	*	‡		

Hydrodynamic	

diameter	

Easy	handling,	low	cost,	rapid,	

particle	by	particle	

More	optimization	than	DLS,	

resolution	limited	for	very	small	

particles,	not	adapted	to	non-

spherical	NPs	

Tunable	Resistive	

Pulse	sensing	(TRPS)	*	

†			

Raw	diameter	
Easy	Handling,	low	cost,	rapid,	

particle	by	particle		

Not	adapted	to	small	particles	

(<40nm),	not	adapted	to	non-

spherical	NPs	

Differential	centrifugal	

sedimentation	(DCS)	*	

‡	

Hydrodynamic	

diameter	

Easy	handling,	separative,	high	

resolution	

Long	for	low	density	particles,	not	

adapted	to	non-spherical	NPs	

Field	Flow	

Fractionation	(FFF)	

coupled	to	detector	

(Multi-angle	LS,	DLS)**	

Hydrodynamic	

diameter	

Separative,	high	resolution,	

automatable,	shape	

discriminant	

Conditions	optimization,	

calibration	required,	biased	by	

large	particles,	expertise	needed	

Electron	microscopy	

(EM:	SEM,	TEM,	Cryo-

TEM)	**	‡	

Core	diameter	
Direct	visualization,	shape	

information,	high	resolution	

Labour	intensive,	low	throughput,	

dried	sample,	low	density	atoms	

less	sensitive,	possible	artifacts	

Size	distribution	
[92,94,95,99,116,117,119,121]

	

DLS	*	‡	 Polydispersity	index	
Gives	a	brief	idea	of	the	

polydispersity	

Small	particles	hidden	by	larger	

ones,	not	adapted	for	multimodal	

dispersions	

PTA	*	‡	 Size	of	populations	 Particle	by	particle	 Size	resolution	limited	

TRPS	*	†			 Size	of	populations	 Particle	by	particle	 Not	adapted	to	small	particles	
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DCS	*	‡	 Size	of	populations	 Separative		
Difficult	rotation	velocity	optimal	

for	multimodal	samples	

FFF	coupled	to	

detector	(DLS,	MALS)	

**	

Size	of	populations	 Separative,	high	resolution	
Biased	by	large	particles,	expertise	

needed	

Electron	microscopy	

**	‡	
Size	of	populations	

High	resolution,	particle	by	

particle,	visualization	
Low	throughput		

Morphology	
[92,94,95,99,116,117]

	

Electron	microscopy	

**	‡	
Morphology	

Direct	visualization,	

general	shape	(sphere,	rod,	

complex	shape),	plain	or	core-

shell	

Expertise	needed,	low	throughput,	

low	density	atoms	less	sensitive,	

possible	artifacts	

X-ray	diffraction	(SAXS,	

WAXS)	**	‡	

Structural	

information	

Very	sensible,	

supramolecular	organization	

High	expertise	needed,	not	direct	

access	to	shape	

Atomic	Force	

Microscopy	(AFM)	**	
Topography	 High	resolution	

Expertise	needed,	lateral	

resolution	limited,	not	direct	

access	to	shape	

Surface	charge	
[92,94,99,116,117]

	

Electrophoretic	light	

Scattering	(ELS)	*	‡	
Zeta	potential	 Easy	handling,	low	cost,	rapid	

Not	appropriate	for	multimodal	

dispersions,	highly	dependent	on	

conditions	(conductivity,	pH,	

solvent),	apparent	value	

Zeta	Particle	tracking	

analysis	*	
Zeta	Potential	

Easy	handling,	low	cost,	rapid,	

particle	by	particle	

Resolution	limited	for	very	small	

particles,	apparent	value	

TRPS	*	†	 Zeta	Potential	
Easy	handling,	low	cost,	rapid,	

particle	by	particle	

Not	adapted	to	small	particles	(<40	

nm),	apparent	value	

Electroacoustic	

spectroscopy	*	‡	
Zeta	Potential	

Adapted	to	concentrated	

samples	

Complex	model,	non-trivial	sample	

information	required,	apparent	

value	
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Surface	chemistry	
[92-94,99,101,116,117,143-146]

	

	

	

	

X-ray	Photoelectron	

Spectroscopy	(XPS)	**	

‡	

Surface	composition	
Semi	quantitative,	chemical	

analysis	

Dried	sample,	artifacts,	outer	layer	

information	(10	nm	depth),	

expertise	needed	

Secondary	Ion	Mass	

Spectroscopy	(SIMS)	

**	‡	

Surface	composition	

3D	resolution,	surface	and	

inner	component	analysis,	high	

sensitivity	

Expertise,	dried	sample,	harsh	

conditions	may	modify	NPs	

NMR	*	
Amount	of	grafted	

macromolecule	
High	sensitivity,	automatable	

Deuterated	medium	needed,	no	

information	about	the	

conformation	

Chromatography-	

Mass	spectrometry	*	

Amount	of	grafted	

macromolecule	
Available,	quantitative	

No	information	about	disposition,	

conformation,	homogeneity		

UV-vis/	FLuo	

Spectroscopy	*	

Targeting	ligand	

attachment	

Low	cost,	straightforward,	

quantification	

No	information	about	ligand	

orientation,	ligand	dependent	

Surface	Plasmon	

Resonance	**	

Targeting	ligand	

attachment	
High	sensitivity	 Indirect,	lack	of	robust	methods	

Drug	

Loading/Release	
[92,94,95,99,116,147,148]	

Liquid	

chromatography	*	
Drug	loading	

Quantitative,	easily	

automatable,	high	sensitivity	

Sample	preparation	optimization	

required,	NP	must	be	solubilized,	

possible	interferences	

Chromatography	(SEC,	

SPE)	*	
Drug	release	

Robust,	low	elution	volumes,	

complex	system	applicable	

(plasma)	

Low	throughput,	dilution,	induced	

drug	release		

Dialysis	*	 Drug	release	
Equilibrium	conditions,	soft	

method,	medium	continuity	

Long	equilibration	time,	difficult	

with	complex	media,	dilution,	

adsorption	to	the	membrane	

Ultrafiltration	*	 Drug	release	
Small	volumes,	rapid,	no	

dilution	

Membrane	clogging	by	particles,	

adsorption	to	the	membrane,	

harsh	method	

Table	2:	Main	methods	used	for	current	NMs	physicochemical	characterization.	Advantages	and	drawbacks	
*Methods	for	which	affordable	instruments	and	batch	measurements	are	available;	**	Methods	mostly	applied	in	research	laboratories;	‡	ISO	

Standard	note	available;				†	ISO	standard	note	in	preparation.
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First	and	foremost,	size	is	a	critical	parameter	of	a	nanomaterial	for	its	in	vivo	fate,	notably	

playing	 a	 role	 in	 the	 EPR	 (Enhanced	 Permeability	 and	 Retention)	 effect	 and	 modulating	

interactions	with	biological	entities	 (e.g.	protein	adsorption	depends	on	surface	curvature)	

[30].	 In	 practice,	 for	 size	 and	 size	 distribution	measurement,	 DLS	 is	 the	 batch	method	 by	

excellence	due	to	its	accessibility,	low	cost,	easy	handling	and	having	been	described	in	an	ISO	

standard	[118].	All	mentioned	methods	accessible	via	marketed	instruments	are	accurate	to	

determine	 size	 of	 monomodal	 dispersions.	 However,	 caution	 should	 be	 taken	 for	 an	

application	 to	 the	characterization	of	dispersions	with	a	multimodal	 size	distribution	 [119-

121].	 A	 better	 resolution	 is	 accessible	 with	 methods	 such	 as	 TRPS,	 PTA	 or	 including	 a	

separative	 coupling	 (differential	 centrifugal	 sedimentation,	 FFF-MALS-DLS),	 that	 are	 now	

available	 for	 routine	 analysis	 and	 should	be	more	 systematically	 used	 to	 demonstrate	 the	

homogeneity	of	size	distribution	prior	 to	deal	with	DLS.	 It	 is	now	recommended	to	cross	a	

batch	size	measurement	 such	as	DLS	with	another	 technique	based	on	particle	by	particle	

measurement	 [105-107,121].	 Application	 of	 these	 methods	 is	 expending	 since	 the	 recent	

market	 introduction	 of	 these	 instruments	 [122-126]	 and	 ISO	 standards	 published	 yet	

[127,128].		

Electron	microscopy	is	suggested	to	be	used	to	reinforce	the	value	of	size	obtained	by	other	

methods	and	to	obtain	additional	information	on	the	sample,	such	as	morphology,	which	is	

hardly	obtained	by	other	methods	today.	This	method	is	not	used	in	routine	yet,	being	labor-

intensive	and	rather	unsuitable	at	a	high-throughput.	However,	efforts	for	its	automation	are	

ongoing	as	acknowledged	by	the	development	of	systems	for	high	throughput	EM	analysis	

either	 by	 automated	 sampling	 [129]	 or	 high	 throughput	 image	 analysis	 [130].	 Such	

improvements	 for	 a	 better	 efficiency	 of	 EM	 have	 already	 been	 seen	 in	 the	 field	 of	 virus	

detection	[131-133].	The	development	of	a	facilitated	access	and	use	of	EM	is	even	eagerly	

awaited	since	the	arrival	of	diversified	nanosystems	for	which	EM	is	the	only	way	to	evaluate	

a	core	size	and	define	the	morphology	(stars,	cubes,	hexagons,	rods)	[134-136].	Shape	and	

morphology	of	a	nanomaterial	influence	its	blood	circulation	(margination	effect	[137])	and	

interactions	with	 cells	 [138,139]	 compared	with	 spherical	 counterparts.	Although	 electron	

microscopy	 is	 the	 only	 method	 that	 can	 provide	 a	 direct	 evaluation	 of	 the	 size	 of	

nanomedicines,	it	is	performed	on	dried	samples.	This	is	in	contrast	with	other	methods	which	

offer	 size	 measurement	 in	 aqueous	 conditions	 that	 are	 closer	 systems	 compared	 with	
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biological	environments.	So	 far,	 size	measurements	were	qualified	 for	a	measure	 in	a	very	

simple	 matrix	 (purified	 aqueous	 samples),	 which	 gives	 information	 on	 the	 pristine	

nanomaterial.	Methods	for	a	pertinent	evaluation	of	NMs	size	in	biological	medium	(plasma,	

interstitial	fluids)	are	under	development,	they	are	mentioned	in	the	last	part	of	this	review.		

Then,	 the	 surface	 charge	 determines	 interactions	 with	 proteins	 and	 cells	 [140].	 This	 is	

commonly	evaluated	through	the	measurement	of	an	apparent	zeta	potential	with	the	same	

apparatus	 as	 used	 for	 size	measurement.	 The	 duality	 of	 commercialized	 apparatus	 allows	

either	a	simultaneous	measurement	of	size	and	charge	(TRPS),	or	a	possibility	to	assess	both	

using	different	working	modes	included	in	the	same	instrument	(ELS).	Zeta	potential	is	highly	

dependent	on	the	analysis	conditions	(dispersion	medium,	system	parameters),	that	is	why	

only	 an	 apparent	 zeta	 potential	 can	 be	 determined.	 It	 is	 noteworthy	 that	 efforts	 about	

standardization	of	such	methods	are	being	made	to	ensure	a	qualified	measure	with	robust	

protocols	[104,141,142].	

Surface	chemistry	and	architecture	have	been	shown	to	be	very	important	to	control	protein	

adsorption	 in	 vivo,	 influencing	 interactions	 with	 cell	 and	 even	 biocompatibility	 of	 the	

nanocarrier	[105,106].	The	control	of	a	reproducible	density	of	grafting	is	very	challenging.	As	

size	 measurement	 cannot	 ensure	 this	 parameter,	 it	 is	 acknowledged	 that	 more	

characterization	 methods	 are	 needed	 on	 this	 purpose	 [22,92,95,101,143].	 So	 far,	

chromatographic	 methods	 are	 used	 in	 destructive	 conditions	 to	 do	 so	 [116,144,145].	 A	

method	investigating	the	3D	structure	of	NMs	surface	providing	information	on	its	chemical	

nature	is	the	Secondary	Ion	Mass	Spectrometry	(SIMS)	[145,146].	The	accessibility	of	such	an	

instrument	 is	 nevertheless	 limited	 and	 it	 does	 not	 provide	 with	 information	 about	 the	

architecture	 of	 the	 NM	 surface.	When	 targeting	 moieties	 are	 attached	 to	 the	 surface,	 a	

quantitation	of	these	moieties	is	required	but	only	indirect	methods	to	check	their	orientation	

are	 available	 today	 [18]	 and	 does	 not	 allow	 a	 clear	 characterization	 of	 their	 spatial	

arrangement.		

Drug	loading	and	release	are	commonly	assessed	whereas	bias	still	can	hamper	the	true	value	

of	encapsulated	and	released	drug	amount.	As	excess	amount	of	API	could	become	toxic	upon	

release,	side	effects	could	be	observed.	The	phenomenon	of	burst	release	can	also	influence	

patient	 tolerability	 as	well	 as	 efficacy.	These	parameters	 can	be	evaluated	by	quantitative	

dosage	of	the	API.	The	problematic	step	is	to	achieve	a	proper	separation	between	free	and	
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entrapped	drug	 in	physiological	media.	This	 is	mainly	done	via	chromatography	techniques	

(SEC,	SPE)	as	well	as	equilibrium	methods	(dialysis,	ultrafiltration).	Drug	release	can	also	be	

monitored	by	membrane	diffusion	method	such	as	dialysis	[147,148].		

Data	 included	 in	 table	 2	 highlights	 a	 lack	 of	 “ready	 to	 use”	 methodologies	 for	 several	

parameters	 (morphology,	 surface	 chemistry:	 grafting	 density,	 ligand	 attachment),	 thus	

pointing	out	a	methodological	bottleneck	for	the	achievement	of	a	straightforward	full	quality	

control	evaluation	of	nanomedicines.	Tremendous	efforts	are	ongoing	to	fill	out	this	gap	[22].	

Reference	and	standard	materials	needed	for	the	validation	of	methods	of	characterization	

are	also	under	development.	It	must	be	mentioned	that	the	NCL	has	considerably	contributed	

to	 the	 development	 of	 characterization	 assays	 for	 nanomedicines,	 developing	 numerous	

protocols	 and	 becoming	 a	 reference	 laboratory	 for	 the	 characterization	 of	 nanomedicines	

entering	clinical	development	[94].		

Besides,	 the	 series	 of	 physicochemical	 parameters	 that	 are	 used	 to	 define	 the	 synthetic	

identity	of	nanomaterials	composing	NM	are	probably	not	enough	to	ensure	reproducible	and	

expected	 results	 in	 biological	 media	 [20,102].	 They	 depict	 nanomaterial	 properties	 at	 a	

relative	 “macroscopic	 level”	 in	 comparison	 with	 the	 sensitivity	 of	 biological	 systems.	 This	

notion	is	illustrated	in	figure	2	through	examples	of	additional	details	perceived	by	biological	

systems.	It	is	thus	highly	probable	that	“quiet	changes”	which	may	appear	between	batches	

are	not	detected	during	NM	control	and	certification	whereas	having	a	non-negligible	impact	

for	the	 in	vivo	behavior,	 including	biodistribution	and	safety	of	the	NM.	The	challenge	is	to	

develop	routine	methods	that	reach	biological	system	sensitivity	and	are	able	to	detect	the	

very	small	changes	on	NMs	that	are	relevant	for	biological	systems.	
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Figure	2:	Illustration	of	the	precision	gap	between	current	NMs’	parameters	determined	

in	routine	characterization	versus	details	perceived	by	biological	systems.	

V. Acute	characterization	of	nanomedicines	for	a	warranted	in	vivo	

reproducibility	

V.1. Challenges	for	future	characterization	of	NMs	

As	pointed	out	earlier,	biological	 systems	are	highly	sensitive	 to	small	modifications	of	 the	

synthetic	 identity	 of	 nanomaterials	 composing	 a	 nanomedicine.	 Modifications	 of	 size,	

morphology	 and	 surface	 charge	 of	 the	 synthetic	 identity	 can	 be	 assessed	 through	 well-

established	methods.	However,	as	mentioned	in	the	first	part	of	the	review,	biological	systems	

are	also	sensitive	 to	subtle	modifications	such	as	 the	molecular	architecture	of	hydrophilic	

molecules	grafted	on	nanoparticle	surface.		

A	joint	effect	of	all	synthetic	parameters	of	the	NM	coupled	to	physiological	conditions	define	

the	 biological	 identity	 which	 is	 determinant	 for	 the	 in	 vivo	 fate	 of	 the	 NM	 [21].	 Some	

computational	studies	tend	to	predict	the	behavior	of	a	NM	from	its	synthetic	identity.	This	is	
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the	road	to	a	more	rational	design	and	characterization	of	NMs	for	a	reproducible	action	in	

vivo	[149].	However,	these	correlations	are	not	clearly	established	and	it	appears	risky	to	only	

control	 the	 currently	 evaluated	 physicochemical	 parameters	 to	 ensure	 a	 full	 in	 vivo	

reproducibility	of	a	NM	batch	[150].	Recently,	Lynch	et	al.	stressed	that	current	models	used	

to	predict	biological	outcomes	 from	pristine	parameters	are	not	 sufficient	and	need	 to	be	

developed	 [79].	 Furthermore,	 methods	 determining	 physicochemical	 properties	 by	

themselves	are	not	enough	robust	to	produce	a	high	valuable	characterization,	except	for	size	

measurements	 that	 are	 the	 most	 documented	 today	 [79,119].	 This	 pitfall	 can	 further	 be	

explained	by	the	fact	that	the	level	of	precision	of	current	characterization	methods	applied	

in	 routine	 for	 NMs	 are	 much	 lower	 compared	 to	 biological	 systems	 sensitivity	 to	 detect	

changes	in	the	synthetic	identity	of	nanomaterials.	So,	there	is	an	urgent	need	for	methods	

assessing	new	parameters	characterizing	the	synthetic	identity	of	nanomedicines	on	a	routine	

basis	and	at	a	much	higher	level	of	precision	than	already	used	methods	[22,92,143].	These	

new	 parameters	 would	 appear	 as	 extensive	 information	 about	 NMs	 added	 to	 current	

commonly	characterized	properties.	

V.2. Neo-characterization	of	NMs	introducing	new	methods	or	new	parameters	to	

investigate	

V.2.1. Assessing	the	synthetic	identity	of	NMs	

As	 seen	 in	 the	 previous	 part,	 the	 interaction	 for	 antibody-antigen	 recognition	 might	 be	

dependent	on	a	series	a	five	amino-acid	in	a	certain	conformation.	Compared	to	the	current	

control	 of	 the	 grafting	 of	 targeting	 antibodies,	 it	 is	 impossible	 to	 tell	 if	 the	 orientation	 is	

optimal	for	a	possible	interaction.	Some	methods	are	developed	on	this	purpose	and	try	to	

map	the	accessible	conjugates	on	the	NMs.	Among	them,	one	uses	2D	fluorescence	difference	

spectroscopy	to	directly	detect	the	attachment	of	ligand	molecules	to	a	nanoparticle	surface	

[151].	In	the	same	idea,	an	epitope	mapping	has	been	established	by	Dawson	and	coworkers	

using	 immunogold	 labelling	 (Fig.	 3D)	 [152,153].	 This	 method	 can	 be	 used	 for	 assessing	

targeting	attachment	success	as	well	as	orientation	of	grafted	antibodies.		

As	highlighted	earlier,	methods	 for	evaluating	macromolecular	grafting	on	NPs	surface	are	

lacking.	Recently,	Green	Fluorescent	Protein	was	used	as	a	probe	to	measure	PEG	grafting	

efficacy	on	silica	NPs.	This	was	proofed	to	be	efficient	in	elucidating	a	proper	PEG	grafting	at	

a	molecular	level	[154].		
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V.2.2. Assessing	the	biological	identity	of	NMs	

Finally,	another	way	to	test	the	nanomaterial	directly	for	certain	interactions	is	to	directly	deal	

with	 in	 vitro	 tests	 applicable	 routinely.	 The	 strong	 impact	 of	 protein	 adsorption	 on	 the	

nanocarrier	 after	 intravenous	 injection	 is	 remarkably	 overlooked	 during	 routine	

characterization	 of	 nanomaterials	 although	 deeply	 studied	 in	 research	 laboratories	 [155].	

There	is	a	lack	of	applicable	methods	at	a	high	throughput	allowing	a	rapid	testing	of	produced	

batch	that	hamper	the	control	of	their	interactions	with	biological	medias.	One	on	the	main	

drawback	 is	 the	 demanding	 preparation	 required	when	working	with	 biological	 elements,	

added	to	the	high	cost	associated	to	bio-reagents	(antibodies,	plasma,	proteins).	An	effort	can	

also	be	made	in	order	to	design	in	vitro	methods	that	would	reduce	these	drawbacks	allowing	

them	to	be	part	of	the	common	battery	of	tests	performed	on	a	batch	of	nanomedicine.		

At	first,	the	determination	of	the	protein	corona	formed	around	NPs	after	contact	with	plasma	

proteins	 constitute	 one	 of	 the	 most	 important	 test	 performed	 in	 research	 to	 study	 the	

biological	identity	of	NMs	that	is	highly	sensitive	to	the	physicochemical	identity	of	the	NMs.	

This	 study	 is	 commonly	 made	 by	 LC-MS-MS	 and	 allows	 an	 identification	 of	 the	 protein	

adsorbed	on	NMs	[28,29,37,38].	As	performed	in	a	relevant	biological	media,	it	is	one	of	the	

most	pertinent	assay	today	for	mimicking	the	biological	 identity	of	NMs.	For	a	routine	use,	

this	 method	 suffers	 from	 a	 lack	 of	 standardization	 especially	 because	 of	 the	 numerous	

variables	of	incubation	conditions	(temperature,	dynamic/static,	plasma	source)	and	sample	

preparation	steps	(protein	desorption,	separation)	which	currently	limit	a	universal	evaluation	

of	the	protein	corona	[156,157].	This	method	also	requires	a	specific	equipment	and	a	heavy	

data	treatment.	Moreover,	the	interpretation	of	the	mass	of	data	generated	by	this	study	is	

still	 not	 complete	as	 the	 role	of	 the	different	proteins	 found	 in	 the	 corona	are	not	 clearly	

established	 yet.	 The	way	 to	 interpret	 the	 data	 has	 also	 been	 questioned	 due	 to	 the	 high	

averaging	of	proteins	adsorbed	obtained	from	millions	of	nanoparticles,	rather	than	a	particle	

by	particle	corona	analysis	[158].	

Another	 approach	 is	 developed	 for	 a	 rapid	 screening	 of	 NMs	 interactions	 with	 biological	

systems.	Namely,	 Kuruvila	 et	 al.	 developed	a	method	 called	 SUSTU	 (SUrface	proteo-	mics,	

Safety,	Targeting,	Uptake)	[159].	This	method	allows	the	study	of	the	protein	corona	external	

surface	 that	 could	 be	 used	 to	 assess	 the	 in	 vivo	 behavior	 reproducibility	 of	 the	 NM.	 This	

method,	while	being	still	demanding	experimentally,	is	proposed	as	a	tool	for	NM	prototyping	
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in	 an	 integrated	 platform	 (Fig.	 3A).	Another	 group	 develops	 a	 screening	method	 to	 study	

interactions	of	proteins	with	different	NPs	using	fluorophore	molecules	affine	to	hydrophobic	

regions.	 They	monitored	 the	 fluorescence	 in	presence	of	different	NP-Protein	 couples	and	

could	 make	 assumption	 on	 adsorption	 behaviors	 thanks	 to	 the	 changes	 in	 fluorescence	

intensity	 (cf	 Fig.	 3C).	 Developed	 in	 a	 96-well	 format,	 this	method	 can	 be	 considered	 as	 a	

possible	candidate	for	NP-protein	interactions	routine	screening	[160]. 

To	study	more	precisely	the	interaction	on	NMs	with	proteins	and	small	molecules,	Riviere’s	

group	developed	a	Biological	Surface	Adsorption	Index	(BSAI)	in	2010.	This	model	uses	small	

molecules	to	probe	the	NM	surface	(Fig.	3B)	[161].	By	modelling	the	adsorption	behavior	of	

these	 probes,	 they	 could	 predict	 the	 adsorption	 of	 small	 molecules	 onto	 different	

nanomaterials	 [162].	 The	 amount	 of	 adsorbed	 probes	 onto	 NMs	 was	 determined	 by	 gas	

chromatography	coupled	to	mass	spectrometry	(GC-MS),	allowing	a	high	throughput	analysis.	

The	authors	have	thus	defined	an	index	that	could	be	used	to	characterize	NMs	surfaces	and	

predict	 their	 adsorption	 behavior,	 giving	 possible	 correlations	 of	 biodistribution	 and	

membrane	interactions.	Along	with	the	current	difficulties	encountered	by	predictive	models	

from	physicochemical	parameters,	such	methods	introducing	bio-elements	like	proteins	might	

be	a	solution	for	an	access	to	new	information.	They	are	sensitive	to	the	steric	hindrance	found	

at	 the	 nanoparticle	 surface	 created	 by	 the	molecular	 architecture	 of	 the	macromolecules	

grafted	on	the	nanoparticle	surface.		

A	 less	 sensible	 but	 more	 straightforward	 way	 to	 study	 the	 reproducibility	 of	 interactions	

between	plasma	proteins	and	NMs	would	be	the	measurement	of	size	change	occurring	once	

both	are	in	contact.	EU-NCL	proposed	a	FFF-MALS-DLS	method	for	the	batch	to	batch	testing	

of	plasma	protein	adsorption	onto	NMs	[99].	Indeed,	a	reproducible	elution	profile	could	be	

the	proof	of	a	controlled	interaction.	With	this	method,	the	modification	of	size	provided	by	

proteins	adsorption	is	measured.	However,	no	indication	about	the	composition	of	the	protein	

corona	is	provided.	Along	the	same	lines,	a	recent	method	using	Single	Particle	Extinction	and	

Scattering	(SPES)	was	developed	to	follow	the	NM	size	upon	incubation	in	serum	[163].	This	

optical	method	uses	light	scattering	on	a	particle	by	particle	analysis	to	study	NMs	distribution	

in	 presence	 of	 biological	 fluids.	 This	 prototype	 considers	 two	 parameters	 for	 size	

measurements,	namely	the	polarizability	and	the	optical	thickness	of	the	NM.	This	study	about	

in	 situ	 size	measurement	 has	 also	 been	 done	 using	 TRPS	 [125,164].	These	methods	 could	
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complement	 current	 batch	 size	measurements	 by	DLS,	 all	 providing	 a	 biological	 relevance	

added	to	the	pristine	NM	diameter	measured	so	far.	

Finally,	complement	system	activation	assays	give	indications	on	possible	risks	of	complement	

activation	related	pseudo	allergy	(CARPA)	[165-166].	An	in	vitro	assessment	of	complement	

activation	could	be	required	by	health	authorities	prior	to	batch	release.	We	proposed	the	

establishment	of	an	indicator	of	complement	C3	activation	(C3A50)	for	the	characterization	of	

NMs’	tendency	to	activate	the	complement	system	[167].	The	value	of	this	indicator	differs	

depending	on	the	nanoparticle’s	surface	characteristics	and	is	sensitive	to	the	architecture	of	

macromolecules	grafted	on	the	nanoparticle	surface.	The	method	using	2D-electrophoresis	

was	optimized	for	a	high-throughput	sample	analysis.	
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Figure	3:	Candidate	methods	for	a	new	routine	characterization	of	NMs.	A:	Principle	of	the	

SUSTU	integrated	platform.	B:	Illustration	of	the	BSAI	index	determination.	C:	Fluorescence	

scenarios	 for	 NPs	 adsorption	 characterization.	 D:	 Epitope	 mapping	 for	 ligand	 attachment	

characterization	 ((A)	 was	 reproduced	 from	 [159]	 with	 permission	 of	 the	 Royal	 Society	 of	

chemistry,	(B)	was	reprinted	from	[161]	and	(D)	from	[152]	with	permission	from	Macmillan	

Publishers	Ltd,	copyright	(2010),	(C)	was	reproduced	from	[160]).		
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VI. Conclusion	

Facing	the	current	hurdles	of	translation	of	NMs,	a	smarter	characterization	of	nanomaterials	

is	urgently	needed.	Regulatory	agencies	have	worked	on	the	gap	between	conventional	drug	

and	nanomedicines	establishing	new	guidelines,	defining	properties	specific	to	nanomaterials.	

These	 guidelines	 for	 NM	 batch	 release	 focus	 on	 the	 description	 of	 intrinsic	 properties	 of	

nanomaterials	composing	nanomedicines,	whereas	it	is	pointed	out	that	the	biological	identity	

formed	 in	 vivo	 is	 the	 one	 driving	 the	 fate	 of	 the	NM.	Even	 for	 these	 key	 physicochemical	

parameters	that	seems	to	be	the	best	controlled	until	now,	many	improvements	are	needed	

to	achieve	a	more	precise	and	robust	investigation.	However,	the	sensitivity	found	in	biological	

system	does	not	allow	for	such	a	“macro-characterization”	of	nanomaterials	as	it	is	the	case	

now.	An	effort	on	methods	development,	accessibility,	automation,	relevance	and	sensitivity	

is	upcoming.	This	passes	by	the	improvement	of	certain	current	methods,	the	establishment	

of	new	ones,	and	the	introduction	of	biological	components	in	routine	tests.	A	better	control	

of	 NM	 batches	 is	 expected	 to	 come	 from	 these	 new	 methods	 and	 some	 with	 biological	

components	may	be	relevant	to	detect	critical	points	for	in	vivo	reproducibility.		
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VII. Abbreviations		

AFM:	Atomic	force	microscopy	
API:	Active	pharmaceutical	ingredient	
BSAI:	Biological	Surface	Adsorption	Index		
CARPA:	Complement	activation	related	pseudo	allergy	
CRO:	Contract	research	organization	
DCS:	Differential	centrifugal	sedimentation	
DLS:	Dynamic	light	scattering		
ELS:	Electrophoresis	light	scattering	
EM:	Electron	microscopy		
EMA:	European	medicine	agency	
EPR:	Enhanced	permeation	and	retention	
EUNCL:	European	Nanomedicine	Characterization	Laboratory	
FDA:	Food	and	drug	administration		
FFF:	Field	flow	fractionation	
GC-MS:	Gas	chromatography	-	mass	spectrometry	
ISO:	International	Standard	Organization	
LC-MS:	Liquid	chromatography-mass	spectrometry	
MALS:	Multi-angle	light	scattering	
NC:	Nanocarrier	
NCL:	Nanotechnology	Characterization	Laboratory	
N.	Meningitidis:	Neisseria	Meningitidis	
NM:	Nanomedicine	
NMR:	Nuclear	magnetic	resonance	
NP:	Nanoparticle	
OECD:	Organization	for	Economic	Co-operation	and	Development		
PD:	Pharmacodynamics	
PEG:	Polyethylene	glycol	
PK:	Pharmacokinetics	
PTA:	Particle	tracking	analysis		
SAXS:	Small	angle	X-ray	scattering	
SEC:	Size	exclusion	chromatography	
SEM:	Scanning	electron	microscopy		
SIMS:	Secondary	ion	mass	spectrometry	
SPE:	Solid	phase	extraction	
SUSTU:	SUrface	proteo-	mics,	Safety,	Targeting,	Uptake	
TEM:	Transmission	electron	microscopy	
TRPS:	Tunable	resistive	pulse	sensing	
WAXS:	Wide	angle	X-ray	scattering	
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Avant-propos	:	Une	 fois	administrées	par	voie	 intraveineuse,	 les	nanomédecines	vont	

interagir	avec	des	éléments	biologiques	retrouvés	dans	le	compartiment	sanguin,	notamment	

les	 protéines	 plasmatiques.	 Les	méthodes	 permettant	 une	 caractérisation	des	 interactions	

entre	nanomédecines	et	protéines	plasmatiques	de	façon	journalière	pour	un	contrôle	de	ces	

interactions	sont	rares.	En	effet,	les	méthodes	existantes	pour	étudier	ce	genre	d’interaction	

souffrent	soit	d’un	coût	excessivement	élevé	(ex	:	Tests	Elisa),	soit	d’un	savoir-faire	où	d’une	

manipulation	 excessivement	 complexe	 limitant	 leur	 utilisation	 (ex	 :	 identification	 et	

quantification	de	la	protéine	corona	par	LC-MSMS).	Dans	cette	partie,	nous	présenterons	les	

méthodes	 développées	 au	 cours	 de	 ces	 travaux	 de	 thèse	 qui	 viennent	 en	 réponse	 aux	

problématiques	evoquées	ci-dessus.	

Le	chapitre	II	présente	une	méthode	d’immunoélectrophorèse	en	deux	dimensions	revisitée	

et	 adaptée	 à	 une	 utilisation	 à	 haut	 débit	 en	 routine.	 Cette	méthode	 permet	 de	 tester	 le	

pouvoir	d’activation	du	complément	de	nanoparticules	en	mesurant	la	quantité	de	protéine	

C3	clivée.	Il	est	possible	d’analyser	35	échantillons	sur	une	seule	plaque	d’électrophorèse.	

Dans	le	chapitre	III,	cette	méthode	est	appliquée	à	l’étude	plus	précise	de	la	voie	d’activation	

du	 complément	 empruntée	 par	 des	 nanoparticules	 modèles.	 Des	 modifications	 de	

composition	 du	 tampon	 d’incubation	 ont	 permis	 de	 privilégier	 et/ou	 bloquer	 le	

déclenchement	de	certaines	voies	de	la	cascade	du	complément	afin	d’identifier	le	mécanisme	

d’activation	du	complément	prépondérant.	

Le	 chapitre	 IV	décrit	une	méthode	d’étude	de	 l’activation	du	 complément	par	 résonnance	

plasmonique	de	surface	(SPR).	Cette	technique	permet	de	mesurer	de	façon	automatisée	le	

degré	 d’activation	 du	 complément	 en	 détectant	 des	 fragments	 spécifiques	 libérés	 après	

activation.	

Dans	le	chapitre	V,	une	méthode	de	caractérisation	de	la	surface	des	nanoparticules	via	des	

sondes	protéiques	est	présentée.	L’utilisation	de	l’électrophorèse	capillaire	permet	une	étude,	

sans	 étape	de	prétraitement	 et	 automatisable,	 de	 la	 capacité	d’adsorption	d’une	protéine	

donnée	sur	la	nanoparticule	à	étudier.	On	peut	en	déduire	des	informations	sur	l’accessibilité	

des	protéines	à	la	surface	de	la	nanoparticule,	caractérisant	ainsi	les	propriétés	de	couverture	

des	 nanoparticules	 par	 les	 chaines	 de	 polymères	 hydrophiles	 qui	 y	 sont	 généralement	

greffées.	
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Chapitre	II	:	Multi-Immunoélectrophorèse	2D	

miniaturisée	en	série	:	immunoanalyse	de	l’activation	de	

la	protéine	C3	causée	par	les	nanoparticules	

	

Avant-propos	:	Le	système	du	complément	est	le	principal	acteur	de	la	réponse	humorale	

du	 système	 immunitaire.	 Il	 est	 composé	 d’un	 ensemble	 de	 protéines	 dont	 l’activation	

fonctionne	en	une	cascade	de	réactions	biochimiques.	L’activation	de	cette	cascade	conduit,	

dans	 le	 cas	 des	 nanomédecines	 (NMs),	 à	 l’opsonisation	 de	 ces	 dernières	 lorsqu’elles	 sont	

détectées	par	 le	 système	 immunitaire,	menant	à	 leur	 capture	par	 les	macrophages	et	une	

accumulation	 dans	 le	 foie.	 Une	 description	 plus	 précise	 de	 la	 cascade	 du	 système	 du	

complément	est	donnée	en	annexe	méthodologique	n°4.	En	général,	la	conception	des	NMs	

est	 faite	de	 telle	sorte	à	éviter	ce	phénomène	d’activation	du	complément	et	améliorer	 le	

profil	de	la	biodistribution.	Ceci	est	généralement	réalisé	par	le	greffage	de	macromolécules	

hydrophiles	(PEG,	polysacharides)	(cf.	NMs	de	2ème	génération)	qui	réduisent	l’adsorption	de	

protéines	et	notamment	des	protéines	du	système	du	complément.	De	plus,	l’activation	du	

système	du	complément	est	suspectée	dans	des	réactions	hyperallergiques	pouvant	intervenir	

lors	de	l’injection	de	nanomédecines	(CARPA	:	Complement	Acitvation	Related	Pseudo	Allergy)	

et	pouvant	conduire	 jusqu’à	 la	mort	du	patient.	 L’interaction	des	NMs	avec	 le	 système	du	

complément,	bien	que	pouvant	être	à	l’origine	de	phénomènes	majeurs	lors	d’une	utilisation	

en	clinique,	n’est	pas	systématiquement	testée	lors	de	la	libération	d’un	lot	clinique	de	NMs.	

Les	méthodes	trop	complexes	ou	coûteuses	peuvent	empêcher	l’établissement	de	tels	tests	

en	routine.	Dans	ce	chapitre,	nous	proposons	une	méthode	de	test	à	haut	débit	de	l’activation	

de	 la	 protéine	 C3	 par	 immunoélectrophorèse	 2D	 sur	 gel.	 	 Le	 principe	 de	

l’immunoélectrophorèse	 bidimensionnelle	 est	 rappelé	 en	 annexe	 méthodologique	 n°1.	 La	

méthode	développée	au	cours	de	ce	travail	permet	une	analyse	à	haut	débit	du	clivage	de	la	

protéine	C3.	Une	application	de	cette	méthode	consiste	à	déterminer	un	nouvel	 indicateur	

caractérisant	la	capacité	des	NMs	à	activer	le	système	du	complément	(C3A50).	
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Abstract	

Crossed	 immunoelectrophoresis	 (C-IE)	 is	 used	 to	 detect	 and	 quantify	 specific	 proteins.	 An	

application	allowed	the	evaluation	of	complement	system	activation	by	nanomaterials.	The	

work	aimed	to	improve	the	C-IE	toward	a	higher	throughput	and	less	tedious	method.	A	new	

concept	was	implemented	to	prepare	and	run	agarose	gels.	The	1st	and	the	2nd	dimension	of	

electrophoresis	were	performed	on	a	single	gel	plate,	prepared	before	the	beginning	of	the	

analysis.	Several	samples	were	migrated	simultaneously	on	the	same	migration	line.	Up	to	35	

analyses	were	run	at	once,	providing	stamp-sized	electrophoregrams	(2.8x3	cm)	maintaining	

the	 performance	 of	 the	 original	method	 performed	 on	 5x7	 cm	 gel	 slabs.	 Robustness	 and	

precision	of	 the	method	were	demonstrated	 through	a	 validation	approach	using	ANOVA.	

Handling,	experimental	duration,	amount	of	reagents	and	overall	cost	of	one	analysis	were	

considerably	reduced	compared	to	the	original	method.	With	the	same	equipment,	7	times	

more	 analyses	 can	 be	 performed	 in	 one	 run.	 C-IE	 can	 be	 used	 to	 analyze	many	 types	 of	

proteins.	The	new	experimental	modalities	were	suitable	for	the	application	developed	in	the	

present	 work	 that	 was	 to	 evaluate	 activation	 of	 protein	 C3	 of	 the	 complement	 system	

triggered	by	nanomaterials.		

Abbreviations:	 2D-IE:	 Two-dimensional	 immunoelectrophoresis,	 ANOVA:	 Analysis	 of	

Variance,	 C3A50:	 Protein	 C3	 activation	 at	 50%,	 CARPA:	 Complement	 Activation	 Related	

PseudoAllergy,	 C-IE:	 Crossed	 immunoelectrophoresis,	 DH:	 Hydrodynamic	 diameter,	 DLS:	

Dynamic	 light	scattering,	ELS:	Electrophoresis	 light	scattering,	EP:	Emulsion	polymerization,	

GUM:	guide	to	the	expression	of	uncertainty	in	measurement,	IBCA:	Isobutylcyanoacrylate,	

ICH:	International	Conference	on	Harmonisation	of	Technical	Requirements	for	Registration	

of	 Pharmaceuticals	 for	 Human	 Use,	 ISO:	 International	 Organization	 for	 Standardization,	

NaMe:	 Nafamostat	 Mesylate,	 NP(s):	 Nanoparticle(s),	 MC:	 Mass	 concentration,	 SC:	 Surface	

concentration,	 VBS:	 Veronal	 Buffer	 Saline,	 MultiCrossed-IE:	 Serial	 multiple	 crossed	

immunoelectrophoresis	at	a	micro	scale	

Keywords:	Complement	system,	crossed	immunoelectrophoresis,	protein	C3,	robustness	

	

	 	



Partie	expérimentale	:	Chapitre	II	–	Développement	d’IE	2D	miniaturisée	en	série	

	 75	

I. Introduction	

It	is	now	quite	well	established	that	nanomaterials	circulating	in	the	blood,	either	intentionally	

when	used	as	nanomedicines,	or	accidentally	after	exposition	to	pollutants,	are	subjected	to	

recognition	by	the	immune	system	[1-3].	Although	still	not	fully	established,	it	seems	that	the	

activation	 of	 the	 complement	 system	 may	 be	 one	 of	 the	 first	 event	 responsible	 for	 the	

clearance	of	nanomaterials	from	the	blood,	associated	with	uptake	by	macrophages	of	the	

immune	system	[4].	The	complement	system	is	also	at	the	root	of	hypersensitivity	and	allergic	

reactions.	Among	them,	the	development	of	Complement	Activation	Related	PseudoAllergy	

(CARPA)	that	is	still	not	entirely	understood,	and	can	have	a	dramatic	issue	for	patients	[5,	6].	

Thus,	 there	 is	 an	 interest	 to	 evaluate	 the	 propensity	 of	 a	 nanomaterial	 to	 activate	 the	

complement	system,	as	it	is	one	of	the	possible	ways	to	assess	its	nanotoxicity.		

In	vitro	tests	on	this	purpose	are	well	established	including	western	blot,	CH50	assay	(Total	

Hemolytic	Complement	assay),	ELISA,	C-IE	or	immunoprecipitation	tests	[7-11].	Among	them,	

the	C-IE	(or	2D-IE)	of	the	complement	C3	protein	was	not	so	much	applied	due	to	the	tedious	

operating	conditions,	although	it	allows	to	reveal	the	cleavage	of	the	protein	C3	of	the	cascade	

in	a	non-debated	manner	[12-14].	Complement	protein	C3	is	a	protein	that	intervenes	in	the	

final	pathway	of	the	complement	cascade,	being	common	to	all	known	pathways	that	trigger	

activation	of	the	cascade	[15,	16].	Measurement	of	protein	C3	cleavage	allows	the	assessment	

of	 complement	 activation,	 independently	 of	 the	 pathway	 triggering	 the	 activation.	 In	 the	

obtained	 electrophoregram,	 a	 first	 peak	 corresponds	 to	 native	 C3,	which	may	 partially	 or	

totally	disappear	after	activation,	 to	be	replaced	by	a	second	and	sometimes	a	 third	peak,	

corresponding	 to	 cleaved	 components	 of	 C3	 [17].	 The	method	 can	be	 applied	on	 samples	

directly	obtained	from	the	incubation	with	the	serum	without	the	need	to	remove	the	tested	

nanomaterial,	as	it	is	the	case	with	other	methods	such	as	CH50	assay	[8]	and	Western	Blot.		

Today,	there	is	a	need	for	methods	to	the	study	of	complement	activation	by	a	large	number	

of	 nanomaterials.	 The	 demanding	 protocol	 of	 the	 C-IE	 hampers	 its	 development	 at	 the	

expense	of	the	direct	information	provided	from	the	reading	and	analysis	of	gels.		

The	purpose	of	the	present	work	was	to	develop	a	high	throughput	analytical	method	based	

on	 C-IE,	 by	 achieving	 serial	 multiple	 crossed	 immunoelectrophoresis	 at	 a	 micro	 scale	

(MultiCrossed-IE)	on	a	single	agarose	gel	plate.	Although	several	migrations	of	samples	can	be	
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achieved	in	parallel	on	a	gel	plate,	the	novelty	of	the	work	was	to	incorporate	samples	to	be	

analyzed	on	the	same	line	of	migration.	The	new	approach	was	applied	to	the	investigation	of	

the	activation	of	component	C3	of	the	complement	system	triggered	by	three	types	of	known	

nanoparticles,	 tested	 at	 different	 levels	 of	 activation.	 The	 robustness	 of	 the	method	 was	

assessed	by	testing	the	 influence	of	sample’s	position	on	the	gel	plate,	the	electrophoresis	

apparatus,	 the	 analyst	 and	 the	 sample	 preparation.	 The	 precision	 of	 the	 method	 was	

evaluated	via	the	intra-	and	inter-day	variation.		

The	method	was	then	applied	to	the	evaluation	of	the	amount	of	NP’s	surface	that	induces	a	

cleavage	of	50%	of	the	native	C3	into	fragments	(C3A50).	This	value	could	be	proposed	as	a	new	

parameter	characterizing	nanomaterials	in	terms	of	their	capacity	to	trigger	activation	of	the	

complement	 system,	 thus	 breaking	 the	 limit	 of	 previous	 methods	 that	 only	 allowed	

comparison	of	few	nanomaterials	tested	for	a	same	concentration	expressed	as	the	exposed	

surface.	

II. Materials	and	Methods	

II.1. Materials	

Isobutylcyanoacrylate	(IBCA)	was	purchased	from	Orapi	(Saint-Vulbas,	France).	Dextran	17.7	

kDa	 and	 cerium	 (IV)	 ammonium	 nitrate	 were	 provided	 by	 Fluka	 (Saint-Quentin-Fallavier,	

France).	Dextran	66.7	kDa,	Tricine,	Tris	base	(Sigma	7-9®),	Sodium	chloride,	EDTA	sodium	salt	

and	Bromophenol	blue	were	purchased	from	Sigma	(Saint-Quentin-Fallavier,	France).	Nitric	

acid	 was	 supplied	 by	 Prolabo	 (Paris,	 France).	 Human	 serum	 was	 prepared	 from	 plasma	

provided	by	Etablissement	Français	du	Sang	(EFS)	(Rungis,	France).	Polyclonal	anti-human	C3	

antibody	raised	 in	goat	was	purchased	from	Fitzgerald	antibodies	 (Acton,	USA).	Coomassie	

brilliant	blue	R-250,	calcium	lactate	and	glacial	acetic	acid	were	supplied	by	Thermo	Fisher	

Scientific	 (Villebon-sur-Yvette,	 France).	Gel-Fix™	 for	 agarose	 (265x150	mm)	was	purchased	

from	 Serva	 Electrophoresis	 (Heidelberg,	 Germany).	 Nafamostat	 mesylate	 (NaMe)	 was	

obtained	from	Abcam	(Cambridge,	UK).	
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II.2. Nanoparticle	preparation	and	characterization	

II.2.1. Preparation	of	the	NPs	

NPs	 were	 prepared	 by	 emulsion	 polymerization	 (EP)	 adapting	 protocols	 proposed	 by	

Chauvierre	et	al.	[18],	according	to	Bertholon	et	al.	[14].	The	NPs	R17	and	R66	were	obtained	

by	redox	radical	EP	using	dextran	17.7	kDa	and	66.7	kDa	respectively.	Cerium	IV	ammonium	

nitrate	(2	mL,	8.10-2	M	in	HNO3	0.2	N)	and	IBCA	(0.5	mL)	were	successively	added	in	a	solution	

of	dextran	(0.136	g	 in	8	mL	HNO3	0.2	N,	40°C),	purged	with	argon.	The	polymerization	was	

pursued	for	1h	at	40°C.	NP	A66	was	prepared	by	anionic	EP	with	dextran	66.7	kDa.	IBCA	(0.5	

mL)	was	added	to	a	solution	of	dextran	(0.136	g	in	10	mL	HNO3	0.2	N,	40°C).	The	polymerization	

was	pursued	for	24h	at	40°C.		At	the	end	the	polymerization,	dispersions	were	cooled	in	an	ice	

bath	 and	 purified	 by	 dialysis	 against	Milli-Q®	 water	 using	 Spectra/Por	membrane	 (MWCO	

100,000	Da,	Spectrum	Laboratories,	Irving,	USA).	Purified	NP	dispersions	were	stored	at	4°C	

until	use.		

II.2.2. Nanoparticle	characterization	

Evaluation	of	the	size	and	surface	charge:	Hydrodynamic	diameter	(DH)	of	nanoparticles	was	

measured	at	20°C	by	dynamic	light	scattering	(DLS).	Surface	charge	was	assessed	evaluating	

the	zeta	potential	from	measurements	of	the	electrophoretic	mobility	by	electrophoresis	light	

scattering	 (ELS),	 using	 Smoluchowski’s	 model.	 Measurements	 were	 carried	 out	 using	 a	

ZetaSizer	Nano	ZS90	(Malvern	Instruments,	Orsay,	France).	

Determination	of	 the	mass	 concentration:	Mass	 concentration	of	NP	 in	dispersions	 (MC	 in	

mg.mL-1)	was	determined	by	a	gravimetric	method.	Known	volume	of	the	dispersion	(300	µL)	

was	freeze-dried	with	a	Christ	Alpha	1-2	LDplus	(Bioblock	Scientific,	Illkirch,	France)	for	24h.	

The	dried	weight	was	used	to	determine	the	MC.	

Calculation	of	the	NP	surface	area	concentration:	The	surface	concentration	(SC	in	cm
2.mL-1)	

developed	by	 the	NP	per	mL	of	dispersion	was	 calculated	 from	Eq.	1	 [19],	using	 the	mass	

concentration	(MC	in	mg.mL-1),	the	DH	(in	cm),	and	the	density	of	tested	nanoparticles	(d	in	

mg.cm-3),	which	was	previously	reported	by	Vauthier	et	al.	[20].	SC	

!" =
$∗&'

(∗)*
				(1)	
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II.3. Preparation	of	samples	to	be	analyzed	by	C-IE	and	MultiCrossed-IE	

Human	serum	(25	µL)	was	incubated	with	a	given	surface	of	nanoparticles	(50	µL)	dispersed	

in	Veronal	Buffer	Saline	(VBS)	(25	µL).	The	VBS	contained	0.15	mM	Ca2+	and	0.5	mM	Mg2+	ions	

and	was	prepared	as	described	by	Kazatchkine	et	al.	[21].	Samples	were	incubated	for	1h	at	

37°C.	 Then,	 they	were	 immediately	 cooled	 to	 4°C	 in	 an	 ice	 bath.	 For	 the	 robustness	 and	

precision	study,	EDTA	and	NaMe	were	added	in	order	to	stop	proteolytic	reactions	occurring	

in	the	process	of	complement	system	activation	[22]	(4.13	µL	of	EDTA	disodium	salt	0.5	M	and	

2.16	µL	of	NaMe	at	10	mg.mL-1).	Samples	were	then	either	immediately	analyzed	by	C-IE	or	

stored	at	-20°C	until	use	within	the	few	next	days.	The	surface	of	NP	exposed	in	the	sample	

(ssample	in	cm
2.mL-1),	can	be	calculated	using	Equation	2,	with	the	volume	of	NP	dispersion	(v	

in	mL)	in	the	total	volume	of	incubation	(Vtot	in	mL).		

++,-./0 =
1'∗2

3454
			(2)	

II.4. Crossed	Immunoelectrophoresis	

II.4.1. C-IE	classical	method		

The	C-IE	method	was	detailed	by	Walker	[23],	then	applied	to	C3	protein	by	Passirani	et	al.	

[11].	Samples	were	prepared	as	described	in	2.3.	Then,	5µL	of	each	sample	were	filled	into	

wells	formed	on	a	1%	agarose	gel	plate	(13x10	cm)	for	the	first	dimension	of	electrophoresis.	

After	1h15min	of	separation,	bands	corresponding	to	each	sample	were	cut	and	disposed	on	

Gel-Fix™	films	(5x7	cm	each).	Agarose	gel	1%	containing	the	antibody	was	then	casted	on	the	

remaining	free	area	of	the	film	for	the	second	dimension	electrophoresis	that	lasted	for	18h	

using	a	Multiphor	II	electrophoresis	system	(GE	Healthcare,	Velizy-Villacoublay,	France).	Five	

samples	were	run	at	the	same	time	on	five	different	gel	slabs	(5x7cm).		

II.4.2. New	serial	multiple	crossed	IE	at	a	micro	scale	(MultiCrossed-IE)	

II.4.2.1. Evaluation	of	the	heat	resistance	of	the	antibody	

The	heat	resistance	of	the	antibody	was	assessed	by	radial	immunodiffusion	[24].	A	gel	plate	

was	prepared	on	a	Gel-Fix™	 film	with	a	solution	of	agarose	0.7%	containing	human	serum	

(0.17	µL/cm2	of	gel),	in	Tricine	buffer	(Calcium	Lactate	1	mM,	TRIS	63	mM,	Tricine	27	mM,	in	

milliQ®	water,	pH	8.6).	Wells	were	formed	in	the	agarose	gel	to	receive	4	µL	of	pre-heated	(20,	

50,	55,	60,	65,	70,	75,	80	and	90°C)	antibody	solutions	(1.4	mg.mL-1	in	PBS)	for	4	minutes.	The	
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gels	were	placed	in	a	humid	chamber	for	24h	prior	drying	and	staining	with	Coomassie	blue	

[25].	The	diameter	of	the	precipitated	rings	was	measured	to	calculate	the	areas	of	circles.	

The	 latter	were	plotted	against	 the	corresponding	 temperature	at	which	 the	antibody	was	

heated.		

II.4.2.2. Preparation	of	the	gel	for	MultiCrossed-IE	

Agarose	 gel	 1%	 (40	mL)	was	prepared	 in	 Tricine	buffer.	When	 the	 temperature	of	 the	 gel	

reached	 60°C,	 1.17	 mL	 of	 anti-C3	 antibody	 at	 1	 mg.mL-1	 in	 PBS	 was	 added.	 After	 rapid	

homogenization,	 the	 solution	 was	 spread	 on	 a	 15x20	 cm	 Gel-Fix™	 film	 (Fig.	 1A).	 After	

solidification,	five	8	mm	bands	were	removed	as	illustrated	in	Figure	1B,	C,D.	Each	gap	was	

then	filled	with	1.8	mL	of	a	1%	agarose	gel	prepared	 in	Tricine	buffer	(Fig.	1E).	Wells	were	

formed	at	 the	same	time	using	a	homemade	comb	(Fig.	1F).	A	distance	of	2.5	cm	was	 left	

between	wells,	allowing	seven	samples	to	be	run	 in	series	 in	a	band	of	20	cm	long	(i.e.	35	

samples	to	be	run	in	a	15x20	cm	gel,	Fig.	1G).	A	second	well	on	the	left	side	of	each	band	was	

made	under	the	sample	well,	in	order	to	run	Bromophenol	blue	as	an	indicator	of	migration	

for	the	first	dimension	of	the	electrophoresis.	

II.4.2.3. Electrophoresis	runs	

The	 tricine	 buffer	 was	 used	 as	 electrophoresis	 buffer.	 The	 gel	 was	 placed	 in	Multiphor	 II	

electrophoresis	system	(GE	Healthcare,	Velizy-Villacoublay,	France)	and	wells	were	filled	with	

2.5	µL	of	samples	for	the	serial	migration.	Bromophenol	blue	(1.3	mg.mL-1,	2.5	µL)	was	placed	

in	the	secondary	wells	on	the	left	(Fig.	1H).	Samples	were	then	subjected	to	the	first	dimension	

electrophoresis	(600	V,	16	mA,	100	W),	freely	migrating	in	the	agarose	gel	band	according	to	

their	molecular	weight	 and	 charge.	 Electrophoresis	was	 stopped	when	 the	blue	 indicators	

have	 crossed	 6	 cm.	 Then,	 the	 gel	 was	 turned	 by	 90°	 to	 achieve	 the	 second	 dimension	

corresponding	to	the	rocket	immunoelectrophoresis	(500	V,	12	mA,	100	W),	that	lasted	for	

3h30min.	Gels	were	dried	and	stained	as	described	previously	[25].	

II.4.3. Scanning	and	quantification	

The	gels	were	scanned	at	a	resolution	of	800	dpi	(Scanner	Epson	Perfection	V100	Photo)	(Fig.	

1I).	Area	under	peaks	was	integrated	using	ImageJ	software	(Fig.	1J).	The	first	peak	on	the	left	

side	was	recognized	as	native	C3,	whereas	the	second	peak	from	the	left	was	attributed	to	
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protein	fragments	derived	from	C3	cleavage.	The	%	of	activation	was	expressed	as	the	ratio	of	

peak	area	of	cleaved	protein	regarding	the	total	peak	area	of	C3	native	and	fragments.		

	

	

Figure	1:	Preparation	of	the	gel	plates	for	MultiCrossed-IE.		A)	Agarose	gel	slab	containing	anti-

C3	antibody.	B)	Cutting	of	gel	bands	following	a	template.	C)	Removing	pre-cut	bands	with	a	

spatula.	D)	Gel	with	cut	bands.	E)	Agarose	gel	filling	of	the	bands.	F)	Application	of	the	comb	

for	wells	 formation.	G)	Final	gel	 ready	for	sample	 loading.	H)	Gel	 loaded	with	samples	and	

indicator	 for	 first	 dimension	migration.	 I)	 Numerized	 gel	 after	 2D	migration,	 staining	 and	

drying.	J)	Example	of	integration	of	electrophoregram	peaks.	K)	Comparison	with	a	stamp	at	

the	same	size	scale	(ãLa	Poste,	2001,	Eve	Luquet).	
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II.5. Robustness	and	precision	of	the	method	

II.5.1. Sample	preparation	

Three	 samples	with	 different	 degrees	 of	 activation	 of	 the	 C3	 protein	were	 prepared	 from	

dispersions	R66,	R17	and	A66	used	at	a	surface	concentration	of	1934,	1874	and	3934	cm2.mL-

1	respectively.	These	samples	appropriately	corresponded	to	low	(A0),	partial	(A50)	and	full	

activation	(A100)	of	the	protein	C3	and	were	prepared	as	mentioned	in	section	2.3.		

II.5.2. Exploration	of	robustness	and	precision	of	the	method	

Several	factors	were	tested	in	order	to	investigate	the	robustness	and	precision	of	the	method,	

as	described	by	ICH	[26]	and	ISO	standard	[27].	The	robustness	of	a	method	reflects	its	capacity	

to	give	unaffected	results	under	small	variation	of	the	measurement	conditions	and	thus	give	

indications	about	its	reliability	for	a	normal	usage	[26,	27].		

Factors	considered	in	the	robustness	study	were:		

-	The	position	of	the	sample	on	the	slab	gel.	Two	different	gels	containing	the	same	samples	

disposed	at	different	positions	were	run	on	the	same	day	on	the	same	electrophoresis	tank.	

-	The	electrophoresis	system.	Two	different	gels	with	samples	at	the	same	position	in	both	

gels	were	simultaneously	run	on	two	distinct	electrophoresis	systems.	

-	The	influence	of	the	analyst.	Two	different	experimenters	did	the	same	experiment,	using	

the	 same	 samples	 on	 the	 same	 system.	 Each	 experimenter	 prepared	 its	 own	 gel,	 ran	 the	

electrophoresis	independently	and	analyzed	the	obtained	gel	after	coloration.	

-	The	sample	preparation.	A	total	of	five	preparations	of	each	sample	(A0,	A50	or	A100)	were	

realized	the	same	day.	Each	sample	was	analyzed	on	one	gel	slab.		

The	precision	of	a	method	expresses	the	closeness	between	a	series	of	measurements	under	

defined	 conditions	 [26,	 27].	 The	 precision	 was	 investigated	 through	 intra-day	 variation	

(repeatability)	and	inter-day	variation	(intermediate	precision).	

Three	models	of	NP	samples	[14,	28]	were	repeated	and	analyzed	for	their	ability	to	give	the	

same	activation	under	variations	of	the	above	mentioned	experimental	factors	as	summarized	

in	Table	1.	It	is	noteworthy	that	the	gel	preparation	was	independent	for	each	experiment.		
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II.5.3. Statistical	analysis	of	the	MultiCrossed-IE	

The	investigation	of	the	robustness	and	precision	of	the	method	was	performed	by	means	of	

ANOVA	tests,	as	described	 in	 the	GUM	[29]	and	the	standard	 ISO	[30].	The	General	Linear	

Model	of	ANOVA	test	in	Minitab	16.0	was	used	on	this	purpose.		Briefly,	ANOVA	test	allows	

determining	whether	one	or	several	factors	have	a	significant	influence	on	the	response	of	

the	measured	variable,	 here	 the	%	activation	of	 the	protein	C3.	ANOVA	was	applied	after	

verification	 of	 the	 hypotheses	 allowing	 its	 applicability,	 namely	 the	 normal	 distribution	 of	

residuals	(Ryan-Joiner’s	test)	and	variances	homoscedasticity	(Levene’s	model).		

The	 robustness	 was	 assessed	 through	 the	 factors	 position,	 system,	 analyst	 and	 sample	

preparation	by	means	of	the	p-value.	The	p-value	corresponds	to	the	probability	to	find	the	

observed,	or	more	extreme,	results	when	the	null	hypothesis	is	true	i.e.	the	studied	factor	has	

no	significant	effect	on	the	variable	response.	 If	 the	p-value	 is	higher	than	the	significance	

level	fixed	at	0.05	in	this	work,	it	suggests	that	the	data	are	consistent	with	the	assumption	

that	 the	null	hypothesis	 is	 true	and	 the	null	hypothesis	has	 to	be	accepted.	So,	 the	 tested	

factor	did	not	introduce	significant	difference	on	the	response	variable	when	p-value	resulting	

from	its	associated	ANOVA	was	higher	than	0.05.	The	threshold	for	the	p-value	was	chosen	

consistently	with	those	generally	found	in	the	literature.		To	study	the	precision	of	the	method,	

we	assessed	the	intermediate	precision	and	the	repeatability	via	the	calculation	of	the	RSD	of	

%	C3	activation	values	determined	for	A0,	A50	and	A100.		
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Table	 1:	 Evaluation	 of	 robustness	 and	 precision	 of	 the	 MultiCrossed-IE	 monitoring	 the	

activation	of	the	protein	C3	by	three	samples	of	nanoparticles	showing	low	activation	(A0),	

medium	activation	(A50)	and	high	activation	(A100)	of	the	protein	C3.	A:	General	design	of	

ANOVA	 tests	 used	 for	 factors	 influence	 of	 the	 position	 of	 the	 sample	 (Position),	

electrophoresis	system	(System),	analyst	(Analyst),	sample	preparation	(Sample	prep)	and	day	

(Intra-day	and	Inter-day).	i	and	ii	represent	the	number	of	levels	of	the	tested	factor	and	the	

number	 of	 replicates	made	 for	 a	 given	 sample	 in	 each	 gel	 respectively.	 	 B:	 Results	 of	 the	

statistical	analysis	by	ANOVA	tests.	Robustness	was	evaluated	by	p-values	(The	factor	did	not	

introduce	a	significant	difference	 for	a	p-value	>	0.05,	see	paragraph	2.5.3.).	Precision	was	

assessed	by	RSD	values.	

II.6. Characterization	of	C3	activation	induced	by	nanoparticles	

Samples	 of	 the	 three	 types	 of	 NP	 were	 prepared	 with	 different	 amounts	 of	 surface	 area	

(ranging	from	500	to	4950	cm2.mL-1)	and	analyzed	by	MultiCrossed-IE.	The	%	of	activation	of	

protein	C3	was	determined	and	plotted	against	the	concentration	of	NPs	expressed	in	surface	
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area	(cm2.mL-1).	The	concentration	in	NPs	producing	50%	of	the	cleavage	of	the	protein	C3	

was	defined	as	the	C3A50.	

III. Results	

III.1. Nanoparticle	characterization	

Hydrodynamic	 diameter,	 Polydispersity	 index	 (PDI),	 zeta	 potential,	 mass	 and	 surface	

concentration	of	NP	in	dispersions	are	summarized	in	Table	2	and	were	consistent	with	those	

found	in	previous	works	[14,	28,	31].	

NP	 D
H
	(nm)*	 PDI*	

Zeta		

potential	**	

(mV)	

M
C
***	

	(mg.mL
-1

)	

S
C
	

(cm
2

.mL
-1

)	

C
3
A
50
****		

(cm
2

.mL
-1

)	

R17	 193	 0,03	 -11.7	 49.1	 13.4·10
3

	 1625	

A66	 88	 0,1	 -5,6	 36.9	 22.1·10
3

	 1500	

R66	 281	 0,04	 -5.2	 52.8	 9.9·10
3

	 >	4900	

Measured	by	*DLS,	**ELS,	***gravimetric	method,	****MultiCrossed-IE	

	

Table	2:	Characteristics	of	the	three	dispersions	of	model	NPs	used	in	the	study	and	values	of	

C3A50	determined	by	MultiCrossed-IE.			

III.2. Heat	resistance	of	the	antibody	

To	prepare	agarose	gel	plates	for	the	MultiCrossed-IE,	the	agarose	gel	must	be	spread	on	a	

15x20	cm	Gel-Fix™	film.	During	this	operation,	the	antibody	is	added	to	a	hot	agarose	solution	

and	 must	 resist	 to	 the	 high	 temperature	 required	 to	 cast	 a	 homogeneous	 gel	 plate.	 A	

preliminary	experiment	aimed	to	determine	the	maximum	temperature	at	which	full	activity	

of	 the	 antibody	 was	 preserved.	 This	 was	 assessed	 by	 a	 radial	 immunodiffusion	 method	

designed	on	this	purpose.	As	shown	in	Figure	S1,	decrease	of	the	immunodiffusion	circle	areas	

was	clearly	observed	for	anti-C3	antibody	samples	heated	above	60°C	that	can	be	explained	

by	 the	denaturation	of	 the	 antibody.	 The	 full	 activity	 of	 the	 antibody	was	preserved	 after	

heating	at	60°C	which	was	the	maximum	temperature	that	can	be	used	to	prepare	gel	plates.	

Gels	for	the	MultiCrossed-IE	were	then	casted	at	60°C.	
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III.3. MultiCrossed-IE	(versus	orginal	method)	

The	gel	plate	was	conceived	to	achieve	the	migration	of	7	samples	on	the	same	horizontal	line.	

5	bands	were	built	in	the	gel	for	a	parallel	migration	of	samples.	Compared	with	the	original	

method	[11]	allowing	5	samples	to	be	analyzed	at	once	on	individual	5x7	cm	gel	plates,	the	

designed	serial	electrophoresis	provided	35	stamp-sized	electrophoregrams	(2.8x3	cm).	It	was	

checked	 that	 performances	 of	 the	 original	 method	 were	 preserved	 in	 the	 stamp-size	

electrophoregrams	obtained	from	the	MultiCrossed-IE	(Table	3	and	Fig.	S2).	

	

*See	more	in	Fig.	S2	

Table	3:	Comparison	of	the	main	features	between	the	original	method	and	MultiCrossed-IE.		

Original(method( Mul1Crossed4IE(

Electrophoresis,Dura0on,, 19,h,15,min, 4,h,45,min,

Number,of,analyzes, 5, 35,

Quan0ty,of,Ab/analysis, 130,µg, 34,µg,

Volume,of,Gel/analysis, 6.6,mL, 1.4,mL,

GelHFix™,surface/analysis, 35,cm2,
8.4,cm2,

Sample,consump0on/

analysis,
5,µL, 2.5,µL,

Gel,plate,cost/analysis, 0.57,€, 0.14,€,

Electrophoregrams,of,

A50,at,a,same,size,scale*,

H,Comparison,with,a,the,

size,of,a,stamp,(©La,Poste,,

2001,,Eve,Luquet,),
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III.4. Study	of	the	robustness	and	precision	of	the	method		

For	the	evaluation	of	robustness	and	precision,	samples	A0,	A50	and	A100	were	prepared	with	

inhibitors	of	complement	cascade	added	at	the	end	of	the	incubation.	Same	samples	could	be	

analyzed	 several	 times	 to	 investigate	 the	 robustness	 and	 precision	 of	 the	MultiCrossed-IE	

using	 statistical	 analysis	 by	 ANOVA.	 Different	 factors	 were	 independently	 assessed.	

Hypotheses	verifications	for	the	ANOVA	analysis	are	shown	in	S3.	The	obtained	p-values	and	

RSDs	for	the	different	tested	factors	are	depicted	in	Table	1.	Results	showed	that	there	was	

no	significant	bias	introduced	by	the	position	of	a	sample	on	the	gel	plate,	the	electrophoresis	

system,	the	analyst	doing	the	experiment	and	the	preparation	of	the	sample.	It	is	noteworthy	

that	 no	 significant	 difference	 was	 found	 even	 when	 two	 different	 analysts	 applied	 the	

experiment.	 This	 means	 that	 the	 results	 were	 not	 significantly	 different	 analyzing	 the	 3	

different	samples	(A0,	A50	and	A100)	while	the	method	was	performed	on	gels	made	by	the	

two	 independent	 analysts	 and	 the	 analyses	 of	 the	 electrophoregrams	 were	 carried	 out	

independently	by	 the	 two	analysts.	 Robustness	was	 verified	 for	 a	 confidence	 level	 of	 95%	

performing	MultiCrossed-IE	on	identical	samples.	For	the	precision,	RSDs	of	intra-day	variation	

reflecting	 the	 repeatability	 and	 RSDs	 of	 inter-day	 variation	 corresponding	 to	 intermediate	

precision	were	summarized	in	the	lower	part	of	Table	1B.	The	RSD	values	found	for	the	inter-

day	were	 below	 4%	 for	 all	 samples	 (A0,	 A50	 and	A100).	 This	 indicated	 that	 there	was	 no	

variation	added	by	the	day	of	the	experiment.	The	repeatability	remains	constant	from	one	

day	to	another.	The	p-value	associated	to	inter-day	variation	was	also	determined	giving	p-

values	of	0.814,	0.169	and	0.300	for	A0,	A50	and	A100	respectively.	As	all	these	values	were	

superior	to	0.05	showing	that	no	significant	variation	was	introduced	by	the	factor	day	(see	

paragraph	2.5.3).	

III.5. Complement	C3	activation	triggered	by	nanoparticles	

The	interaction	of	nanomaterials	with	blood	proteins	 is	a	matter	of	contact	between	these	

two	entities	and	is	thus	driven	by	the	amount	of	surface	engaged	in	this	process.	Hence,	the	

surface	of	NP	exposed	to	serum	proteins	impacts	on	the	strength	of	interaction	triggered	and	

this	phenomenon	can	be	exploited	to	define	a	characteristic	of	a	given	nanomaterial	toward	

its	ability	to	activate	the	complement	cascade.	Protein	C3	activation	patterns	were	studied	for	

the	three	nanoparticles	used	as	reference	samples	providing	with	different	levels	of	activation.	

Investigating	the	%	of	cleaved	C3	fragments	produced	by	different	amounts	of	NP’s	incubated	
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in	 serum,	 the	 surface	 of	 NP	 that	 activates	 50%	 of	 protein	 C3	 present	 in	 the	 sample	 was	

determined	 (C3A50).	NPs	R17	and	A66	have	 reached	 full	 activation	with	 the	highest	 tested	

concentrations.	The	curve	giving	the	%	activation	as	a	function	of	the	concentration	showed	a	

sigmoidal	shape	(Fig.	2).	The	C3A50	that	could	be	determined	were	1625	cm2.mL-1	(6.0	mg.mL-

1)	for	R17	and	1500	cm2.mL-1	(2.5	mg.mL-1)	for	A66	(Table	2).	The	results	were	consistent	with	

data	of	the	 literature	reporting	a	high	%	of	activation	of	these	two	types	of	NP	at	a	tested	

surface	of	2000	cm2.mL-1	[14,	28].	Nanoparticle	R66	does	not	activate	the	complement	above	

20%	up	to	a	surface	concentration	of	4950	cm2.mL-1	(26.4	mg.mL-1)	(Fig.	4C).	The	activation	

observed	 was	 just	 above	 the	 level	 of	 the	 spontaneous	 activation	 of	 C3	 observed	 in	 the	

experimental	 conditions	 used	 in	 this	 study	 (9%	 of	 activation).	 These	 results	 were	 also	

consistent	 with	 previous	 data	 provided	 at	 a	 surface	 of	 2000	 cm2.mL-1	 [28].	 The	 very	 low	

capacity	of	these	NP	to	activate	the	complement	system	revealed	here	is	consistent	with	their	

stealth	properties	reported	in	vivo	[32]	and	the	property	of	their	dextran	corona	to	hamper	

interactions	of	the	NP	core	with	protein	C3	[33].		
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Figure	2:	Determination	of	C3A50	for	the	three	model	NPs	R17	(A),	A66	(B)	and	R66	(C).	Top	-	

Graph	representing	the	values	of	C3	%	activation	obtained	in	function	of	NP	concentration	for	

R17,	A66	and	R66	respectively.	Bottom	–	Electrophoregrams	obtained	by	MultiCrossed-IE	with	

increasing	concentration	in	NP	added	in	the	sample	test.	Values	correspond	to	tested	surface	

of	NP	in	cm2.mL-1	
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IV. Discussion	

C-IE	is	a	quite	old	method	[34],	which	was	used	in	several	 immunological	applications	[35].	

The	originality	of	the	proposed	method	includes	the	possibility	to	migrate	samples	in	series	

during	the	first	and	second	dimensions.	Traditional	methods	used	to	make	several	migrations	

in	 parallel	 during	 the	 first	 dimension,	 before	 cutting	 bands	 of	 the	 1st	 dimension	 gel	 to	

transpose	on	the	second	dimension	gel	containing	the	antibody	for	the	IE	[11,	35].	The	method	

proposed	in	this	work	greatly	simplifies	the	complex	handling	found	in	previous	methods	while	

it	did	not	affect	the	performance.	With	the	new	method,	one	single	gel	is	prepared	and	the	

only	manipulation	between	the	first	and	the	second	electrophoresis	is	to	turn	the	gel	by	90°.	

The	 overall	 time	 required	 to	 perform	 the	 2D	 electrophoresis	 runs	 was	 also	 considerably	

reduced	(4h45min	against	19h15min	with	the	previous	method).	Simultaneously,	the	number	

of	analysis	performed	in	one	run	was	multiplied	by	7.	Because	the	size	of	gel	for	one	sample	

was	reduced	to	the	size	of	a	stamp	(from	5x7	cm	to	2.8x3	cm),	a	significant	reduction	of	the	

amount	of	reagents	was	also	achieved	(Gel-Fix™,	gel,	antibody,	sample),	hence	reducing	the	

cost	for	one	analysis.	The	different	improvements	are	summarized	in	Table	3.		

ANOVA	is	commonly	used	in	validation	of	chromatographic	methods	[36,	37].	In	the	present	

study,	it	was	applied	to	validate	an	electrophoretic	method.		To	carry	on	this	validation,	we	

have	performed	experiments	with	a	large	number	of	gels.	The	results	have	demonstrated	that	

the	method	is	remarkably	robust	varying	different	factors.	Indeed,	the	robustness	study	of	the	

developed	 MultiCrossed-IE	 showed	 that	 position,	 electrophoresis	 system,	 analyst	 and	

preparation	of	the	sample	did	not	have	a	significant	influence	on	the	results	of	C3	activation.	

RSDs	for	intra	and	inter-day	variations	conformed	with	values	found	in	the	literature.	Level	of	

complement	C3	activation	is	a	complex	process	that	is	not	fixed	and	evolves	with	time.	For	

this	study,	standards	did	not	exist,	it	was	thus	necessary	to	halt	the	evolution	of	C3	activation	

after	the	time	of	incubation,	in	order	to	use	a	sample	several	times	for	the	validation	purpose.	

Further	activation	was	blocked	by	addition	of	EDTA	and	NaMe.	We	could	then	store	and	re-

use	the	same	sample	for	validation	of	the	tested	factor.			

The	 proposed	 method	 of	 the	 MultiCrossed-IE	 was	 applied	 to	 determine	 the	 pattern	 of	

activation	of	C3	triggered	by	the	three	model	NPs	used	in	the	present	work.	NP	concentration	

was	expressed	by	means	of	the	exposed	surface.	Indeed,	NPs	have	different	size	while	protein	

adsorption	depends	on	the	available	area	on	nanoparticle	surface.	Contact	of	proteins	with	
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NP	 surface	 are	 responsible	 for	 the	 activation	of	 the	 complement	 cascade	and	 it	 appeared	

logical	to	express	the	quantity	of	nanoparticles	by	the	surface	exposed	reported	to	the	volume	

of	sample.	

Thanks	 to	 the	 high	 throughput	 capacity	 given	 by	 the	 new	MultiCrossed-IE	method,	 it	was	

applied	 to	 screen	 the	 influence	 of	 the	 amount	 of	 surface	 of	 NP	 tested	 on	 the	 level	 of	

complement	C3	activation.	A	new	parameter	was	defined	as	the	surface	concentration	that	

induces	50%	of	protein	C3	cleavage	after	1h	of	 incubation	with	serum	at	37°C	(C3A50).	The	

values	 determined	 for	 the	 three	 types	 of	 NP	may	 be	 of	 interest	 to	 class	 them	 and	 could	

eventually	 help	 to	 anticipate	 their	 accumulation	 in	 the	 immune	 system	 after	 intravenous	

administration	or	their	capacity	to	 induce	a	CARPA	reaction.	The	new	MultiCrossed-IE	now	

provides	with	 the	opportunity	 to	determine	 this	characteristic	 from	a	validated	method	of	

evaluation	of	complement	C3	protein	activation.	This	is	in	contrast	with	many	other	methods	

that	only	allow	comparisons	at	a	single	tested	concentration	and	are	eventually	based	on	an	

indirect	evaluation	of	C3	activation	such	as	the	CH50.		

New	modalities	 of	 the	 application	 of	 C-IE	 were	 established	 allowing	 high	 throughput	 and	

making	 easier	 the	 handling	 by	 performing	 MultiCrossed-IE	 on	 a	 single	 gel	 plate.		

Demonstration	 of	 the	 robustness	 of	 the	 proposed	 protocol	 towards	 different	 factors	 and	

improvements	of	the	method	should	renew	the	interest	of	C-IE	methods	for	the	analysis	of	

specific	proteins.	A	straightforward	application	is	the	evaluation	of	the	activation	of	protein	

C3	 of	 the	 complement	 system	 triggered	 by	 nanomaterials.	 It	 allows	 the	 evaluation	 of	

nanomaterial	interactions	with	the	immune	system,	which	are	important	to	anticipate	their	

safety	and	biodistribution.	
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S1:	Heat	resistance	of	the	antibody	

	

	

	

	

Figure	 S1:	 (A)	 Immunoprecipitated	 rings	 obtained	 after	 24h	 of	 radial	 immunodiffusion	 for	

indicated	 heating	 of	 antibodies.	 (B)	 Plot	 of	 immunoprecipitated	 circles	 areas	 against	

temperature	of	antibody	heating.	
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S2:	Comparison	between	classical	IE	and	MuliCrossed-IE	

	

	

	

Figure	S2:	Comparison	of	the	original	size	immunoelectrophoregrams	(raw	on	the	top)	with	

the	stamp-size	obtained	from	the	MultiCrossed-IE	(raw	on	the	bottom).	A	stamp	(ãLa	Poste,	

2001,	Eve	Luquet)	is	shown	for	size	comparison	with	stamp-size	electrophoregram.		–	A,	B	and	

C	 correspond	 to	 A0,	 A50	 and	 A100	 respectively.	 Percentages	 correspond	 to	 the	 %	 of	 C3	

activation.	
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S3:	Verification	of	ANOVA’s	hypotheses:	Normal	distribution	of	residues	

(Ryan-Joiner’s	test)	and	Variance’s	homoscedasticity	(Levene’s	test)	

	

S3-A:	Distribution	of	residues	and	Ryan-Joiner's	Test	results	for	robustness	study	of	tested	

factors:	Position	(a),	System	(b),	Analyst	(c),	Sample	preparation	(d)	and	Day	(e).	

	

(a)	Position	factor	
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(b)	System	factor	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

(c)	Analyst	factor	
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(d)	Sample	preparation	factor	
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S3-B:	Robustness	study	–	Results	for	Levene’s	test	

	

Factor	 Levene’s	test	p-value	

	 A0	 A50	 A100	

Position	 0.461	 0.772	 0.926	

System	 0.296	 0.461	 0.711	

Analyst	 0.135	 0.312	 0.146	

Sample	preparation	 0.156	 0.449	 0.384	

Day	 0.814	 0.169	 0.300	
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Chapitre	III	:		Contrôle	de	l’activation	du	complément	et	

de	la	voie	empruntée	via	l’architecture	moléculaire	des	

chaînes	de	dextrane	gréffées	à	la	surface	de	la	

nanoparticule		

	

Avant-propos	:	L’étude	de	l’activation	du	complément	par	les	nanomédecines	(NMs)	est	

une	étape	préliminaire	pour	assurer	leur	biocompatibilité.	L’activation	de	cette	cascade	fait	

suite	au	contact	de	certaine	protéines,	appelées	osponines,	avec	les	nanomédecines	injectées.	

Les	 protéines	 du	 complément	 constituent	 la	 majeure	 partie	 de	 ces	 opsonines.	 Il	 existe	

aujourd’hui	 trois	 voies	 connues	menant	 à	 l’activation	 de	 cette	 cascade,	 faisant	 intervenir	

différentes	opsonines	et	acteurs	de	la	cascade.	Ces	voies	sont	rappelées	plus	précisément	en	

annexe	méthodologique	n°4.	Cependant,	les	propriétés	de	la	NM	qui	régissent	ces	interactions	

ne	sont	pas	encore	clairement	élucidées.	Il	est	connu	que	le	greffage	de	polymères	formant	la	

couronne	en	surface	de	la	NM	joue	un	rôle	majeur	dans	ces	interactions.	Dans	ce	chapitre,	

nous	 étudions	 la	 réponse	 du	 système	 du	 complément	 à	 des	 nanoparticules	 modèles	

présentant	diverses	architectures	des	chaînes	de	dextrane	en	surface.	La	conformation	ainsi	

que	la	densité	des	chaînes	greffées	s’est	montrée	être	très	importante,	donnant	des	résultats	

d’activation	du	complément	 très	différents	entre	ces	nanoparticules.	Les	voies	d’activation	

empruntées	 ont	 été	 étudiées	 en	 modifiant	 la	 composition	 du	 tampon	 d’incubation.	 Une	

compréhension	rationnelle	du	comportement	des	NMs	vis	à	vis	du	système	du	complément	

pourrait	 aider	 à	 privilégier	 une	 stratégie	 de	 greffage	 du	 polymère	 en	 surface	 lors	 de	 la	

conception	 de	 la	 NM.	 La	 méthode	 d’immunoélectrophorèse	 en	 série	 présentée	 dans	 le	

chapitre	I	a	permis	cette	étude	nécessitant	l’analyse	de	nombreux	échantillons,	liés	au	nombre	

important	 de	 conditions	 expérimentales	 à	 appliquer.	 L’amélioration	 du	 débit	 d’anlayse	 de	

cette	méthode	permet	ainsi	de	nouvelles	études,	elle	a	également	permis	d’étudier	d’autres	

systèmes	nanoparticulaires	lors	de	collaborations	(cf.	annexe	bibliographique).	
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Abstract	

The	understanding	of	complement	activation	by	nanomaterials	is	a	key	to	a	rational	design	of	

safe	and	efficient	nanomedicines.	This	work	proposed	a	systematic	study	investigating	how	

molecular	 design	 of	 nanoparticle	 coronas	 made	 of	 dextran	 impacts	 on	 mechanisms	 that	

trigger	 complement	 activation.	 The	nanoparticles	 used	 for	 this	work	 consisted	of	 dextran-

coated	 poly(isobutylcyanoacrylate)	 (PIBCA)	 nanoparticles	 have	 already	 been	 thoroughly	

characterized.	Their	different	capacity	 to	 trigger	complement	activation	established	on	the	

cleavage	 of	 the	 protein	 C3	 was	 also	 already	 described	 making	 these	 nanoparticles	 good	

models	 to	 investigate	 the	 relation	between	 the	molecular	 feature	of	 their	 corona	and	 the	

mechanism	by	which	they	triggered	complement	activation.	Results	of	this	new	study	shows	

that	 complement	 activation	pathways	 can	be	 selected	by	distinct	 architectures	 formed	by	

dextran	 chains	 composing	 the	 nanoparticle	 corona.	 Assumptions	 that	 explain	 the	 relation	

between	 complement	 activation	 mechanisms	 triggered	 by	 the	 nanoparticles	 and	 the	

nanoparticle	corona	molecular	feature	were	proposed.	These	results	are	of	interest	to	better	

understand	how	the	design	of	dextran-coated	nanomaterials	will	impact	on	interactions	with	

the	complement	system.	It	can	open	perspectives	with	regard	to	the	selection	of	a	preferential	

complement	 activation	 pathway	or	 prevent	 the	 nanoparticles	 to	 activate	 the	 complement	

system,	based	on	a	rational	choice	of	the	corona	configuration.	

Keywords:	Nanoparticles,	complement	activation	pathway,	corona,	molecular	feature,	

molecular	architecture	
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I. Introduction	

Nanoparticles	have	been	extensively	studied	as	drug	delivery	systems	for	therapeutic	

purposes	 (Couvreur	and	Vauthier	2006,	Crucho	and	Barros,	2015,	Li	et	al.,	2015,	Shi	et	al.,	

2017).	Success	to	improve	therapeutic	index	of	molecules	carried	by	such	systems	depends	

on	the	fate	of	the	nanoparticles	in	the	body.	The	rational	design	of	new	carriers	is	pending	to	

a	 better	 understanding	 of	 the	 relationship	 between	 nanoparticles’	 properties	 and	 their	

interactions	with	the	biological	medium	surrounding	the	nanoparticles	once	they	are	in	the	

body	(Clogston	et	al.,	2016,	Ilinskaya	and	Dobrovolskaia,	2016a,	2016b,	Orfi	and	Szebeni,	2016,	

Szeto	and	Lavik,	2016,	Truel	and	Nienboss,	2013,	Xiang	et	al.,	2013).	In	general,	nanoparticles	

are	 designed	 to	 be	 administered	 intravenously.	 Once	 in	 the	 blood,	 they	 are	 immediately	

confronted	 with	 components	 of	 the	 innate	 immune	 system	 (Anchordoquy	 et	 al.,	 2017,	

Dobrovolskaia	and	McNeil,	2013,	Moghimi	and	Farhangrazi,	2013,	Szebeni,	2014).	Without	

specific	engineering,	nanoparticles	are	generally	recognized	by	the	innate	immune	system	and	

rapidly	 cleared	 from	 the	 bloodstream	 due	 to	 the	 uptake	 by	 the	 mononuclear	 phagocyte	

system	(MPS)	(Bazile	et	al.,	1995,	D’Addio	et	al.,	2012,	Gref	et	al.,	1995,	1994,	Peracchia	et	al.	

1999,	Suk	et	al.	2016).	Several	works	have	demonstrated	that	the	grafting	of	a	hydrophilic	

corona	 at	 the	 surface	 of	 the	 nanoparticles	 can	 reduce	 the	 uptake	 by	 MPS.	 Hydrophilic	

polymers,	 such	 as	 poly-ethylene	 glycol	 (PEG),	 polysaccharides	 (e.g.	 dextran,	 heparin,	 and	

chitosan)	and	polyphosphoesters	were	the	most	used	materials	on	this	purpose	(Alhareth	et	

al.,	2012,	Bazile	et	al.,	1995,	Bertholon	et	al.,	2006a,	D’Addio	et	al.,	2012,	Gref	et	al.,	1995,	

1994,	Moghimi	and	Szebeni,	2003,	Muller	et	al.,	2017,	Lemarchand	et	al.,	2006,	Peracchia	et	

al.,	 1999,	 Suk	 et	 al.,	 2016).	 However,	 a	 review	 of	 the	 literature	 shows	 that	 even	 with	 a	

hydrophilic	corona,	some	nanocarriers	undergo	a	rapid	clearance	that	is	accompanied	by	the	

activation	of	the	complement	system	(Alhareth	et	al.,	2012,	Gref	et	al.,	2000,	Moghimi	et	al.,	

2003,	Szebeni,	2014).	The	effectiveness	of	the	hydrophilic	shell	to	reduce	uptake	by	MPS	is	

associated	with	its	capability	to	reduce	interactions	of	blood	proteins	with	the	nanoparticle	

surface.	All	parameters	that	define	the	molecular	feature	of	the	hydrophilic	corona	formed	

around	 the	 nanoparticles,	 i.e.	 chain	 length,	 grafting	 density,	 composition	 and	 structural	

arrangement	 of	 the	 chains,	 were	 found	 important	 factors	 influencing	 the	 in	 vivo	 fate	 of	

nanoparticles	 (Chen	and	Borden,	2011,	D’Addio	et	al.,	2012,	Du	et	al.,	2015,	Hamad	et	al.,	
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2010,	Muller	et	al.,	2017,	Peracchia	et	al.,	1997,	Toda	et	al.,	2010,	Szebeni	et	al.,	2015,	Szeto	

and	Lavik,	2016,	Vonarbourg	et	al.,	2006).	

The	complement	system	(CS)	has	an	important	role	in	innate	immunity	to	recognize	

and	 eliminate	 pathogens,	 defective	 cells	 and	 foreign	 biomaterial	 devices,	 including	

nanoparticles	circulating	in	the	blood	(Carroll	and	Sim,	2011).	The	CS	consists	of	more	than	30	

plasma	and	cell-membrane	proteins.	It	is	the	most	important	biochemical	cascade	that	defines	

the	type	of	“danger”	signals	sent	to	the	rest	of	the	immune	system	after	it	has	detected	an	

intruder,	hence	defining	the	type	of	response.		Its	activation	can	be	triggered	essentially	by	

three	distinct	routes,	the	classical,	lectin	and	alternative	pathways	(Gasque,	2004,	Harboe	et	

al.,	2011,	Merle	et	al.,	2015).	The	classical	pathway	is	activated	primordially	by	the	interaction	

of	C1q	with	immunoglobulins.	Non-immune	molecules	such	as	the	C	reactive	protein	(CRP)	

can	also	trigger	the	classical	pathway.	The	lectin	pathway	is	triggered	by	the	recognition	of	

carbohydrate	patterns	exhibited	on	the	surface	of	foreign	particles.	Proteins	involved	in	the	

recognition	are	the	mannose-binding	lectin	(MBL),	the	H-,	L-	or	M-ficolins	or	the	collectin	11.	

Activation	 of	 the	 alternative	 pathway	 depends	 on	 spontaneous	 hydrolysis	 of	 the	 internal	

thioester	bond	found	in	protein	C3	that	can	be	triggered	by	nucleophilic	groups	found	on	the	

intruder	 surfaces.	 The	 three	 pathways	 converge	 to	 generate	 the	 C3	 convertase	 and	 the	

terminal	membrane	attack	complex	(MAC)	C5b-9.	Activation	of	the	CS	also	leads	to	the	release	

of	many	types	of	anaphylatoxins	which	contribute	to	the	inflammatory	process	(Carrol	and	

Sim,	2011).	

Interactions	of	proteins	of	the	CS	with	colloidal	particles	can	trigger	the	complement	

cascade	 (Bertholon	 et	 al.,	 2006a,	 Dobrovolskaia	 and	 McNeil,	 2013,	 Ilinskaya	 and	

Dobrovolskaia,	2016a,	2016b,	 Lorenze-Abalde	et	al.	2016,	Moghimi	and	Farhangrazi,	2013,	

Szebeni,	2014,	Szebeni	et	al.,	2012,	Vorup-Jensen	and	Boesen,	2011).	Then,	the	production	of	

opsonins	such	as	C3b	lead	to	a	rapid	capture	of	nanocarriers	by	the	MPS	resulting	in	a	short	

circulation	 time	 in	 the	 blood.	 While	 this	 effect	 can	 compromise	 the	 efficacy	 of	 delivery	

systems,	another	consequence	of	the	activation	of	the	complement	system	concerns	its	safety	

when	 it	 gives	 rise	 to	 hypersensitivity	 reactions	 called	 complement	 activation-related	

pseudoallergy	(CARPA)	(Andersen	et	al.,	2012,	Szebeni,	2014,	2012,	Szebeni	et	al.,	2012).		

Nanoparticles	based	on	biodegradable	poly(alkylcyanoacrylate)	polymers	were	widely	

investigated	as	drug	delivery	systems	(Couvreur	and	Vauthier,	2006,	Nicolas	and	Couvreur,	
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2009,	Nicolas	et	al.,	2013,	Nicolas	and	Vauthier,	2011,	Vauthier	et	al.,	2007).	These	colloidal	

carriers	 have	 shown	 many	 advantages	 in	 terms	 of	 drug	 protection,	 long	 stability,	

biocompatibility,	biodegradability	and	drug	delivery	potential.	Different	preparation	methods	

can	be	used	to	generate	poly(isobutylcyanoacrylate)	PIBCA	nanoparticles	having	hydrophilic	

coronas	 of	 various	 compositions	 and	molecular	 architectures	modulating	 their	 capacity	 to	

activate	the	complement	system	and	their	biodistribution	(Vauthier,	2015).	A	series	of	PIBCA	

nanoparticles	 with	 different	 hydrophilic	 coronas	 made	 of	 dextran	 was	 thoroughly	

characterized	 in	 previous	 works	 (Bertholon	 et	 al.,	 2006b,	 2006c,	 Chauvierre	 et	 al.,	 2004,	

Labarre	et	al.,	2005,	Vauthier	et	al.,	2011,	2009).	These	nanoparticles	could	serve	as	models	

to	 improve	our	understanding	of	 the	 influence	of	 the	molecular	 feature	of	 the	hydrophilic	

polymers	of	the	nanoparticle	corona	on	biological	mechanisms	involved	in	efficacy	and	safety	

of	nanoparticles.	Such	a	work	would	be	consistent	with	the	need	to	develop	systematic	studies	

providing	results	required	to	improve	our	capacity	to	design	efficient	and	safe	nanoparticulate	

drug	delivery	systems	on	more	rational	basis	 (Clogston	et	al.,	2016,	Szeto	and	Lavik,	2016,	

Truel	and	Nienhaus,	2013,	Xiang	et	al.,	2013).		

The	goal	of	 the	present	work	was	 to	evaluate	how	molecular	 characteristics	of	 the	

corona	 of	 dextran-coated	 PIBCA	 nanoparticles	 could	 interfere	 in	 the	 activation	 of	 the	

complement	system,	 including	 the	 resolution	of	 the	 involved	pathway(s).	Activation	of	 the	

complement	 cascade	 was	 acknowledged	 in	 a	 systematic	 way	 by	 evidencing	 protein	 C3	

cleavage	 using	 a	 high-throughput	 serial	 2D	 immuno-electrophoresis	 method	 (Coty	 et	 al.,	

2016).	Pathways	were	differentiated	 incubating	nanoparticles	and	serum	with	calcium	and	

magnesium	 to	 highlight	 complement	 activation	 triggered	 through	 all	 pathways	 and	 with	

magnesium	only	to	evidence	the	contribution	to	activation	of	the	alternative	pathway	that	is	

a	 calcium	 independent	pathway	 (Des	Prez	 et	 al.,	 1975,	Hamad	et	 al.,	 2010,	 Labarre	et	 al.,	

1993).	Results	were	discussed	in	the	light	of	our	knowledge	on	the	molecular	characteristics	

of	the	nanoparticle	corona.	
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II. Materials	and	Methods	

II.1. Materials	

Isobutylcyanoacrylate	(IBCA)	was	synthesized	and	provided	by	Orapi	(Saint-Vulbas,	France).	

Chemicals	 purchased	 from	 Sigma	 (Saint-Quentin-Fallavier,	 France)	 were	 tricine,	 Tris	 base	

(Sigma	7-9®),	sodium	chloride,	EDTA	sodium	salt,	dextran	66.7	kDa,	and	bromophenol	blue.	

Dextran	17.7,	cerium	(IV)	ammonium	nitrate,	nitric	acid,	and	chloride	acid	were	supplied	by	

Fluka	(Saint-Quentin-Fallavier,	France).	Nitric	acid	was	purchased	from	Prolabo	(Paris,	France).	

Calcium	lactate,	glacial	acetic	acid,	coomassie	brilliant	blue	R-250	were	supplied	by	Thermo	

Fisher	 Scientific	 (Villebon-sur-Yvette,	 France).	 Gel-Fix™	 for	 agarose	 (265x150	 mm)	 was	

obtained	from	Serva	Electrophoresis	(Heidelberg,	Germany).	Nafamostat	mesylate	(NM)	was	

obtained	 from	 Abcam	 (Cambridge,	 UK).	 All	 chemicals	 were	 of	 reagent	 grade	 and	 used	 as	

purchased.	

Polyclonal	anti-human	C3	antibody	raised	in	goat	was	purchased	from	Fitzgerald	antibodies	

(Acton,	USA).	Serum	was	prepared	from	human	plasma	obtained	from	healthy	donors	from	

Etablissement	Français	du	Sang	(EFS)	(Rungis,	France).	Heat-activated	gamma	globulin	(HAGG)	

and	Cobra	Venom	Factor	(CVF)	were	purchased	from	TECO	Medical	(Rambouillet,	France)	to	

be	used	as	positive	control	for	the	activation	of	the	complement	system.	

II.2. Preparation	of	nanoparticles	by	redox	radical	emulsion	polymerization	(RREP)	

	 Three	types	of	RREP	nanoparticles	were	prepared	according	to	the	method	described	

by	Bertholon	et	al.	(2006c).	R1	and	R2	were	prepared	as	follow	using	dextran	66.7	kDa	and	

dextran	17.7	kDa	respectively	at	a	concentration	of	1.3%.	Dextran	(0.1356	g)	was	dissolved	in	

8	mL	of	0.2	N	nitric	acid.	After	10	min	bubbling	with	argon	at	40°C,	the	polymerization	was	

initiated	 adding	 successively	 and	 under	 vigorous	 stirring	 2	mL	 of	 a	 solution	 of	 cerium	 (IV)	

ammonium	nitrate	(8	x	10-2	M)	in	0.2	N	nitric	acid	and	0.5	mL	of	IBCA.	The	reaction	was	allowed	

to	continue	for	1	h	at	40°C.	At	the	end,	the	dispersion	was	cooled	down	in	an	ice	bath.	

R3	was	prepared	following	the	same	method	using	a	concentration	of	dextran	66.7	kDa	

of	0.5%.	Dextran	66.7	kDa	(0.0502	g)	was	dissolved	in	9.3	mL	of	0.2	N	nitric	acid	following	the	

above	described	protocol.	The	polymerization	was	started	by	adding	successively	0.7	mL	of	a	

solution	of	cerium	(IV)	ammonium	nitrate	(8	x	10-2	M)	in	0.2	N	nitric	acid	and	0.5	mL	of	IBCA.	

At	the	end	of	the	polymerization	the	dispersion	was	cooled	down	at	4°C.	
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II.3. Preparation	of	nanoparticles	by	anionic	emulsion	polymerization	(AEP)	

Nanoparticles	 A1	 were	 prepared	 according	 to	 the	 method	 described	 in	 Bertholon	 et	 al.	

(2006c).	Dextran	66.7	kDa	(0.1375g)	was	dissolved	in	10	mL	of	0.2	N	nitric	acid	(pH	1).	IBCA	

(0.5	 mL)	 was	 added	 to	 the	 solution	 and	 stirred	 for	 24h	 at	 40°C.	 At	 the	 end	 of	 the	

polymerization,	the	dispersion	was	cooled	down	in	an	ice	bath.	

Nanoparticles	A2	were	prepared	according	to	the	method	of	Couvreur	et	al.	(1979)	Dextran	

66.7	kDa	(0.05	g)	was	dissolved	in	10mL	of	a	solution	of	3	mM	HCl	(pH	2.5).	Then,	100	µL	of	

IBCA	was	added	while	the	system	was	placed	under	vigorously	stirring.	The	polymerization	

was	lasted	for	3	h	at	room	temperature.	

II.4. Purification	of	nanoparticles	

	 All	 nanoparticle	 dispersions	 were	 purified	 by	 dialysis	 against	 water	 after	

polymerization	 Spectra/Por	 membrane	 with	 molecular	 weight	 cutoff	 100	 KDa).	 After	

purification,	they	were	stored	at	4°C	until	use.	

II.5. Evaluation	of	nanoparticle	concentrations	in	dispersions		

	 To	estimate	nanoparticles’	concentration	in	dispersions,	aliquots	of	100	µL	each	were	

freeze-dried	and	weighed.	The	determination	was	done	in	triplicated.	Results	were	given	as	

the	mean	of	the	three	determinations	 in	mg.mL-1.	This	concentration	was	converted	into	a	

concentration	 expressed	 in	 surface	 area	 per	 volume	 unit	 to	 be	 used	 in	 tests	 designed	 to	

evaluate	complement	activation	triggered	by	the	nanoparticles.	The	conversion	was	obtained	

using	 the	 equation	 given	 in	 Vittaz	 et	 al.	 (1996)	 taking	 the	 hydrodynamic	 diameter	 of	 the	

nanoparticles	measured	by	dynamic	light	scattering	(see	paragraph	2.6)	and	the	volume	mass	

of	the	nanoparticles	at	1.14	(Vauthier	et	al.	1999).	

II.6. Measurement	of	particle	size	and	zeta	potential	

	 The	mean	hydrodynamic	diameter	of	the	nanoparticles	was	evaluated	by	dynamic	light	

scattering	using	a	Zetasizer	Nano	ZS90	(Malvern	Instruments,	Orsay,	France)	operating	at	90°.	

The	samples	(5-20µL)	were	diluted	in	MilliQ®	water	(1mL).	

	 The	zeta	potential	of	the	nanoparticles	was	evaluated	from	the	measurements	of	the	

electrophoretic	 mobility	 of	 the	 nanoparticles	 using	 a	 Zetasizer	 Nano	 ZS90	 (Malvern	
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Instruments,	Orsay,	France).	Dilutions	of	the	samples	were	performed	in	an	aqueous	solution	

of	1	mM	NaCl.		

II.7. 	Evaluation	of	complement	activation	by	two-dimensional	(2-D)	

immunoelectrophoresis	of	C3	

	 Complement	 activation	 triggered	 by	 the	 nanoparticles	 was	 assessed	 by	 evaluating	

conversion	 of	 C3	 into	 activated	 fragments	 of	 lower	molar	mass	 by	 serial	multiple	 crossed	

immunoelectrophoresis	at	a	microscale	using	polyclonal	antibody	to	human	C3	(Coty	et	al.	

2016).	 Pathway	 by	 which	 complement	 activation	 was	 triggered	 was	 identified	 incubating	

nanoparticles	 and	 serum	 with	 buffers	 containing	 different	 concentrations	 in	 calcium	 and	

magnesium	 in	 order	 to	 highlight	 the	 part	 of	 the	 activation	 due	 to	 calcium	

dependent/independent	mechanisms	(Banda	et	al.,	2014,	Des	Pres	et	al.,	1975,	Hamad	et	al.,	

2010,	2008,	Labarre	et	al.,	1993).	

	 Veronal	buffered	saline	named	VBS2+	containing	5	mM	diethylmalonylurea,	0.15	mM	

calcium	chloride,	0.5	mM	magnesium	chloride,	150	mM	sodium	chloride,	pH	7.4	was	used	to	

investigate	 complement	 activation	 triggered	by	 all	 pathways.	Veronal	 buffer	 saline	named	

VBSMg2+X/EGTA	containing	5	mM	diethylmalonylurea,	0.5	to	10	(X)	mM	magnesium	chloride,	

150	mM	sodium	chloride,	10	mM	EGTA	pH	7.4	were	used	for	incubations	of	the	nanoparticles	

with	human	serum	to	investigate	complement	activation	triggered	by	calcium	independent	

pathways	including	the	alternative	pathway.	It	is	noteworthy	that	the	composition	of	VBS2+	

and	of	VBSMg0.5mM/EGTA	corresponded	to	those	generally	 found	 in	the	 literature	and	 in	

commercial	 assays	 to	 assess	 in	 vitro	evaluation	of	 complement	activation	 (Des	Prez	et	 al.,	

1975,	Hamad	et	al.,	2010,	Labarre	et	al.,	1993,	Neun	et	al.,	2015).	

	 Nanoparticle	dispersions	(50	µL)	were	incubated	under	gentle	agitation	for	1	h	at	37°C	

with	25	µL	human	serum	and	25	µL	VBS2+	or	VBSMg2+X/EGTA	to	evaluate	the	activation	of	the	

complement	system	triggered	by	the	nanoparticles	produced	 in	the	different	conditions	of	

incubations.	 Concentrations	 in	 nanoparticles	 involved	 in	 the	 test	 were	 expressed	 as	 the	

surface	 area	 per	 volume	 unit	 (cm².mL-1)	 to	 ensure	 a	 relevant	 comparison	 between	 the	

different	nanoparticles	that	were	characterized	by	different	sizes.		

In	 one	 series	 of	 experiments,	 nanoparticles	were	 tested	 using	VBS2+	 at	 a	 concentration	 in	

nanoparticles	 of	 2000	 cm².mL-1.	 A	 second	 series	 of	 experiments	 were	 performed	 using	

VBSMg2+X/EGTA	at	concentrations	in	magnesium	(X)	ranging	from	0.5	to	10	mM	at	the	same	
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concentration	 in	 nanoparticles	 (2000	 cm².mL-1).	 In	 a	 second	 series	 of	 experiments,	 the	

nanoparticles	were	tested	for	their	capacity	to	activate	CS	in	VBS2+	at	a	higher	concentration	

(4000	cm².mL-1	for	nanoparticles	R1,	R2	and	A1,	2500	and	2800	cm².mL-1	for	nanoparticles	A2	

and	 R3	 respectively).	 Nanoparticles	 activating	 CS	 in	 these	 conditions	 were	 then	 tested	 in	

calcium	free	media	using	VBSMg2+X/EGTA	buffers	at	concentrations	in	magnesium	(X)	ranging	

from	0.5	to	10	mM.	A	series	of	control	experiments	were	added	as	follow.	A	sample	of	serum	

in	which	the	nanoparticles	were	replaced	by	Milli-Q®	water	was	tested	to	evaluate	the	rate	of	

spontaneous	activation	of	CS	triggered	in	all	different	conditions	of	incubations	used	in	this	

study.	Cobra	venom	factor	(CVF)	and	heat	agglomerated	gamma-globulins	(HAGG)	were	used	

as	positive	control	of	the	activation	of	CS.	With	CVF,	activation	of	CS	was	expected	to	occur	in	

all	the	tested	conditions	because	CVF	is	a	strong	complement	activator	through	the	alternative	

pathway.	CVF	structure	being	very	similar	to	C3b,	it	allows	the	spontaneous	formation	of	C3	

and	 C5	 convertases	 spontaneously	 (Vogel	 ad	 Fritzinger,	 2010).	 In	 contrast,	with	 the	 heat-

aggregated	gamma	globulins	(HAGG),	activation	that	is	expected	to	occur	through	the	classical	

pathway	should	not	induce	the	cleavage	of	the	protein	C3	while	incubations	were	performed	

in	 the	 absence	 of	 calcium	 ions	 (VBSMg2+X/EGTA).	 These	 positive	 control	 samples	 were	

selected	consistently	with	those	used	in	protocol	evaluating	the	activation	of	the	complement	

system	proposed	by	the	Nanomedicine	Characterization	Laboratory	in	the	USA	(Neun	et	al.,	

2015)		

After	 incubation,	 the	 cleavage	 of	 the	 C3	 protein	 was	 evaluated	 analyzing	 2.5	 µL	 of	 the	

incubation	medium	by	 2D	 immunoelectrophoresis	 performed	 in	 agarose	 gels	 containing	 a	

polyclonal	 anti-human	 C3	 antibody	 that	 recognizes	 both	 native	 and	 activated	 C3.	 The	 2D	

immuoelectrophoresis	was	performed	as	described	in	Coty	et	al.	(2016).	Briefly,	an	agarose	

gel	(1%	in	agarose)	containing	the	antibody	was	casted	on	a	gel	bond	slab	(15	x	20	cm)	at	60°C.	

5	bands	of	1cm	each	were	cut	and	removed	to	be	replaced	by	neutral	agarose	gel	at	1%.	Seven	

wells	were	formed	in	lines	in	the	bands	of	neutral	agarose	gel	where	2.5µL	of	samples	were	

deposited	for	analysis.	The	gel	slab	was	charged	with	35	samples	and	the	first	dimension	of	

the	electrophoresis	 (16mA,	600V,	100W)	was	 run	 in	 the	presence	of	bromophenol	blue	as	

migration	marker.	When	the	migration	marker	has	run	for	6	cm	from	the	well	(approximatively	

1h15min),	the	electrophoresis	was	stopped,	the	gel	slab	was	turned	from	90°	and	the	second	

electrophoresis	 was	 started	 (12mA,	 500V,	 100W)	 for	 3h30min.	 At	 the	 end	 of	 the	
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electrophoresis,	the	gel	slab	was	dried	using	papers	and	then	stained	with	coomassie	blue.	

The	 obtained	 gel	 slab	was	 scanned	 at	 a	 high	 resolution	 and	 the	 electrophoregrams	were	

analyzed	to	evaluate	the	area	of	the	peak	corresponding	to	the	native	C3	protein	and	that	of	

the	activated	fragments	using	image	J.	The	final	results	were	expressed	as	the	percentage	of	

the	area	of	the	peaks	corresponding	to	the	activated	fragments	(ACAF)	per	the	sum	of	the	

areas	measured	for	peaks	corresponding	to	the	native	(AC3)	and	activated	fragments	(ACAF):	

R	=	ACAF/(AC3	+	ACAF)	

All	determinations	were	made	in	triplicates.		

III. Results	

III.1. Nanoparticles	Characteristics	

Characteristics	of	nanoparticle	dispersions	are	given	in	table	1.	Results	agreed	well	with	

those	 found	 in	 previous	 studies	 emphasizing	 the	 reproducibility	 of	 the	preparation	of	 this	

series	of	nanoparticles	regarding	their	principal	physicochemical	characteristics	(Alhareth	et	

al.,	2012,	Bertholon	et	al.,	2006a,	2006b,	Vauthier	et	al.,	2011,	2009).		

Nº	
Polymerization	

method	

Dextran	

Mw,	percentage	added	in	

the	polymerization	medium	

dH	(nm)	 PDI	
Zeta	Potential	

(mV)	

R1	 RREP	at	pH	1	 66.7	kDa,	1.3%	 291±	0.6	 0.069	 -4.45	

R2	 RREP	at	pH	1	 17.7	kDa,	1.3%	 234	±	1.7	 0.077	 -12.6	

R3	 RREP	at	pH	1	 66.7	kDa,	0.5%	 291±	1.0	 0.040	 -5.31	

A1	 AEP	at	pH1	 66.7	kDa,	1.3%	 85	±	0.7	 0.056	 -4.33	

A2	 AEP	at	pH2.5	 66.7	kDa,	0.5%	 113	±	1.1	 0.147	 -6.37	

Table	1:	Hydrodynamic	diameter,	polydispersity	index	and	zeta	potential	of	the	nanoparticles	

prepared	by	the	different	methods	and	used	in	the	current	work.	

RREP:	 redox	 radical	 emulsion	 polymerization,	 AEP:	 anionic	 emulsion	 polymerization,	 Mw:	

Molecular	Weight.	

III.2. In	vitro	complement	activation		

Activation	of	the	complement	system	was	investigated	highlighting	the	cleavage	of	the	protein	

C3	after	incubation	of	nanoparticles	with	serum	using	a	recently	developed	high-throughput	

2D	immunoelectrophoresis	method	(Coty	et	al.	2016).	An	example	of	a	gel	plate	resulting	from	
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present	study	was	presented	in	supplementary	material	S1.	The	protein	C3	is	the	first	protein	

of	the	complement	cascade	that	is	activated	regardless	of	the	activation	pathway	triggered.	

Activation	 of	 the	 complement	 system	 requires	 divalent	 cations	 including	 magnesium	 and	

calcium.	 The	 classical	 and	 lectin	 pathways	 need	 calcium	 and	 magnesium	 being	 calcium	

dependent	 while	 the	 alternative	 pathway	 that	 is	 calcium	 independent	 only	 requires	

magnesium.	 Based	 in	 these	 specificities,	 it	 is	 possible	 to	 investigate	 pathways	 by	 which	

nanotechnologies	trigger	the	complement	system	by	varying	the	concentration	in	calcium	in	

testing	conditions	(Banda	et	al.,	2014,	Des	Pres	et	al.,	1975,	Hamad	et	al.,	2010,	Labarre	et	al.,	

1993).		

Figures	1,	2	and	3	show	the	cleavage	of	the	protein	C3	observed	after	incubation	of	serum	

with	nanoparticles	in	the	different	conditions.	Figure	1	demonstrated	the	relevancy	of	the	test	

reporting	the	analysis	performed	with	different	control	samples.		
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Figure	 1:	 Protein	 C3	 cleavage	 produced	 in	 controlled	 experiments.	 The	 upper	 part	 shows	

percentage	 of	 protein	 C3	 cleavage	 in	 samples	 used	 to	 test	 spontaneous	 activation	 (Sp*)	

(purple	 columns)	 and	 used	 as	 positive	 controls	 of	 complement	 activation	 using	 Heat	

Agglutinated	 Gamma	 Globulins	 (HAGG)	 (orange	 columns)	 and	 cobra	 venom	 (CVF)	 (Black	

columns).	The	lower	part	shows	examples	of	the	immunoelectrophoregrams	obtained	from	

the	analysis	of	protein	C3	in	the	different	incubated	serum.			

Spontaneous	activation	produced	in	negative	control	samples	 incubated	in	VBS2+	 remained	

low	at	a	level	generally	found	in	the	conditions	in	which	the	test	was	performed	(Bertholon	et	

al.,	2006a,	Vauthier	et	al.,	2011).	Spontaneous	activation	evaluated	in	the	absence	of	calcium	
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ions	(tests	performed	in	VBSMg2+X/EGTA)	also	showed	a	low	level	of	cleavage	of	the	protein	

C3	but	it	tended	to	increase	with	the	concentration	of	magnesium	ions.	This	increase	remained	

at	a	low	level	including	at	the	highest	concentration	in	magnesium	(10	mM).	Assays	performed	

with	 the	positive	control	 including	CVF	 revealed	a	 total	 conversion	of	 the	protein	C3	 in	all	

conditions	 used	 to	 perform	 the	 test.	 The	 results	 were	 consistent	 with	 the	 use	 of	 this	

compound	as	a	positive	control	of	the	activation	cascade	by	calcium	independent	pathways	

(Vogel	and	Fritzinger,	2010).	Positive	control	including	HAGG	produced	a	partial	conversion	of	

C3	 in	 VBS2+	 that	 was	 increased	 in	 VBSMg2+X/EGTA	 to	 reach	 a	 plateau	 value	 around	 60%	

conversion	 at	 2.5	 mM	 magnesium.	 This	 positive	 control	 was	 expected	 to	 trigger	 the	

complement	 cascade	 through	 calcium	dependent	pathways.	Unexpectedly,	 our	method	of	

monitoring	of	the	complement	system	revealed	that	the	protein	C3	was	even	more	cleaved	

when	incubations	were	performed	in	media	depleted	in	calcium	ions.	Consistently	with	results	

evaluating	 spontaneous	 activation,	 more	 C3	 was	 cleaved	 in	 the	 presence	 of	 increasing	

concentrations	in	magnesium	ions	until	it	reached	a	plateau	value	at	60%	conversion	that	was	

much	higher	than	the	spontaneous	activation	measured	at	corresponding	concentrations	in	

magnesium.		

Figure	2	reports	the	activation	determined	after	incubation	of	nanoparticles	(2000	cm²/mL)	in	

serum	 with	 VBS2+.	 The	 different	 nanoparticles	 produced	 different	 level	 of	 complement	

activation	at	the	tested	concentration	that	were	acknowledged	by	the	different	percentage	of	

activated	C3	found	on	the	2D	immunoelectrophoresis	gels.	These	results	were	consistent	with	

those	of	previous	studies	(Bertholon	et	al.,	2006a,	Chauvierre	et	al.,	2003,	Coty	et	al.,	2016,	

Labarre	et	al.,	2005,	Vauthier	et	al.,	2011)	(See	figure	S2	in	supporting	information	showing	a	

comparison	with	previous	measurements).	Consistencies	of	the	results	over	time	emphasized	

the	robustness	of	the	preparation	methods	used	to	synthesize	this	series	of	nanoparticles	that	

shows	 different	 capacities	 to	 trigger	 the	 activation	 of	 the	 complement	 system	 in	 a	

reproducible	manner.		
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Figure	2:	Percentage	of	protein	C3	cleaved	after	incubation	of	the	different	nanoparticles	in	

serum	in	VBS2+.	Sp*:	spontaneous	activation	found	in	a	test	performed	in	same	experimental	

conditions	but	without	nanoparticles.	

Figure	3	shows	results	of	experiments	investigating	complement	activation	produced	by	each	

type	 of	 nanoparticles	 in	 media	 that	 contained	 different	 concentrations	 in	 calcium	 and	

magnesium.	These	experiments	were	used	to	elucidate	the	preferred	pathway	by	which	the	

different	 nanoparticles	 triggered	 activation	 of	 CS.	 Capacity	 of	 nanoparticles	 to	 trigger	

complement	 activation	 through	 calcium	 dependent	 pathways	 could	 be	 highlighted	 by	 a	

reduction	of	activation	between	incubation	in	VBS2+	containing	both	calcium	and	magnesium	

and	in	VBSMg2+X/EGTA	that	contained	only	magnesium.	

All	nanoparticles	did	not	show	full	activation	in	VBS2+	at	the	concentration	of	2000	cm².mL-1	

that	was	the	concentration	tested	in	VBS2+	in	our	previous	works.	Thus,	it	was	decided	to	also	

include	a	concentration	that	produced	100%	of	C3	conversion	in	VBS2+	in	the	series	of	tests	

considered	in	the	present	work.	This	could	be	achieved	by	increasing	the	concentration	of	the	

majority	 of	 the	 nanoparticles	 up	 to	 4000	 cm².mL-1	 except	 for	 nanoparticle	 R1.	 Several	

situations	can	be	described	from	the	obtained	results	as	summarized	in	table	2.	
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Figure	3:	Activation	of	protein	C3	produced	by	the	different	nanoparticles	incubated	in	various	

conditions.	 Left	 side:	 percentages	 of	 cleavage	 of	 protein	 C3	 produced	 in	 the	 different	

incubation	media	by	2	distinct	concentrations	in	nanoparticles.	Grey	columns:	2000	cm²/mL,	

dark	columns:	concentrations	in	nanoparticles	required	to	produce	100%	cleavage	in	VBS2+.	

2500	 cm²	mL-1	 for	 nanoparticle	 A2,	 2800	 cm²	mL-1	 for	 nanoparticle	 R3,	 4000	 cm²	mL-1	 for	

nanoparticles	A1	and	R2.	Right	side:	examples	of	immunoelectrophoregrams	analysis	protein	

C3	after	incubation	of	samples	containing	2000	cm²	mL-1	nanoparticles	in	different	conditions.	
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Table	2:	Summary	of	the	activation	of	the	complement	cascade	triggered	by	the	different	nanoparticles	in	the	different	conditions	of	incubations	

*:	Models	proposed	for	the	molecular	architecture	of	dextran	chains	at	the	surface	of	nanoparticles	R1,	R3	and	A2	were	fully	demonstrated	(Vauthier	et	al.,	

2011,	2009).	Those	illustrated	for	nanoparticles	R2	and	A1	were	suggested	based	on	the	molecular	architecture	of	the	polymer	composing	the	nanoparticles	

and	the	molecular	architecture	shown	for	the	other	nanoparticles	produced	by	the	same	methods	of	polymerization.	The	size	scale	shown	by	surface	curvatures	

on	the	proposed	models	are	consistent	with	sizes	of	the	nanoparticles.	

	 R1	 R2	 R3	 A1	 A2	

Model	of	the	

molecular	feature	

of	the	dextran	

corona	*	
	

	
	

	 	

2000	cm²/mL	

VBS
2+
	

No	activation	(spontaneous)	

18%	

Partial	activation	

55%	

Weak	activation	

28%	

Strong	activation	

87%	

Strong	activation	

76%	

2000	cm²/mL	

VBSMg
2+
X/EGTA	

Activation	increased	with	[Mg]	

up	to	52%	conversion	

No	effect	of	calcium	

depletion	

No	effect	of	the	

increase	of	[Mg]	

Activation	increased	with	

[Mg]	up	to	50%	conversion	

Marked	effect	of	

calcium	depletion	

No	effect	of	the	

increase	of	[Mg]	

Marked	effect	of	

calcium	depletion	

Activation	increased	

with	[Mg]	

Maximum	surface	

VBS
2+
	

4000	cm²/mL	

No	activation	(spontaneous)	

17%	

4000	cm²/mL	

Full	activation	

100%	

2800	cm²/mL	

Strong	activation	

93%	

4000	cm²/mL	

Full	activation	

100%	

2500	cm²/mL	

Full	activation	

100%	

Maximum	surface	

VBSMg
2+
X/EGTA	

Not	determined	

Almost	no	effect	of	

calcium	depletion	

No	effect	of	the	

increase	of	[Mg]	

Marked	effect	of	calcium	

depletion	

No	effect	of	the	increase	of	

[Mg]	

No	effect	of	calcium	

depletion	

Marked	effect	of	

calcium	depletion	

No	effect	of	the	

increase	of	[Mg]	

Summary	

No	activation	in	VBS
2+
,	increase	

of	the	activation	with	increasing	

[Mg]	in	calcium	free	media	

Activation	by	

alternative	pathway	

Activation	by	classical	and	

alternative	pathways	

At	a	low	concentration	in	

nanoparticles	activation	

increased	with	[Mg]	in	

calcium	free	media	

Low	concentration	

in	nanoparticles:	

Activation	by	

classical	and	

alternative	pathways	

High	concentration	

in	nanoparticles:	

activation	by	the	

alternative	pathway.	

Activation	by	classical	

and	alternative	

pathways.	

At	a	low	concentration	

in	nanoparticles	

activation	increased	

with	[Mg]	in	calcium	

free	media	
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	Considering	tests	performed	at	the	 lowest	concentration	 in	nanoparticles	(2000	cm².mL-1),	

three	 different	 cases	 could	 be	 distinguished.	 (i)	 Activation	 was	 markedly	 reduced	 while	

calcium	was	removed	from	incubation	media.	This	situation	was	observed	with	nanoparticles	

A1	and	A2.	 	 (ii)	Activation	was	significant	and	remained	at	 the	same	 level	 in	all	 incubation	

media.	This	situation	was	found	studying	nanoparticles	R2.	(iii)	In	the	third	situation,	the	level	

of	activation	showed	 in	VBS2+	was	close	to	that	 found	for	the	spontaneous	activation.	This	

situation	was	observed	with	nanoparticles	R1	and	R3	consistently	with	previous	works	and	

suggesting	 that	at	 this	 concentration	and	 in	 the	conditions	of	 the	 test	 these	nanoparticles	

were	 inert	 towards	 the	 complement	 system	 (Coty	 et	 al.,	 2016).	 However,	 in	 calcium	 free	

media	containing	increasing	concentrations	of	magnesium,	activation	frankly	increased	above	

spontaneous	activation	to	pass	above	50%	conversion	of	C3	at	the	highest	concentration	in	

magnesium	(10	mM).		

Nanoparticles	tested	at	concentrations	producing	100%	activation	in	VBS2+	showed	two	types	

of	behaviors.	Nanoparticles	A1	and	R2	showed	a	full	activation	whatever	the	composition	of	

the	buffers.	In	contrast,	a	clear	decrease	of	activation	could	be	highlighted	when	evaluations	

were	performed	in	calcium	free	media	considering	nanoparticles	A2	and	R3.	No	effect	of	the	

magnesium	 concentration	 was	 highlighted	 in	 this	 case.	 Consistent	 results	 were	 obtained	

comparing	the	low	and	high	concentrations	in	nanoparticles	considering	nanoparticles	A2	and	

R2.	 Conversely,	 at	 the	 highest	 concentration	 in	 nanoparticles	 A1	 no	 differences	 in	 the	

activation	 level	 was	 observed	 while	 a	 marked	 difference	 could	 be	 highlighted	 in	 tests	

performed	with	a	lower	concentration	in	nanoparticles.	Again,	in	contrast	to	tests	performed	

at	the	lowest	concentration,	nanoparticles	R3	produced	almost	a	full	C3	activation	(93%)	at	

the	concentration	of	2800	cm².mL-1.	Pathways	of	complement	activation	produced	by	these	

nanoparticles	could	be	elucidated	using	this	concentration	in	nanoparticles.	For	nanoparticles	

R1,	it	was	not	surprising	that	the	activation	produced	remained	at	the	level	of	the	spontaneous	

activation	since	we	have	never	reached	the	concentration	threshold	testing	their	capacity	to	

activate	the	complement	system	at	even	higher	concentrations	than	those	used	in	the	current	

work	(Coty	et	al.,	2016).	
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IV. Discussion	

The	complement	system	is	the	first	line	host	response	of	the	innate	immune	system	involved	

when	the	body	is	confronted	to	pathogens	and	any	type	of	foreign	materials	circulating	in	the	

blood.	 Its	 role	 in	 detection	 of	 nanoparticles	 is	 crucial.	 It	 determines	 their	 biological	

functionalities,	 defining	 efficacy	 and	 safety	 that	 are	 linked	 to	 their	 immunogenic,	

immunosuppressive	 and	 stealth	 properties	 (Szeto	 and	 Lavik,	 2016).	 Response	 of	 the	

complement	 system	 to	 nanoparticles	 can	 be	 manipulated	 varying	 characteristics	 of	

nanomaterials.	For	instance,	size,	surface	composition	and	charge	of	nanomaterials	influence	

the	response	of	the	complement	system.	These	characteristics	are	generally	well	controlled	

during	 particle	 synthesis	 and	 easy	 to	 evaluate	 using	 physicochemical	 characterization	

techniques	used	in	routine	(Clogston	et	al.,	2016,	Varenne	et	al.,	2015a,	2015b,).	Activation	

pathways	 can	 be	 controlled	 by	 the	molecular	 architecture	 of	 the	 polymer	 composing	 the	

nanoparticle	 corona	 (Hamad	 et	 al.,	 2010).	 Although	 it	 is	 technically	 possible	 to	 engineer	

nanoparticles	with	a	desired	structure,	the	lack	of	clear	and	precise	guidelines	to	direct	this	

design	 are	 still	 hampering	 this	 achievement	 (Szeto	 and	 Lavik,	 2016).	 Systematic	 studies	

investigating	the	influence	of	molecular	feature	of	nanoparticle	corona	on	their	interactions	

with	 the	 complement	 system	are	awaited	 to	 clarify	 and	 complete	guidelines.	 Such	 studies	

require	series	of	nanoparticles	for	which	the	corona	structure	has	been	resolved	(Hamad	et	

al.,	 2010,	 Hristov	 et	 al.,	 2015,	 Thomas	 et	 al.,	 2011).	 We	 have	 developed	 a	 series	 of	

polysaccharide-coated	poly(isobutylcyanoacrylate)	(PIBCA)	nanoparticles	and	models	of	the	

molecular	 architecture	 of	 their	 corona	 were	 established	 from	 evidences	 obtained	 from	

different	 experimental	 works	 using	 different	 techniques	 (Bertholon	 et	 al.	 2006b,	 2006c,	

Chauvierre	et	al.,	2004,	Vauthier,	2015,	Vauthier	et	al.	2011,	2009).	 	The	5	dextran-coated	

nanoparticles	 selected	 for	 the	 present	 work	 showed	 different	 capacities	 to	 activate	 the	

complement	system	in	in	vitro	conditions	that	were	non-selective	to	discriminate	pathways	

and	based	on	the	evaluation	of	the	cleavage	of	the	protein	C3.	Being	all	coated	with	dextran,	

these	5	nanoparticles	exhibited	the	same	surface	composition	and	almost	the	same	surface	

charges	 that	 was	 slightly	 negative.	 Nanoparticles	 A1	 and	 A2	 showed	 almost	 same	

hydrodynamic	diameter	(dH	=	100	nm)	and	nanoparticles	R1	(dH	=291	±	1		nm),	R2	(dH	=	234	±	

2	nm)	and	R3	(dH	=291	±	1		nm)	were	of	larger	diameters	(Table	1).	Models	proposed	from	

previous	work	to	account	for	the	architecture	of	dextran	chains	in	the	nanoparticle	corona	are	
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shown	in	table	2	(Vauthier,	2015,	Vauthier	et	al.,	2011,	2009).	General	characteristics	including	

the	size	and	zeta	potential	of	the	nanoparticles	synthesized	for	this	work	were	consistent	with	

those	of	previous	studies	as	well	as	their	capacity	to	activate	CS	evaluated	in	VBS2+	(see	figure	

S2).	 Reproducibility	 obtained	 across	 different	 works	 acknowledged	 the	 robustness	 of	 the	

methods	 of	 synthesis	 of	 the	 nanoparticles	 and	 of	 our	 testing	 method	 of	 complement	

activation	based	on	the	highlight	of	the	cleavage	of	protein	C3	(Coty	et	al.,	2016).	This	has	

motivated	the	achievement	of	a	new	work	that	investigated	the	influence	of	the	architecture	

of	 the	 nanoparticle	 corona	 on	 their	 interactions	 with	 CS	 discriminating	 pathways	 that	

triggered	complement	activation.	

Consistently	 with	 observations	 made	 by	 other	 authors	 investigating	 poly(ethyleneglycol)-

coated	nanoparticles,	the	dextran-coated	nanoparticles	considered	here	also	showed	a	switch	

of	complement	activation	pathway	depending	on	the	architecture	of	dextran	chains	 in	 the	

corona	 (Hamad	 et	 al.,	 2010)	 (Table	 2).	 Besides,	 they	 appealed	 several	 remarks.	 At	 first,	

exhibiting	hydroxyl	groups	on	their	surfaces,	these	nanoparticles	were	expected	to	activate	

strongly	the	complement	system	(Szeto	and	Lavik,	2016,	Thomas	et	al.,	2011).	Although	true	

for	nanoparticles	A1,	A2,	R2	and	R3,	the	nanoparticles	R1	did	not	produced	any	complement	

activation	in	VBS2+	up	to	the	highest	tested	concentration.	Due	to	the	presence	of	hydroxyl	

groups	in	the	corona,	it	was	also	expected	that	the	nanoparticles	would	trigger	complement	

activation	by	the	alternative	pathway,	i.e.	a	calcium	independent	mechanism,	according	to	a	

mechanism	that	induces	the	cleavage	of	the	unstable	strained	thioester	bond	of	protein	C3	

when	 it	meets	nucleophiles	 (Thomas	et	al.,	2011).	A	work	by	Banda	et	al.	highlighted	 that	

dextran-coated	superparamagnetic	iron	oxide	nanoworms	triggered	complement	activation	

by	both	the	alternative	and	lectine	pathways	(Banda	et	al.,	2014).	Nanoparticles	R2	appeared	

very	selective	as	they	triggered	complement	activation	only	through	the	alternative	pathway.	

The	 nanoparticles	 A1,	 A2	 and	 R3	 were	 far	 less	 selective	 as	 they	 triggered	 complement	

activation	by	both	calcium	dependent	and	independent	pathways.	Consistently	with	the	work	

of	Banda	et	al.	 it	can	be	suggested	that	they	triggered	complement	activation	through	the	

lectin	 and	 alternative	 pathways	 respectively	 (Banda	 et	 al.,	 2014).	 Factors	 such	 as	 the	

composition	and	charge	of	the	nanoparticle	surface	could	not	be	incriminated	to	explain	the	

differences	that	were	highlighted	because	they	were	mostly	identical	between	nanoparticles.	

All	nanoparticles	were	not	of	the	same	size	and	this	factor	has	been	identified	to	influence	the	
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way	nanoparticles	interact	with	the	innate	immune	system	including	CS	(Alexis	et	al.,	2008,	

Clogston	et	al.,	2016,	Lorenzo-Abalde	et	al.,	2016).	Here	the	largest	nanoparticles	R1	(dH	=	291	

±	1	nm)	escaped	complement	activation	although	it	was	expected	from	the	literature	that	such	

a	property	was	reserved	to	nanoparticles	having	a	much	smaller	size,	preferentially	bellow	

200	nm	 (Alexis	 et	 al.,	 2008,	 Lorenzo-Abalde	et	 al.,	 2016).	 For	 the	other	nanoparticles,	 the	

factor	size	finally	reveals	not	being	a	critical	factor	towards	complement	activation.	Indeed,	

we	could	observe	a	similar	behavior	of	activation	between	R3	(291	nm)	and	A2	(113	nm).		

	Thus,	it	became	relevant	to	us	that	the	architecture	of	dextran	chains	in	nanoparticles’	corona	

greatly	 influenced	 activation	 of	 CS.	 Differences	 between	 the	 nanoparticles	 occurs	 at	 the	

molecular	size	scale.	They	are	generally	not	detected	by	routinely	applied	physicochemical	

characterization	methods	but	can	appear	huge	at	the	size	scale	of	proteins	producing	dramatic	

effects	on	the	functionality	and	safety	of	the	nanomaterial	(Clogston	et	al.,	2016,	Hamad	et	

al.,	 2010,	 Hristov	 et	 al.,	 2015,).	 In	 relation	 with	 model	 architectures	 of	 their	 corona,	 the	

nanoparticles	R2	showing	a	thin	corona	made	of	a	dense	brush	of	dextran	promoted	activation	

through	calcium	 independent	mechanism	only	 (alternative	pathway).	 The	3	other	 types	of	

nanoparticles	A1,	A2	and	R3	were	having	a	corona	that	allowed	a	higher	accessibility	of	their	

surface	to	protein	adsorption	triggered	activation	by	both	calcium	dependent	(classical	and/or	

lectin	pathways)	and	 independent	 (alternative	pathway)	mechanisms	 (Labarre	et	al.,	2005,	

Vauthier	et	al.,	2009).	Results	can	be	explained	 taking	 into	account	 the	accessibility	of	 the	

nanoparticle	 surface	 to	 proteins.	 Nanoparticles	 which	 surfaces	 were	 accessible	 to	 large	

proteins	 (nanoparticles	 A1,	 A2	 and	 R3)	 that	 includes	 immunoglobulins	 and	 protein	 C3	

triggered	activation	through	different	pathways.	Activation	by	the	classical	pathway	can	be	

triggered	by	immunoglobulins	adsorbed	on	the	nanoparticle	surface	while	activation	through	

the	alternative	pathway	can	be	triggered	by	nucleophiles	exposed	on	dextran	chains	or	by	the	

adsorbed	proteins	(Figure	4)	(Anderson	et	al.,	2005,	Chen	et	al.,	2016,	Labarre	et	al.,	2005,	

Vauthier	 et	 al.,	 2011,	 2009).	 Activation	 triggered	 by	 the	 lectin	 pathway	 can	 occur	 if	 the	

polysaccharide	 chain	 shows	 an	 accessible	 free	 end	 chain,	 assuming	 that	 the	 configuration	

allowing	 interactions	 with	 the	 mannose	 binding	 lectin	 should	 be	 similar	 to	 that	 of	

oligosaccharides	found	on	cell/bacteria/virus	surfaces.		The	low	density	of	the	brush	formed	

by	dextran	chains	at	the	surface	of	nanoparticles	R3	may	be	able	to	react	with	the	mannose	

binding	protein	hence	activating	CS	through	the	lectin	pathway	as	well	(Banda	et	al.,	2014).	In	
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contrast,	it	can	be	assumed	that	the	accessibility	to	the	chain	ends	of	dextran	anchored	at	the	

surface	of	nanoparticles	A1	and	A2	is	greatly	hindered	due	to	the	loop	and	train	configurations.	

Therefore,	 it	was	 believed	 that	 the	 activation	 of	 CS	 due	 to	 a	 calcium	dependent	 pathway	

triggered	by	these	nanoparticles	mainly	occurred	through	the	classical	pathway.	Due	to	the	

formation	of	a	dense	brush	of	dextran	chains,	coronas	of	nanoparticles	R1	and	R2	hamper	

adsorption	of	large	proteins	but	small	proteins	can	manage	to	adsorb	on	the	nanoparticle	core	

surface	(Vauthier	et	al.,	2011).	The	brush	of	nanoparticles	R2	was	formed	with	dextran	of	a	

low	molecular	weight.	The	brush	thickness	could	be	thin	enough	to	let	adsorbed	proteins	to	

protrude	out	of	the	brush.	Nucleophiles	from	these	proteins	could	react	with	the	thioester	

bond	of	C3	protein	explaining	 the	selectively	of	 the	activation	of	 the	complement	cascade	

through	 the	 alternative	 pathway	 (Figure	 4).	 In	 the	 case	 of	 nanoparticle	 R1,	 results	 from	

previous	work	informed	that	the	C3	protein	cannot	penetrate	in	the	brush	formed	by	dextran	

chains.	Hence,	C3	cannot	be	exposed	to	the	hydroxyl	groups	of	dextran	that	may	trigger	its	

activation	through	the	alternative	pathway	or	to	glucose	units	that	may	be	recognized	by	the	

lectin	pathway.	Due	to	the	brush	thickness	formed	by	dextran	of	a	high	molecular	weight	(49	

nm	as	evaluated	in	a	previous	work	(Vauthier	et	al.,	2011),	it	was	assumed	that	proteins	of	

small	size	adsorbed	on	the	nanoparticle	core	surface	were	totally	engulfed	in	the	brush	being	

not	accessible	to	react	with	the	protein	C3	(Vauthier	et	al.,	2011).	Also	the	glucose	units	of	the	

dextran	chains	were	not	accessible	to	trigger	complement	activation	by	the	lectin	pathway	

explaining	their	low	capacity	to	activate	the	complement	system.		Regulation	of	the	activation	

caused	by	the	different	types	of	dextran	coronas’	architectures	depends	on	the	accessibility	

of	the	protein	C3	to	hydroxyl	groups	of	dextran	chains	and	on	the	capacity	of	the	corona	to	

allow	proteins	adsorption	on	 the	nanoparticle	 surface.	Results	 suggest	 that	accessibility	of	

protein	 C3	 to	 nucleophiles	 determined	 activation	 triggered	 by	 the	 alternative	 pathway	

(calcium	independent	route).	It	is	assumed	that	nanoparticles	can	trigger	the	classical	pathway	

(calcium	dependent	route)	when	large	proteins	such	as	immunoglobulins	can	adsorb	on	their	

surface	and	by	the	 lectin	pathway	 in	the	case	glucose	units	that	may	be	recognized	by	the	

mannose	binding	lectin	protein	were	accessible.	

Secondly,	 comparisons	 of	 the	 behaviors	 found	 between	 nanoparticles	 A1,	 A2	 and	

nanoparticles	 R2	 point	 out	 a	 methodological	 issue.	 At	 the	 lower	 concentration	 in	

nanoparticles,	 they	 all	 showed	 a	 partial	 activation	 in	 VBS2+	 and,	 as	 expected,	 raising	 the	
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concentration	 in	 nanoparticles	 produced	 100%	 activation.	 Results	 of	 tests	 performed	 in	

calcium	depleted	buffers	(VBSMg2+	XmM/EGTA)	were	consistent	at	both	concentrations	with	

nanoparticles	 A2	 and	 R2.	 At	 the	 lower	 concentration,	 nanoparticles	 A1	 did	 not	 show	

preferential	complement	activation	pathway	but	at	the	highest	concentration	they	appeared	

selective	 as	 activation	 was	 triggered	 only	 through	 calcium	 independent	 pathways.	 The	

competition	between	different	activation	pathways	highlighted	at	the	lower	concentration	in	

nanoparticles	 A1	was	 hidden	when	 tests	were	 performed	with	 a	 highest	 concentration	 in	

nanoparticles.	 Thus,	 it	 may	 be	 recommended	 to	 explore	 these	 mechanisms	 at	 different	

concentrations	in	nanoparticles	including	total	and	partial	activations.		

Finally,	during	these	evaluations	some	intriguing	results	were	observed	with	samples	that	gave	

low	 level	of	 complement	activation	 in	VBS2+	 and/or	at	 low	concentration	 in	Magnesium	 in	

calcium	free	buffers	(VBSMg2+	0.5mM/EGTA).	An	increase	of	activation	was	monitored	while	

increasing	 the	 concentration	 in	 magnesium	 in	 the	 sample	 frankly	 above	 that	 of	 the	

spontaneous	 activation	 evaluated	 in	 same	media.	 This	 effect,	 that	was	 not	 yet	 described,	

concerns	us.	We	were	unable	to	find	an	explanation	and	further	work	would	be	necessary	to	

explain	it.	

Figure	4:	Assumptions	on	mechanisms	behind	interactions	with	proteins	of	the	complement	

system	 that	may	 interfere	with	 the	 pathway	 that	 triggered	 complement	 activation	 as	 the	

function	of	the	molecular	architectures	of	dextran	chains	in	the	corona	of	the	5	types	of	PIBCA	

nanoparticle.	 Architecture	 found	 on	 nanoparticle	 R1	 surface	 hampers	 activation	 of	 the	

complement	system	because	it	can	hinder	adsorption	of	large	proteins	and	interactions	with	

more	specific	proteins	of	the	complement	system	(mannose	binding	lectin	(MBL)	( 	)	and	

protein	C3	( )).	Architecture	shown	by	nanoparticles	R2	only	let	access	of	protein	C3	to	

nucleophiles	found	on	small	proteins	( )	that	can	adsorb	on	this	surface	and	protrude	out	

of	the	brush	formed	by	dextran	chains	of	a	low	molecular	weight.	Architectures	of	the	surfaces	

of	 nanoparticles	 R3,	 A1	 and	 A2	 allow	 large	 proteins	 to	 reach	 the	 nanoparticle	 surfaces.	

Immunoglobulins	( )	can	adsorb	on	these	surfaces.	Complement	activation	can	be	triggered	

through	 the	 classical	 pathway	 that	 involves	 recognition	 of	 adsorbed	 immunoglobulins	 by	

protein	C1q	( ).	Protein	C3	can	also	adsorb	on	these	surfaces	leading	to	a	possible	direct	

activation	 through	 the	 cleavage	 of	 the	 unstable	 thioester	 group	 hidden	 in	 the	 protein	

structure.	Activation	of	the	protein	C3	can	also	be	triggered	by	nucleophilic	groups	of	dextran	

chains	 that	 might	 be	 accessible	 for	 a	 reaction	 with	 the	 thioester	 bond	 considering	 these	

architectures.	 Reactions	 that	 involved	 protein	 C3	 straightforward	 trigger	 complement	
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activation	through	the	alternative	pathway.	Finally,	activation	through	the	mannose	binding	

lectin	pathway	can	also	be	envisaged	with	the	architecture	of	dextran	chains	proposed	for	the	

nanoparticles	R3	 that	assumes	a	quite	 free	access	of	 the	MBL	 to	 terminal	glucose	units	of	

dextran	 chains.	 This	 pathway	 is	 probably	 not	 functioning	 with	 nanoparticles	 A1	 and	 A2	

because	dextran	chains	of	their	corona	form	loops	and	trains	in	which	access	of	the	MBL	to	

terminal	glucose	units	of	the	dextran	chains	might	be	difficult	due	to	steric	hindrance	effects.	
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V. Conclusion	

This	work	was	a	systematic	study	investigating	how	molecular	design	of	nanoparticle	coronas	

made	of	dextran	matters	on	mechanisms	that	trigger	complement	activation.	Dextran-coated	

PIBCA	nanoparticles	used	for	this	work	were	already	thoroughly	characterized	and	known	to	

display	different	capacities	to	triggered	complement	activation	based	on	the	highlight	of	the	

cleavage	of	protein	C3.	The	new	set	of	results	shows	that	complement	activation	pathways	

can	 be	 selected	 by	 distinct	 architectures	 formed	 by	 dextran	 chains	 composing	 the	

nanoparticle	 corona.	 It	 also	 suggests	 assumptions	 that	 explain	 the	 relation	between	 these	

mechanisms	and	 the	nanoparticle	 corona	molecular	 feature.	 The	 results	 are	of	 interest	 to	

rationalize	the	design	of	dextran-coated	nanomaterials	having	defined	biological	perspectives	

that	 can	 be	 tuned	 from	 their	 interactions	 with	 the	 complement	 system.	 It	 provides	 with	

indications	 on	 how	 to	 design	 dextran	 coatings	 that	 will	 select	 complement	 activation	

pathways	or	prevent	the	nanoparticles	to	activate	the	complement	system	on	a	rational	basis	

Although	 this	 work	 has	 resolved	 how	 molecular	 design	 of	 nanoparticle	 corona	 made	 of	

dextran	 can	 control	mechanisms	 that	 trigger	 complement	 activation,	 additional	works	 are	

now	needed	to	fully	understand	the	consequences	of	the	activation	of	protein	C3	produced	

by	these	nanoparticles	on	the	full	response	of	the	innate	immune	system.		Further	work	will	

also	be	needed	to	elucidate	the	occurrence	of	an	unexplained	activation	of	the	complement	

system	reported	for	the	first	time	with	low	activating	nanoparticles	while	tested	in	calcium	

free	media	containing	increasing	concentrations	of	magnesium.		
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Figure	 S1:	 Example	 of	 electrophoresis	 plate	 obtained	 from	 the	 Serial	 multiple	 crossed	

immunoelectrophoresis	 method*	 applied	 to	 evaluate	 cleavage	 of	 protein	 C3	 in	 serum	

incubated	in	different	conditions	with	nanoparticles.	

*Coty	 JB,	 Varenne	 F,	 Vachon	 JJ,	 Vauthier	 C.	 Serial	 multiple	 crossed	 immunoelectrophoresis	 at	 a	
microscale:	 A	 stamp-sized	 2D	 immunoanalysis	 of	 protein	 C3	 activation	 caused	 by	 nanoparticles.	

Electrophoresis.	2016	Sep;37(17-18):2401-9.	doi:	10.1002/elps.201500572.	
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Supplementary	material	2	

Activation	of	the	protein	C3	evaluated	in	different	works.	Results	that	were	reproduced	across	

the	different	studies	while	performed	by	different	lab	workers	suggest	a	high	reproducibility	

of	the	methods	that	were	used	to	prepare	the	nanoparticles	and	of	the	method	applied	to	

evaluate	complement	activation.	

	

	

Figure	S2:	Complement	activation	given	by	a	series	of	 five	dextran-coated	nanoparticles	as	
evaluated	 from	 the	 cleavage	 of	 protein	 C3	 in	 different	 works.	 Tests	 were	 performed	 by	
incubating	the	nanoparticles	at	a	concentration	of	2000	cm².mL-1	with	serum	in	VBS2+.		Gray	
[1],	blue	[2],	yellow	[3],	green	[4],	orange	[5],	black	[6].	
	

1. Current	study.	
2. Bertholon	 I,	 Vauthier	 C,	 Labarre	 D.	 Complement	 activation	 by	 core-shell	

poly(isobutylcyanoacrylate)-polysaccharide	nanoparticles:	Influences	of	surface	morphology,	
length,	and	type	of	polysaccharide.	Pharmaceutical	Research.	2006;23(6):1313-23.	

3. Chauvierre	 C.,	 Labarre	 D.,	 Couvreur	 P.,	 Vauthier	 C.	 Novel	 polysaccharide-decorated	
poly(isobutyl	cyanoacrylate)	nanoparticles.	Pharmaceutical	Research	20,1786-1793,	2003.	

4. Coty	JB,	Varenne	F,	Vachon	JJ,	Vauthier	C.	Serial	multiple	crossed	immunoelectrophoresis	at	a	
microscale:	 A	 stamp-sized	 2D	 immunoanalysis	 of	 protein	 C3	 activation	 caused	 by	
nanoparticles.	Electrophoresis.	2016	Sep;37(17-18):2401-9.	doi:	10.1002/elps.201500572.	

5. Vauthier	C.,	Persson	B.,	Lindner	P.,	Cabane	B.	Protein	adsorption	and	complement	activation	
for	di-block	copolymer	nanoparticles.	Biomaterials,	32:	1646-1656	(2011),	Available	online	18	
November	2010,	doi:10.1016/j.biomaterials.2010.10.026.	

6. Labarre	D.,	Vauthier	C.,	Chauvierre	C.,	Petri	B.,	Muller	R.H.,	Chehimi	M.M.	Interactions	of	blood	
proteins	 with	 poly	 (isobutylcyanoacrylate)	 nanoparticles	 decorated	 with	 a	 polysaccharidic	
brush	Biomaterials,	26:	5075-5084	(2005)	
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Chapitre	IV	:	Vers	une	analyse	qualité	de	l’activation	du	

complément	par	les	nanomédecines	:	developpement	

d’une	méthode	SPR		

	

Avant	propos	:	Le	test	d’activation	du	système	du	complément	par	des	nanomédecines	

(NMs)	 est	 de	 premier	 intérêt	 pour	 un	 système	 destiné	 à	 être	 administré	 par	 voie	

intraveineuse.	Aujourd’hui,	ce	test	n’est	pas	réalisé	de	façon	systématique	pour	un	contrôle	

des	lots	de	NMs	produits.		Etant	donné	des	effets	indésirables	parvenus	suite	à	l’activation	du	

complément	 de	 certaines	 NMs,	 il	 apparaît	 nécessaire	 de	 contrôler	 la	 tendance	 de	 ces	

matériaux	à	déclencher	la	cascade	du	système	du	complément.	Le	coût	ou	la	complexité	des	

méthodes	le	permettant	sont	aujourd’hui	un	frein	à	la	réalisation	de	cet	essai	en	routine.	Içi,	

nous	proposons	un	test	de	l’activation	du	complément	automatisé	en	utilisant	la	résonnance	

plasmonique	de	surface	(SPR).	Cette	technique	utilise	la	variation	de	l’angle	de	résonnance	

d’un	rayon	lumineux	en	fonction	de	la	quantité	d’interactions	entre	un	récepteur	et	un	ligand.	

Son	principe	est	introduit	plus	en	détail	dans	l’annexe	méthodologique	n°3.	Dans	notre	cas,	

nous	immobilisons	des	anticorps	spécifiques	de	fragments	de	protéines	du	complément	sur	

une	puce	en	or,	qui	reconnaissent	les	fragments	d’intérêt	lors	du	passage	d’un	sérum	incubé	

avec	 des	 nanoparticules.	 La	 réponse	 obtenue	 avec	 chaque	 anticorps	 permet	 d’évaluer	 le	

niveau	d’activation	du	complément.	Cette	méthode	permet	d’utiliser	de	très	faibles	quantités	

d’anticorps	et	de	sérum,	et	d’effectuer	la	détection	de	différents	fragments	du	complément	

sur	 plusieurs	 canaux	 en	 même	 temps.	 Les	 résultats	 obtenus	 par	 cette	 méthode	 se	 sont	

montrés	 cohérents	 avec	 ceux	 obtenus	 par	 la	 µC-IE.	 De	 plus,	 une	 étude	 de	 l’impact	 de	 la	

préparation	des	échantillons	a	pu	dévoiler	un	possible	biais	lors	de	l’étude	de	l’activation	du	

complément	par	les	NMs,	notamment	lorsque	l’analyse	est	réalisée	après	le	retrait	des	NMs	

de	l’échantillon.
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Abstract		

Assessment	 of	 nanomaterial	 safety	 is	 a	 major	 concern	 today,	 even	 more	 in	 the	 field	 of	

Nanomedicine.	For	those	destined	to	an	intravenous	administration,	the	study	of	interactions	

with	 the	 complement	 system	 is	 a	 key	 step	when	assessing	 their	 safety.	While	ELISA	 is	 the	

common	test	used	for	in	vitro	studies	thanks	to	its	availability	and	simplicity	of	use,	it	has	some	

drawbacks	such	as	its	high	cost	and	its	fragment	dependency.	Then,	the	recently	renovated	

multi-crossed	2D	immunoelectrophoresis	method	allows	a	costless	and	direct	visualization	of	

C3	fragmentation,	but	still	being	time	consuming.	In	this	article,	we	developed	a	method	that	

combines	 the	 advantages	 of	 both	 methods,	 using	 Surface	 Plasmon	 Resonance	 (SPR).	 It	

provides	a	fast,	automated	technique	for	the	detection	of	complement	fragments	in	serum.	

The	four	channels	chip	permits	a	multiplexed	assessment	of	complement	fragments	release	

at	the	same	time.	The	mild	regeneration	of	these	channels	allows	for	a	very	low	consumption	

of	 specific	 antibodies.	 This	method	was	 compared	with	 the	 two	 others	mentioned	 above	

concerning	 their	 results	 in	complement	activation	by	a	 series	of	nanoparticles	with	known	

complement	activation	status.	The	method	was	then	used	to	evaluate	a	bias	that	may	occur	

while	evaluating	complement	activation	produced	by	nanoparticles	with	a	detection	based	on	

specific	complement	fragments.	

	

	

ELISAµC-IE

SPR
C3

C3b

C3a
Activation

Protein detected by	SPR

Protein detected by	µC-IE

Protein detected by	ELISA
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I. Introduction	

The	 complement	 system	 is	 a	major	 effector	 of	 the	 human	 innate	 and	 adaptive	 immunity.	

Consisting	 of	 35	 soluble	 blood	 proteins,	 this	 system	 can	 be	 activated	 through	 proteolytic	

cleavages	 that	are	arranged	 in	a	 cascade	when	a	 foreign	body	 is	detected	 (bacteria,	 virus,	

nanomaterial).	The	triggering	of	this	cascade	leads	to	inflammation	reactions	by	the	release	

of	anaphylatoxins	(C3a,	C5a)	as	well	as	enhancement	of	phagocytic	activity	and	formation	of	

lysis	 complex	 [1,2].	 In	 the	 case	 of	 nanomedicines	 (NMs)	 used	 upon	 intravenous	

administration,	 complement	proteins	are	 the	 first	barrier	of	 immunity	encountered	by	 the	

nanomaterial	in	human	blood.	The	biodistribution,	circulation	time,	or	the	possible	induced	

toxicity	of	these	nanomaterials	can	be	influenced	by	their	interaction	with	the	complement	

system	[3,4].	Indeed,	the	interaction	of	NMs	with	complement	proteins	triggers	this	cascade	

that	can	lead	to	severe	adverse	reactions	referenced	in	the	CARPA	(Complement	Activation	

Related	Pseudo	Allergy)	[5-7]	and	has	even	been	linked	to	an	enhancement	of	cancer	tumor	

growth	[8,9].	

Despite	these	facts,	complement	activation	has	not	been	positioned	as	a	priority	assessment	

in	 NMs	 design	 and	 in	 their	 clinical	 batch	 release.	 While	 assays	 are	 recommended	 for	

complement	 activation	 of	 material	 devices	 by	 ISO	 (International	 Organization	 for	

Standardization)	[10]	and	ASTM	(American	Society	for	Testing	and	Materials)	[11],	only	few	

recommendations	for	the	complement	activation	evaluation	of	intravenous	drug	are	existing	

[12,13].	The	development	of	a	direct	and	automatable	method	on	this	purpose	could	favor	its	

assessment	hence	improving	the	safety	and	knowledge	about	NMs	links	with	the	complement	

system.	Today,	the	reference	method	used	for	in	vitro	complement	activation	assessment	is	

ELISA	 (Enzyme-linked	 immunosorbent	 assay)	 [6,14-17].	 This	method	was	 standardized	and	

marketed	available	kits	allow	the	detection	of	different	specific	fragments	of	the	complement	

cascade	(iC3b,	Bb,	C4d,	SC5b9).	However,	this	method	suffers	from	its	high	cost.	A	method	

such	 as	 two-dimensional	 immunoelectrophoresis	 (2D-IE)	 allows	 a	 cheaper	 assessment	 of	

complement	activation	assessment	with	a	global	vision	of	C3	and	its	fragments	[15,18].	This	

method	was	 recently	 improved	 to	be	applicable	on	a	higher	 throughput	 (multi-crossed	2D	

immunoelectrophoresis:	 µC-IE),	 but	 still	 remains	 time	 consuming.	 The	 use	 of	 a	 fully	

automatable	 technique	 such	 as	 surface	 plasmon	 resonance	 (SPR)	 to	 detect	 complement	

fragments	in	serum	is	another	way	to	deal	with	complement	assessment.	SPR	is	widely	used	
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for	 affinity	 and	 kinetics	 studies	 between	 a	 ligand	 and	 a	 given	 substrate.	 NM-protein	

interaction	has	already	been	studied	by	SPR	by	grafting	the	NMs	onto	the	gold	chip	before	

flowing	 the	 biological	 medium	 and	 looking	 for	 interactions	 and	 kinetics	 of	 association-

dissociation	[19-21].	

However,	a	major	hurdle	when	working	with	complement	system	 is	 the	matrix	complexity	

such	as	encountered	in	human	serum	where	the	non-specific	protein	binding	is	a	real	problem	

faced	in	SPR.	Development	of	strategies	to	overcome	this	major	drawback	are	emerging	but	

require	the	engineering	of	complex	chips	[22-24].	This	typically	prevents	many	applications	

from	 being	 studied	 by	 SPR.	 Nevertheless,	 some	 groups	 already	 worked	 on	 complement	

detection	by	SPR	with	different	approaches	where	the	tested	biomaterial	is	generally	coated	

on	the	chip	[25-27],	that	limits	the	possibilities	of	high	throughput	analysis	of	several	distinct	

biomaterials.		

Added	to	 these	aspects,	antibody	regeneration	 is	another	critical	 issue	when	working	with	

SPR.	In	previously	mentioned	studies,	specific	antibodies	were	flowed	on	the	surface	and	their	

binding	on	complement	proteins	interacting	with	the	biomaterial	surface	increased	the	signal.	

This	procedure	supposes	a	high	consumption	of	antibodies,	hence	a	high	cost.	The	other	way	

is	to	coat	specific	antibodies	on	the	chip	and	then	flow	activated	serum	for	binding	of	specific	

fragments.	The	difficulty	of	this	procedure	is	to	regenerate	coated	antibodies	to	keep	their	

functionality	for	other	samples	[28-30].	This	was	a	challenge	taken	into	account	in	our	method	

development.	

Finally,	the	way	to	detect	complement	activation	by	looking	for	a	specific	fragment	is	prone	

to	possible	artefacts	such	as	adsorption	of	this	specific	component	on	the	nanoparticle	(NP)	

thus	preventing	 its	detection.	A	 fragment	of	protein	C3	 that	 is	 quickly	 released	 is	 the	C3a	

fragment	 (9000	 Da),	 which	 acts	 as	 an	 anaphylatoxin,	 triggering	 inflammatory	 reactions.	

Several	 works	 reported	 a	 possible	 adsorption	 of	 this	 fragment	 on	 polymer	 surfaces,	 thus	

biasing	their	quantification	when	assessed	in	the	serum	supernatant	[31].	The	phenomenon	

was	 first	 evidenced	 on	 polymers	 forming	 dialysis	 membrane	 such	 as	 polyacrylonitrile	 or	

cellulose	acetate	[32,33].	Then,	their	adsorption	onto	different	types	of	grafted	polymers	were	

studied	by	Montdargent	et	al.	 [34].	 They	 showed	 that	adsorption	on	polymer	 surface	was	

occurring	with	anaphylatoxins	C3a	and	C5a	for	neutral,	anionic	and	cationic	polymer	surfaces.	

The	adsorption	greatly	depended	on	the	chemical	nature	of	the	polymer	substituent	group.	In	
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the	present	work,	we	tested	different	NPs	with	the	same	chemical	composition	but	different	

surface	conformations	and	showed	that	this	parameter	was	of	importance	too	regarding	C3a	

adsorption.	These	results	were	further	put	in	relation	with	possible	bias	occurring	with	current	

established	protocols	for	complement	activation	assessment.	

The	 developed	 SPR	 method	 was	 confronted	 to	 standardized	 methods	 already	 used	 for	

complement	activation	assessment.	Thus,	the	approach	of	this	paper	allowed	a	comparison	

between	three	methods	(ELISA,	SPR	and	µC-IE).	Such	a	comparison	has	never	been	reported	

in	the	literature.	Indeed,	complement	activation	is	generally	evaluated	only	with	commercially	

available	assays,	mostly	ELISA.	

The	 purpose	 of	 this	 work	 was	 to	 develop	 a	 SPR-based	method	 for	 a	 simplified	 and	 cost-

effective	assessment	of	complement	activation	by	NMs.	Results	obtained	with	this	method	

were	challenged	with	standardized	and	robust	methods,	namely	ELISA	and	µC-IE.	Finally,	a	

complementary	study	aimed	to	evaluate	the	possible	bias	introduced	by	the	presence	of	NPs	

in	the	medium	and	thus	adapt	the	optimal	conditions	for	reliable	assays.	To	support	this	study,	

a	 series	 of	 five	model	NPs	 of	 the	 same	 chemical	 composition	 but	 bearing	 distinct	 surface	

density	and	conformation	chains	were	used.	

II. Material	and	methods	

II.1. Materials	

Chemicals:	Isobutylcyanoacrylate	(IBCA)	was	provided	by	Orapi	(Saint-Vulbas,	France).	Tricine,	

Tris	 base	 (Sigma	 7-9®),	 sodium	 chloride,	 EDTA	 sodium	 salt,	 dextran	 66.7	 kDa,	 and	

bromophenol	 blue	 were	 purchased	 from	 Sigma	 (Saint-Quentin-Fallavier,	 France).	 Dextran	

17.7,	 cerium	 (IV)	 ammonium	nitrate,	 and	 hydrochloric	 acid	were	 supplied	 by	 Fluka	 (Saint-

Quentin-Fallavier,	France).	Nitric	acid	was	provided	by	Prolabo	(Paris,	France).	Calcium	lactate,	

glacial	acetic	acid,	coomassie	brilliant	blue	R-250	were	supplied	by	Thermo	Fisher	Scientific	

(Villebon-sur-Yvette,	France).	Gel-Fix™	for	agarose	(265	x	150	mm)	was	obtained	from	Serva	

Electrophoresis	(Heidelberg,	Germany).	Amine	coupling	kit,	Series	S	Sensor	Chip	CM5,	HBS-

EP+	 buffer	 10X,	 NSB	 reducer	 and	 HCl-Glycine	 pH	 2.5	 were	 obtained	 from	 GE	 Healthcare	

(Velizy-Villacoublay,	France).	All	chemicals	were	of	reagent	grade	and	used	as	purchased.		

Biologicals:	 Goat	 IgG	 (purity	 >	 80%)	 was	 obtained	 from	 Sigma	 (Saint-Quentin-Fallavier,	

France).	 Polyclonal	 anti-human	 C3	 antibody	 raised	 in	 goat	 was	 purchased	 from	 Fitzgerald	
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antibodies	(Acton,	USA).	Monoclonal	anti-human	C3a	neoepitope	produced	in	mouse	came	

from	antibodies-online	GmbH	(Aachen,	Germany).	Serum	was	prepared	from	human	plasma	

obtained	 from	 healthy	 donors	 from	 Etablissement	 Français	 du	 Sang	 (EFS,	 agreement	 #	

14/EFS/041)	 (Rungis,	 France).	 Heat-activated	 gamma	 globulin	 (HAGG)	 and	 Cobra	 Venom	

Factor	(CVF)	were	purchased	from	TECO	Medical	(Rambouillet,	France)	to	be	used	as	positive	

controls	for	the	activation	of	the	complement	system.	Proteins	C3b	(purity	>	90%)	and	C3c	

(purity	 >	 80%)	 were	 provided	 by	 Acris	 Antibodies	 GmbH	 (Herford,	 Germany).	 Human	

complement	C3a	(purity	>	98%)	was	purchased	from	Merck	CalbiochemÒ	(Fontenay-sous-Bois,	

France).	Human	complement	C3	protein	(purity	>	85%)	and	MicrovueÔ	complement	iC3b	EIA	

kit	were	purchased	from	Teco	Medical	(Rambouillet,	France).	

II.2. Methods	

II.2.1. NPs	synthesis	and	characterization	

Five	 types	 of	 nanoparticles	 were	 prepared	 from	 well	 described	 emulsion	 polymerization	

methods	 of	 IBCA	with	 dextran.	 The	method	 and	 characteristics	 of	 the	 nanoparticles	were	

thoroughly	described	in	our	previous	works	[35-37].	 In	this	work,	three	NPs	were	obtained	

from	radical	 redox	emulsion	polymerization	(R1,	R2	and	R3),	 two	others	were	prepared	by	

anionic	emulsion	polymerization	(A1	and	A2).	They	differ	by	the	density	and	conformation	of	

dextran	chains	grafted	on	their	surface	as	illustrated	later	in	this	article.		They	display	different	

capacities	to	activate	the	complement	system	[37].	A	table	depicting	the	different	properties	

of	nanoparticles	used	in	this	work	is	available	in	supplementary	information	(S1).	

II.2.2. Sample	preparation	

The	five	types	of	NPs	were	assessed	at	two	different	concentration	(1000	and	3000	cm²/mL)	

for	 complement	 activation.	 The	 incubation	 was	 prepared	 as	 described	 previously	 [20]	 by	

diluting	human	serum	(1:4)	in	VBS2+	buffer	(1:4)	and	NPs	aqueous	dispersion	at	the	desired	

concentration	 (1:2)	or	water	 for	controls.	The	 final	 incubation	volume	was	100	µL.	For	 the	

negative	control,	VBS2+	was	replaced	by	VBS	EDTA,	that	inhibits	complement	activation.	The	

positive	control	was	obtained	by	introducing	CVF	(5	µL),	a	strong	activator	of	the	complement	

cascade,	in	the	incubation	medium	filled	with	water	(45	µL)	to	reach	the	final	volume	of	100	

µL.	Medium	activation	was	obtained	by	introducing	HAGG	(5	µL)	in	the	incubation	medium	

described	above.		
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The	incubation	mixture	was	left	at	37°C	for	an	hour.	After	incubation,	samples	were	kept	in	

ice	few	minutes	until	analysis.	Each	sample	was	analyzed	in	triplicate	by	SPR	and	µC-IE	and	in	

duplicate	by	ELISA.		

II.2.3. Surface	Plasmon	Resonance	(SPR)	

II.2.3.1. Antibody	immobilization	

SPR	measurements	were	performed	on	a	Biacore	T100	instrument	with	a	Series	S	sensor	chip	

CM5	equipped	with	4	channels	(GE	healthcare	Life	Sciences,	Vélizy,	France).	Antibodies	were	

immobilized	onto	the	chip	via	a	standard	amine	coupling	consisting	in	a	successive	injection	

of	1-ethyl-3-(3-dimethylaminopropyl)carbodiimide	hydrochloride	(EDC)	(75	mg/mL,	420	sec,	

5	µL/min),	N-hydroxysuccinimide	 (NHS)	 (11.5	mg/mL,	420	sec,	5	µL/min)	and	antibody	 (20	

µg/mL)	in	10	mM	acetate	buffer	pH	4.5	(420	sec,	10	µL/min)	to	reach	an	immobilization	level	

of	10,000	RU	(Resonance	Unit).	The	remaining	blank	were	filled	with	ethanolamine-HCl	pH	8.5	

(1	M)	 to	 prevent	 for	 residual	 non-specific	 binding	 (NSB).	 NSB	was	 assessed	 on	 a	 channel	

bearing	a	non-relevant	antibody	and	another	channel	with	a	blank	surface.	

II.2.3.2. Specificity	assays	and	control	serums	

Pure	C3	(185	kDa),	C3b	(176	kDa)	and	C3c	(140	kDa)	proteins	were	tested	at	140	µg/mL	in	HBS-

EP+	buffer.	Pure	C3a	(9,1	kDa)	was	analyzed	at	70	µg/mL	in	HBS-EP+	buffer.	Control	serum	

samples	incubated	as	described	above	were	then	diluted	by	12.5	in	the	buffer	(HBS-EP+/NSB	

reducer	9:1)	to	reach	a	final	dilution	factor	of	50	for	human	serum	(4	x	12.5).	All	samples	were	

analyzed	sequentially	on	the	different	channels	at	25°C	in	the	following	conditions:	flow	rate:	

40µL/min;	contact	time:	60	sec;	dissociation	time:	120	sec.	Channels	were	then	regenerated	

with	a	two	steps	procedure:	(i)	Glycine/HCl	pH	2.5:	contact	time:	30	sec	at	40	µL/min,	(ii)	NaOH	

1	mM	(30	sec	at	40	µL/min).	The	SPR	signal	obtained	is	proportional	to	the	mass	of	analyte	

interacting	 with	 the	 surface.	 The	 quantification	 of	 analyte	 binding	 on	 the	 channel	 was	

expressed	 in	RU	 (1	RU	=	 1	 pg/mm²)	 and	 the	 report	 point	was	 taken	10	 seconds	 after	 the	

beginning	of	the	dissociation.	An	example	of	SPR	sensorgram	is	available	 in	supplementary	

information	S2.	

II.2.3.3. NP-serum	studies	

All	serums	were	prepared	and	analyzed	as	described	in	the	previous	paragraph.	Analyzes	were	

performed	on	 the	samples	directly	after	 incubation	without	additional	 step	 to	 remove	 the	
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nanoparticles.	 In	 few	experiments,	nanoparticles	were	 removed	 from	the	samples	prior	 to	

analysis	 to	 study	 the	 bias	 possibilities	 caused	 by	 the	 removal	 of	 the	NPs.	 In	 this	 part,	 the	

incubated	serums	were	centrifuged	at	4°C	for	45	min	at	16.1	rcf	(relative	centrifugal	force)	

with	an	Eppendorf	 centrifuge	5415R	 (Eppendorf,	Montesson,	France)	prior	 to	 the	dilution.	

Then,	 the	 supernatant	was	 recovered	 for	 dilution	 preparation	 and	 analysis.	 Analyzed	 sera	

corresponding	 to	 these	 samples	were	 identified	as	 “samples	without	nanoparticles”	 in	 the	

results	and	discussion	section.		

II.2.4. Multi-crossed	2D	Immunoelectrophoresis	(µC-IE)	

Multi-crossed	2D	immunoelectrophoresis	was	performed	as	described	previously	[20,38].	In	

summary,	a	1%	agarose	gel	plate	was	prepared	on	Gel-Fix™	alternating	plain	agarose	gel	bands	

(0.8	cm	wide)	and	agarose	gel	bands	containing	polyclonal	anti-C3	antibody	(2.2	cm	wide)	as	

explained	in	a	previous	work	(20).	Incubated	samples	were	deposited	on	wells	formed	in	the	

agarose	gel	bands	to	run	the	first	dimension	allowing	the	separation	of	proteins	according	to	

their	molecular	weight	(600	V,16	mA).	Then,	the	plate	was	turned	by	90°	to	allow	the	second	

dimension	electrophoresis	leading	to	the	immunoprecipitation	of	C3	protein	and	its	fragments	

in	the	gel	bands	containing	the	polyclonal	anti-C3	antibody	(500	V,	12	mA).	Gel	was	then	dried	

and	stained	with	Coomassie	blue	prior	to	analysis	of	%C3	activation.	

II.2.5. ELISA	

Elisa	was	performed	following	the	instructor	procedure.	Briefly,	the	sample	was	diluted	by	100	

in	 the	 specimen	 diluent	 provided	 by	 the	 supplier.	 Then,	 the	 sample	 was	 deposited	 and	

incubated	at	room	temperature	for	30	min.	Then,	the	plate	was	thoroughly	washed	with	the	

wash	 solution.	 iC3b	 reagent	 was	 then	 added	 and	 left	 for	 30	 min	 before	 being	 washed.	

Substrate	was	added	for	30min	before	adding	the	stop	solution.	The	ELISA	plate	was	read	at	

405	nm	using	LT-5000MS	Elisa	plate	reader	(Labtech	France,	Palaiseau).		

III. Results		

III.1. Setup	of	a	Regenerable	SPR	chip	for	the	direct	assessment	of	complement	

activation	by	nanoparticles	

III.1.1. Antibody	immobilization	

The	 SPR	 chip	 was	 grafted	 with	 a	 goat	 IgG	with	 no	 affinity	 for	 complement	 fragments	 on	

channel	1	to	give	a	non-specific	reference	channel.	Antibody	directed	against	human	C3a	neo-
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epitope	was	coated	on	channel	2	at	around	10,000	RU.	Anti-human	C3	polyclonal	antibody	

was	coated	on	the	third	channel	at	the	same	level	of	immobilization.	Channel	4	exposed	the	

raw	surface	of	the	chip	for	another	reference	with	no	affinity.	In	this	chip,	channels	1	and	4	

could	highlight	possible	non-specific	adsorption	while	channels	2	and	3	could	evaluate	specific	

fragments	 of	 the	 complement	 system.	 It	 was	 assumed	 that	 the	 non-specific	 adsorption	

behavior	monitored	on	channel	1	grafted	with	the	non-specific	goat	IgG	was	consistent	to	that	

of	channels	2	and	3,	grafted	with	antibodies	specific	to	complement	fragments.	

III.1.2. Specificity	assays	and	control	serums	

At	first,	the	specificity	of	the	different	channels	towards	different	protein	C3	fragments	was	

assessed	to	ensure	their	relevance	for	the	intended	use.	Results	are	depicted	in	figure	1A.	The	

channel	1	showed	no	affinity	 for	any	of	 the	tested	proteins.	Channel	2	was	specific	 to	C3a	

released	fragment,	confirming	the	ability	of	the	antibody	to	detect	the	neo	epitope	of	C3a	

only.	Channel	3	could	detect	both	C3	protein,	C3b	and	C3c	fragments,	but	not	C3a.		

Then,	these	channels	were	tested	for	their	ability	to	detect	these	specific	fragments	in	sera	

with	 different	 levels	 of	 C3	 activation	 obtained	 from	 control	 samples	 made	 with	 known	

activators	 (HAGG,	 CVF)	 and	 inhibitors	 (EDTA)	 of	 complement	 activation.	 Flow	 conditions,	

buffer	and	sample	dilution	were	optimized	in	order	to	give	a	relevant	signal	on	the	response	

for	all	channels.	Results	are	presented	 in	 figure	1B.	CVF	 is	a	positive	control	 that	produces	

complement	C3	full	fragmentation	releasing	C3a	and	C3b	fragments.	The	results	indicated	that	

non-specific	binding	was	quite	important	with	serum,	showing	an	important	background	level	

on	channel	1.	Nevertheless,	channel	2	showed	an	ability	to	distinguish	activated	C3	samples	

from	negative	controls.	Non-specific	binding	found	on	negative	control	was	around	100	RU	

while	the	fully	activated	serum	gave	a	response	above	300	RU.	We	also	found	that	non-specific	

signal	was	dependent	on	each	channel.	On	channel	3,	we	observed	a	decrease	of	the	signal	

for	 C3	 activated	 samples	 meaning	 a	 decrease	 of	 the	 mass	 of	 protein	 binding	 to	 the	

immobilized	antibody.	The	decrease	is	substantial	but	the	amplitude	is	less	important	than	for	

channel	2	between	negative	and	positive	full	activated	controls.		
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Figure	1:	Evaluation	of	the	SPR	chip	performance.		A:	Evaluation	of	antibodies	specificities	on	

SPR	chip	channels.	B:	channel	 response	to	control	sera	with	different	 level	of	complement	

activation.	C:	Study	of	the	longevity	of	specific	antibodies	to	C3	fragments	grafted	on	channels	

2	and	3.	Channel	1:	Goat	IgG;	Channel	2:	Anti-C3a	monoclonal	antibody;	Channel	3:	Anti-C3	polyclonal	

antibody.	

III.1.3. Chip	longevity	

The	regeneration	was	optimized	to	permit	a	sustained	use	of	coated	antibodies.	The	longevity	

of	 channel	 2	 was	 assessed	 with	 the	 fully	 activated	 sample	 (CVF)	 containing	 a	 maximum	

amount	of	C3a.	The	channel	3	longevity	was	monitored	with	the	negative	control	(VBS	EDTA)	

containing	maximum	of	C3	native	protein	(Fig.	1C).	A	quite	constant	value	for	C3a	detection	

in	a	fully	activated	control	serum	was	obtained	on	Channel	2	along	the	analysis	of	almost	150	

samples.	A	slight	variation	was	observed	between	the	different	runs,	but	the	relative	standard	

deviation	(RSD)	for	the	positive	control	on	channel	2	over	the	150	analyses	was	<	10%.	The	

behavior	of	channel	3	was	similar	to	channel	2	showing	good	performance	after	regeneration.	
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The	signal	started	to	decrease	slightly	after	nearly	100	analyses.	A	similar	RSD	value	below	

10%	was	also	obtained	on	channel	3	for	the	longevity	study.	

III.2. SPR,	µC-IE	and	ELISA	comparison	of	the	assessment	of	complement	

activation	produced	by	NPs	

The	activation	profile	of	five	poly-IBCA	NPs	already	well	described	were	compared	using	three	

methods	for	complement	activation	assessment:	SPR	developed	in	this	paper,	µC-IE	[20]	and	

ELISA.	The	results	of	activation	at	two	given	surface	concentrations	of	NPs	(1000	and	3000	

cm2/mL)	are	presented	in	figure	2.	

The	activation	of	the	complement	cascade	was	respectively	assessed	by	the	detection	of	C3a	

fragment	by	SPR	(channel	2),	iC3b	fragment	by	ELISA	and	the	balance	between	native	C3	and	

released	fragment	(C3b,	C3c)	by	µC-IE.	All	these	determinations	are	linked	to	the	cleavage	of	

the	C3	protein	of	the	complement	system.		

µC-IE	was	used	as	our	reference	method,	giving	reproducible	results	of	complement	activation	

based	on	the	monitoring	of	the	cleavage	of	the	C3	protein	as	demonstrated	in	previous	works	

[20,38].	At	1000	cm2/mL,	the	level	of	activation	expressed	in	µC-IE	was	quite	low	(below	30%)	

for	 all	 tested	NPs.	 The	 same	 level	was	 obtained	 for	 C3a	 fragment	 detected	 by	 SPR	when	

comparing	with	values	of	negative	and	positive	controls	shown	in	figure	1.	At	3000	cm2/mL	

where	A1,	A2,	R2	and	R3	NPs	are	known	to	strongly	activate	the	complement	system	[38],	SPR	

measurements	of	C3a	fragments	released	gave	consistent	results	with	C3	cleavage	observed	

by	µC-IE.	The	activation	reached	the	same	level	as	fully	activated	CVF	control	for	NPs	A1,	A2,	

R2,	R3	while	R1	was	non-activating.	The	ELISA	detection	of	iC3b	fragment	gave	high	values	of	

absorbance	 in	 all	 cases.	 Tendencies	 that	 might	 emerge	 from	 this	 method	 were	

counterbalanced	by	standard	deviations	that	prevent	from	a	possible	distinction	in	terms	of	
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iC3b	 released.	

	

Figure	2:	Complement	activation	by	five	types	of	NPs	assessed	by	µC-IE,	SPR	(channel	2)	and	

ELISA.	 Serum	 was	 exposed	 to	 1000	 cm2/mL	 (A)	 and	 3000	 cm2/mL	 (B)	 of	 nanoparticles.	

	 	indicates	the	activation	of	C3	protein	( ),	leading	to	the	release	of	protein	fragments	

C3b	( )	and	C3a	( ).	

III.3. Investigation	of	possible	bias	involved	in	complement	activation	evaluation	

methods	

A	study	about	sample	preparation’s	influence	was	done	with	the	SPR	technique	to	evaluate	

possible	 bias	 involved	 in	 complement	 activation	 evaluation.	 To	 perform	 this	 investigation,	

nanoparticles	 were	 removed	 from	 the	 incubation	 medium	 by	 centrifugation	 prior	 to	 SPR	

analysis	and	the	results	were	compared	with	those	obtained	analyzing	the	incubation	medium	
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still	containing	the	NPs.	The	SPR	allows	the	sample	to	be	flowed	onto	the	channels	for	protein	

specific	recognition.	Released	proteins	are	thus	captured.	In	this	part,	we	compared	the	effect	

of	removal	of	NPs	prior	to	SPR	analysis.	Results	were	depicted	in	figure	3A.	

	

Figure	 3:	 Comparison	 of	 C3a	 level	 detection	 by	 SPR	 before	 and	 after	 removal	 of	 NPs	 by	

centrifugation.	A:	on	samples	incubated	with	NPs	for	one	hour.	B:	On	samples	fully	activated	

by	CVF	and	then	incubated	with	NPs	for	one	hour.	

An	important	decrease	of	C3a	signal	was	observed	after	removal	of	most	NPs	excepted	for	A1,	

which	 seemed	 to	not	disturb	 the	determination	of	 the	C3a	 level.	 The	observed	effect	was	

particularly	pronounced	for	A2,	R2	and	R3	NPs	where	C3a	signal	dramatically	felt	after	removal	

of	NPs.	NP	R1,	while	producing	only	a	little	amount	of	C3a	fragment	also	seemed	to	impact	on	

its	detection	when	removed	prior	to	analysis.	

Another	assay	was	carried	out	with	serum	that	was	first	fully	activated	with	CVF,	leading	to	a	

full	conversion	 into	C3a,	and	then	incubated	for	one	hour	with	nanoparticles	(Fig.	3B).	The	

purpose	 of	 this	 experiment	 was	 to	 investigate	 whether	 results	 from	 analysis	 of	 this	 fully	

activated	 serum	 could	 be	 disturbed	 by	 incubation	 and	 removal	 of	 nanoparticles	 due	 to	
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possible	 adsorption	 of	 the	 C3a	 protein.	 The	 signal	 on	 Channel	 2	 for	 C3a	 response	 was	

monitored	before	and	after	removal	of	the	NPs	(Fig.	3B).	Observations	made	from	the	first	

study	depicted	in	figure	3A	were	confirmed	with	this	experiment.	A	strong	decrease	of	C3a	

level	was	observed	upon	removal	of	NPs	for	A2,	R1,	R2,	and	R3,	whereas	A1	removal	from	the	

incubation	 medium	 did	 not	 significantly	 influence	 the	 level	 of	 detected	 C3a.	 A	 strong	

adsorption	of	the	C3a	fragment	onto	NPs	was	thus	evidenced	for	A2,	R1,	R2	and	R3.	It	is	worth	

noting	that	A2	does	not	reduce	the	signal	at	the	same	level	as	R1,	R2	and	R3	NPs.	Conversely,	

the	response	on	channel	1,	reference	for	non-specific	binding,	and	channel	3,	bearing	anti-C3	

polyclonal	 antibody,	 were	 almost	 unchanged	 between	 these	 two	 types	 of	 samples	 (see	

Supplementary	 Information	 S3).	 This	 meant	 that	 a	 strong	 adsorption	 of	 random	 serum	

proteins	onto	NPs	was	not	at	the	root	of	the	signal	decrease	observed	on	channel	2,	but	rather	

a	very	specific	adsorption	of	C3a	onto	NPs.		

IV. Discussion	

A	SPR	chip	bearing	C3	specific	antibodies	 for	 the	assessment	of	 complement	activation	by	

nanoparticles	was	optimized	in	this	work.	The	detection	of	complement	activation	focused	on	

C3	protein	that	is	at	the	heart	of	the	complement	cascade.	Monitoring	the	activation	of	this	

protein	allows	 the	assessment	of	 global	 complement	activation.	 In	 the	developed	chip,	 an	

antibody	 against	 C3a	 neo-epitope	 and	 a	 polyclonal	 anti-C3	 antibody	 were	 used.	 The	 first	

allowed	a	specific	detection	of	a	released	fragment	resulting	from	C3	activation.	The	second	

permitted	assessment	of	native	C3	variation.	We	could	observe	a	decrease	of	the	signal	on	

channel	 3	 grafted	with	 polyclonal	 anti-C3	 antibody	 upon	 complement	 activation	 (Fig.	 1B),	

meaning	a	decrease	of	the	mass	of	protein	captured	on	the	surface.	This	was	consistent	with	

the	 fragmentation	 of	 the	 native	 C3	 (185	 kDa)	 into	 smaller	 fragments	 recognized	 by	 this	

channel	 (C3b:	 176	 kDa	 and	 C3c:	 139	 kDa).	 Then,	 the	 C3a	 fragment	 was	 used	 as	 a	 finest	

revelator	of	C3	cleavage	and	thus	complement	cascade	activation.		

The	aim	was	to	develop	an	automatable	method	for	a	high	throughput	analysis	of	samples.	

The	requirements	for	such	an	application	were	firstly	to	check	the	antibody	specificity	with	

pure	proteins	before	testing	their	response	to	different	level	of	activated	serums.	Specificity	

of	antibodies	grafted	on	channels	2	and	3	could	be	established	using	purified	C3	proteins	and	

various	corresponding	fragments	produced	during	activation.	Another	requirement	was	the	
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wish	to	limit	costs	associated	with	the	analysis.	Usually,	SPR	analysis	require	the	grafting	of	an	

antibody	 on	 the	 chip	 for	 each	 sample	 measurement.	 The	 regeneration	 steps	 destroy	 all	

proteins	 and	 then	 the	 primary	 antibody	 grafted	 on	 the	 chip	 is	 removed	 as	 well.	 The	

regeneration	 of	 the	 chip	 for	 removing	 all	 specific	 or	 non-specific	 bound	 proteins	 was	

optimized	to	ensure	the	antibody	functionality	and	allow	a	longevity	of	the	chip	without	the	

need	to	recoat	the	chip	prior	to	each	analysis.	We	showed	that	the	grafted	antibody	was	able	

to	resist	for	at	least	100	analytical	cycles	including	sample	analysis	and	chip	regeneration.	This	

can	be	considered	as	a	good	level	of	longevity.	Moreover,	no	sandwich	detection	was	used	in	

this	case.	The	amount	of	antibody	used	was	thus	extremely	low,	limiting	the	costs	associated	

to	their	use.	From	that,	we	estimated	the	cost	of	consumables	for	one	analysis	by	the	three	

methods	studied	here,	in	regards	with	their	respective	characteristics	of	throughput,	handling	

complexity	and	time	consumption	(cf.	Table	I).	The	estimated	price	per	sample	was	calculated	

excluding	the	instruments	prices,	it	comprised	reagents,	antibodies,	buffers	and	supports	(chip	

for	 SPR,	 gel	 support	 for	 µC-IE,	 ELISA	 plate).	 The	 price	 of	 a	 SPR	 analysis	 was	 found	 to	 be	

significantly	lower	than	ELISA’s,	for	an	automated	method	allowing	the	detection	of	several	

fragments.	The	throughput	of	SPR	is	lower	than	other	methods	but	presents	the	advantage	to	

be	 easy-to-use	 and	 fully	 automated.	 The	 recently	 renovated	 µC-IE	 [18]	 offering	 a	 high	

throughput	use	(35	samples	per	plate)	allows	a	direct	visualization	of	the	native	C3	and	its	

fragments,	providing	a	global	vision	of	C3	status,	in	contrast	with	the	ELISA	method.	Among	

other	advantages,	the	µC-IE	method	is	much	less	expensive	than	the	ELISA	test.	The	inherent	

drawback	of	this	method	is	its	higher	time	consumption.	However,	it	still	can	be	applied	for	a	

deeper	 understanding	 of	 complement	 activation	 behavior	 and	 concentration	 studies	

[18,37,38].		
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SPR	 µC-IE	 ELISA	

Cost/sample	 1.75	€		 0.14	€	(20)	 6	€	

Throughput	 7	samples/hour	 35	samples/6	hours	 96	samples/3	hours	

Handling	 Easy	
Technical	for	gel	

preparation	(45	min)	

Not	complex.	
Pipetting	can	be	

automated	

Time	consumption	 Fully	automated	

Gel	preparation	-	No	
manipulation	during	
electrophoresis	(5h)	

-	Gel	staining	

Full	3	hours	

Information	

obtained	

Multiplex	fragment	
quantitation	(C3a,	C3)	

Balance	
C3/fragments	

Single	fragment	
quantitation	(iC3b)	

Table	 1:	 Comparison	 of	 SPR,	 µC-IE	 and	 ELISA	 methodological	 aspects	 towards	 a	 routine	

assessment	of	complement	activation	by	nanomedicines.	Advantages	and	drawbacks.	

The	analysis	of	complement	activation	of	our	five	well	known	NPs	already	characterized	for	

complement	activation	in	previous	works	showed	consistent	results	between	µC-IE	and	SPR	

measurements.	In	contrast,	the	ELISA	methods	showed	a	very	high	background	for	all	serum	

samples	 incubated	 with	 nanoparticles	 independently	 of	 the	 concentration	 and	 type	 of	

nanosystem.	 This	 unexplained	 result	 hampered	 the	 evaluation	 of	 complement	 activation	

produced	 by	 the	 different	 type	 of	 nanoparticles	 considered	 in	 this	 work.	 The	 ELISA	 test	

measured	the	protein	iC3b	which	is	a	different	fragment	from	those	detected	by	the	two	other	

methods.	Evaluating	this	fragment	that	results	from	the	cleavage	of	the	C3	protein	 into	an	

inactivated	C3b	 fragment	 could	provide	 a	 very	different	 insight	of	 complement	 activation.	

However,	the	results	obtained	with	the	ELISA	method	could	not	be	compared	those	obtained	

with	SPR	and	µC-IE.		

For	a	control	quality	analysis	of	complement	activation,	SPR	could	be	the	candidate	of	choice	

due	to	 its	simplicity	and	 its	possible	automation.	Nevertheless,	while	working	with	specific	

fragments,	it	should	be	verified	that	no	bias	or	artefacts	were	interfering	with	the	detection	

of	the	analyte.	Indeed,	in	the	present	study	we	evaluated	the	influence	of	the	preparation	of	

a	 sample	prior	 to	 its	analysis	by	SPR.	 Indeed,	 in	 the	 literature,	assessment	of	 complement	

activation	produced	by	nanoparticles	is	described	on	both	serum	samples	still	containing	the	

nanoparticles	[17]	and	on	serum	samples	obtained	after	removal	of	the	nanoparticles	[39].	It	
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is	generally	not	explained	why	analysis	 is	performed	on	either	serum	although	 it	has	been	

described	that	several	C3	fragments	has	the	tendency	to	adsorb	on	polymer	surfaces	[34].	Our	

study	including	the	removal	of	NPs	showed	that	the	procedure	when	dealing	with	assessment	

of	NP-protein	interaction	and	protein	detection	is	very	important.	C3a	was	found	to	adsorb	

strongly	on	R1,	R2	and	R3	NPs,	all	bearing	a	brush	conformation	of	dextran.	On	the	contrary	

A1	did	not	adsorb	C3a	while	A2	was	adsorbing	 in	a	 less	extent	than	nanoparticles	of	the	R	

series.	The	adsorption	of	C3a	onto	certain	polymer	surfaces	has	already	been	mentioned	[32-

34]	and	was	confirmed	in	our	study.	It	is	noteworthy	that	it	seems	hard	to	predict	this	specific	

adsorption	from	generally	known	characteristics	of	the	nanoparticles	(i.e.	composition,	size	

and	zeta	potential).	Indeed,	in	our	study,	all	nanoparticles	were	coated	with	dextran	and	only	

a	 slight	modification	 on	 dextran	 chain	 architecture	 between	 A1	 and	 A2	 leads	 to	 different	

behaviors	of	C3a	adsorption.	This	highlights	the	fact	that	careful	and	critical	study	of	results	

must	be	done	when	dealing	with	detection	of	a	specific	marker	for	detection	of	complement	

but	 also	 in	 other	 cases	when	 dealing	with	 nanoparticles.	 As	 suggested	 by	 the	 results,	 the	

removal	of	NPs	prior	to	analysis	may	generate	bias	leading	to	false	negative	results	that	may	

have	dramatic	consequence	when	evaluating	the	safety	of	a	nanomaterial.		When	NPs	were	

still	in	the	medium,	C3a	could	be	recognized	by	antibodies	grafted	on	the	SPR	chip,	supposing	

that	this	fragment	might	be	at	the	external	surface	of	NPs	in	the	soft	corona,	and	could	be	

readily	 intercepted	by	antibodies	 grafted	on	 the	 chip	 surface.	 The	 test	 in	presence	of	CVF	

confirmed	the	fact	that	a	specific	adsorption	of	C3a	occurred	on	NPs.	Surprisingly,	A1	did	not	

adsorb	C3a	at	all,	while	these	NPs	are	known	to	adsorb	protein	of	much	larger	size	(data	not	

published).	Here,	the	C3a	fragment	mostly	adsorbed	on	nanoparticles	showing	a	lower	surface	

curvature.	 In	 the	 context	 of	 characterization	 of	 interactions	 between	 nanomedicine	 and	

proteins,	this	is	an	insight	into	the	specific	adsorption	of	a	small	protein	of	the	complement	

system.	Among	the	known	parameters	affecting	the	adsorption,	NPs’	surface	curvature	and	

architecture	are	known	to	be	of	importance	[40-42].	Here,	these	two	parameters	have	a	strong	

influence	on	C3a	deposition	onto	nanoparticle	surface.	Results	obtained	from	this	part	of	the	

work	 brought	 new	 evidences	 that	 confirm	 the	 high	 complexity	 of	 phenomena	 governing	

protein	adsorption	onto	NPs	and	the	need	for	a	better	understanding	of	these	interactions	

influencing	the	in	vivo	fate	of	nanoparticles.		
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V. Conclusion	

A	SPR	based	method	for	the	evaluation	of	complement	activation	by	nanoparticles	through	

C3	protein	fragmentation	has	been	developed	in	this	work.	The	optimized	conditions	allowed	

for	a	prolonged	use	of	the	chip	after	a	single	antibody	immobilization.	Results	provided	by	this	

method	were	consistent	with	those	of	the	multi-crossed	2D	immunoelectrophoresis	method,	

previously	validated	for	complement	activation	evaluation.	In	contrast,	no	comparison	with	

ELISA	could	be	established	due	to	a	high	non-specific	background	found	with	this	method.	The	

evidence	of	an	artefact	based	on	possible	fragment	adsorption	onto	NPs	was	shown	by	SPR	

considering	analysis	of	samples	containing	or	not	the	nanoparticles.	This	warn	about	caution	

required	when	performing	complement	activation	analysis	evaluating	nanoparticles.	Finally,	

the	 SPR	 method	 is	 a	 rapid	 and	 automatable	 which	 gave	 consistent	 results	 in	 terms	 of	

complement	activation	upon	direct	sample	analysis	without	need	of	nanoparticle	 removal.	

This	method	could	be	the	method	of	choice	for	a	daily	assessment	of	complement	activation	

by	nanomedicines	and	nanomaterials	in	general.	
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S1:	Properties	of	model	nanoparticles		

NPs	
Hydrodynamic	

diameter	*	(nm)	

Zeta	potential	**	

(mV)	

Concentration	

***	(mg/mL)	
Schematic	representation	

R1	 286	±14	 -4	±2	 38	±2	

	

R2	 208	±4	 -10	±1	 44	±2	

	

R3	 281	±6	 -5	±2	 47	±4	

	

A1	 88	±2	 -5	±1	 37	±2	

	

A2	 159	±10	 -4	±2	 13	±3	

	

*by	dynamic	light	scattering	(DLS)	;	**by	electrophoretic	light	scattering	(ELS)	;	***by	gravimetry.	

	

Table	 S1:	 Physicochemical	 properties	 of	 model	 nanoparticles	 used	 for	 complement	 activation.	 Hydrodynamic	 diameter,	 zeta	 potential,	

concentration	and	schematic	representation	of	the	NPs.	
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S2:	Example	of	a	sensorgram	obtained	by	SPR	

	

	

	

Figure	S2:	Sensorgram	obtained	on	channel	2	(C3a)	for	the	CVF	sample.	

(A)	Full	sensorgram.	(B)	Zoom	of	the	binding/dissociation	part.	

1	represents	the	beginning	of	the	association	(injection	of	the	sample)	

2	represents	the	beginning	of	the	dissociation	(end	of	injection,	buffer	flow)	

3	represents	the	beginning	of	the	regeneration		 	
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S3:	Effect	of	NPs	removal	on	channels	1,	2	and	3	

	

Figure	S3:	Responses	obtained	on	channels	1,	2	and	3	for	the	study	on	NPS	removal	with	positive	controls.	
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Chapitre	V	:	Caractérisation	fine	de	la	surface	des	

nanomédecines	avec	des	sondes	moléculaires	par	

électrophorèse	capillaire	:	vers	une	évaluation	de	la	

couverture	de	surface	

	

Avant-propos	:		La	surface	des	nanomatériaux	est	le	facteur	déterminant	des	interactions	

entre	nanoparticules	et	éléments	biologiques,	ce	qui	conditionne	le	devenir	des	NMs	au	sein	

de	l’organisme.	Actuellement,	les	méthodes	permettant	une	caractérisation	de	ce	paramètre	

sont	très	rares	et	souvent	complexes	à	mettre	en	œuvre.	Dans	ce	chapitre,	nous	proposons	

une	méthode	utilisant	une	approche	originale	pour	caractériser	la	couverture	de	surface	des	

nanomédecines	avec	 l’utilisation	de	protéines	en	tant	que	sondes	moléculaires.	L’étude	du	

comportement	 d’adsorption	 de	 protéines	 de	 différentes	 tailles	 est	 analysée	 par	

électrophorèse	 capillaire,	 dont	 le	 principe	 est	 rappelé	 en	 annexe	méthodologique	 n°2.	 Le	

comportement	 de	 répulsion	 des	 nanoparticules	 testées	 envers	 une	 série	 de	 protéines	

sélectionnées	 ont	 permis	 de	 distinguer	 les	 différences	 de	 greffages	 existantes	 entre	 ces	

nanoparticules.	 Des	 nanoparticules	 présentant	 un	 greffage	 en	 surface	 peu	 dense	 ou	 en	

conformation	boucle	permettaient	une	plus	 forte	adsorption	de	protéines	de	haute	masse	

molaire	 comparées	 aux	 nanoparticules	 greffées	 avec	 des	 brosses	 denses.	 Ce	 type	 de	

caractérisation	a	pu	être	 relié	aux	 résultats	d’activation	du	complément	de	ces	différentes	

nanoparticules.	 L’électrophorèse	 capillaire	 permet	 d’utiliser	 un	 outil	 accessible	 et	 simple	

d’utilisation.	L’analyse	peut	être	réalisée	dans	des	conditions	standardisées	et	de	façon	directe	

sans	étape	de	pré-traitement	de	l’échantillon	après	incubation.	
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Abstract	

In	 the	 field	 of	 nanomedicines	 (NMs),	 a	 faithful	 characterization	 is	 needed	 for	 a	 better	

understanding	of	the	in	vivo	outcomes	of	such	nanomaterials.	While	size	and	surface	charge	

measurements	of	nanomaterials	have	been	widely	developed	and	now	well	studied,	other	

parameters	that	are	still	relevant	for	the	understanding	of	NM	behavior	in	vivo	are	not	so	well	

characterized.	For	instance,	the	reactive	surface	of	nanomedicines,	that	are	often	grafted	with	

macromolecules	to	decrease	their	recognition	by	the	 immune	system,	 is	not	characterized	

with	sufficient	accuracy.	It	is	now	known	that	a	subtle	modification	at	the	NM	surface	will	be	

at	 the	 root	 of	major	 changes	with	 biological	 components.	 In	 this	 article,	we	 developed	 a	

capillary	 electrophoresis	 method	 using	 molecular	 probes	 to	 characterize	 NMs’	 surface	

coverage.	 A	 series	 of	 proteins	 with	 different	 molecular	 weight	 were	 screened	 for	 their	

adsorption	behavior	towards	nanoparticles	bearing	different	shell	conformations.	This	novel	

strategy	of	characterization	can	bring	new	information	about	NMs	shell	grafting	and	might	

allow	for	a	better	perception	of	their	behavior	in	the	presence	of	biological	components.	The	

developed	method	has	the	potential	for	further	standardization	and	automation	for	a	routine	

use.	

Keywords:	 Nanomedicine,	 capillary	 electrophoresis,	 molecular	 architecture,	 surface	

coverage,	protein	adsorption,	molecular	probe,	shield-effect		
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I. Introduction	

The	number	of	nanoparticle-based	medicinal	products	that	has	reached	clinical	development	

has	 increased	over	the	 last	years	[1].	This	 is	a	positive	signal	acknowledging	major	general	

advances.	 However,	 several	 challenges	 remain	 unanswered	 [2-5].	 Among	 them,	 the	 next	

important	 step	 in	 nanomedicine	 (NM)	 development	 is	 expected	 to	 come	 from	 the	

comprehension	of	their	interactions	with	biological	components	encountered	in	vivo	[6].	This	

progress	 is	 pending	 and	 unequal	 efforts	 are	 needed	 to	 improve	 the	 physicochemical	

characterization	 of	 nanomaterials.	 These	 efforts	 are	 worth	 made	 because	 incomplete	 or	

inappropriate	characterization	of	 important	parameters	was	 identified	as	critical	 in	project	

failures	by	actors	involved	in	the	development	of	NMs	[7].	Besides,	the	lack	of	characterization	

is	recognized	to	delay	and	even	inhibit	the	development	of	projects	involving	nanomaterials	

on	a	more	general	level	[8-10].	

Nanomaterials	composing	NMs	include	a	wide	range	of	components	and	their	intended	use	

suits	 for	 many	 applications	 considering	 different	 routes	 of	 administration,	 hence	 facing	

various	 delivery	 and	 safety	 challenges	 [2,11].	 Understanding	 the	 characteristics	 of	 the	

formulation	 is	 an	 important	 process	 in	 the	 understanding	 of	 their	 biological	 activity	 and	

safety.	This	is	also	needed	for	quality	control	analysis	to	ensure	batch	to	batch	consistency	of	

NMs	and	evaluate	nano-similarity	in	generic	version	of	NMs	that	has	appeared	on	the	market	

since	2013	[12].	Compared	to	a	therapeutic	molecule	that	can	be	characterized	from	a	well-

defined	signature	deduced	from	its	NMR	spectra,	NMs	are	complex	structures	resulting	from	

the	combination	of	multiple	components.	The	biological	activity	and	safety	depends	on	many	

parameters	that	include	fine-tuned	chemical	and	physical	traits	for	each	application	[12,13].	

Characterization	of	these	nanomaterials	is	complex	and	parameters	to	characterize	remains	

the	 subject	 of	 open	 discussions.	 They	 are	 often	 decided	 on	 a	 case	 by	 case	 basis	 from	

discussion	between	companies	and	health	authorities’	actors	[14-16].	

Today,	properties	such	as	size	and	surface	charge	are	well	controlled	and	validated	to	ensure	

batch	 to	 batch	 reproducibility,	 but	 they	 are	 not	 sufficient	 to	 warrant	 NMs’	 in	 vivo	 fate	

reproducibility.	 A	 short	 list	 proposed	 by	 Crist	 and	 McNeil	 [12]	 from	 the	 National	

Characterization	Laboratory	of	the	National	Institute	of	Health	includes	“the	level	of	surface	

coverage	 required	 for	 optimal	 biological	 performance”.	 This	 parameter	 regulates	 the	way	
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nanomaterials	 interact	 with	 proteins	 that	 is	 a	 major	 phenomenon	 occurring	 in	 vivo	 in	

biological	fluids	containing	proteins,	with	a	tremendous	impact	on	the	biological	activity	of	

nanomaterials.	 It	 includes	 the	 density,	 length,	 architecture	 and/or	 conformation	 of	

macromolecules	grafted	on	NM’s	surface	whose	small	variations	have	an	important	impact	

on	interactions	with	proteins	in	biological	fluids	[17-21].	This	suggests	that	characterization	

methods	of	the	nanomaterial	surface	coverage	should	reach	the	molecular	level,	degree	of	

precision	 needed	 for	 the	 intended	 use.	 So	 far,	 such	 evaluations	 require	 the	 use	 of	 highly	

specialized	 methods	 that	 are	 not	 generally	 available	 [7].	 The	 characterization	 of	 surface	

properties	has	been	identified	to	be	not	optimal	and	regulatory	agencies	emphasizes	the	need	

for	new	methods	on	this	purpose	[15,22,23].		

As	the	precise	synthetic	identity	of	the	nanomaterial	is	highly	difficult	to	evaluate,	an	indirect	

approach	 consists	 in	 identifying	 proteins	 that	 adsorb	 on	 nanomaterial	 surface	 after	

incubation	in	biological	fluids	containing	proteins.	In	many	of	these	studies,	plasma	is	used	to	

provide	with	a	screenshot	of	what	happens	after	injection	of	the	NM	into	the	blood	[24-27].	

The	 profile	 of	 adsorbed	 proteins	 deduced	 from	 this	 analysis	 corresponds	 to	 the	 protein	

corona	and	determines	the	so	called	“biological	identity”	of	the	nanomaterial	[28].	It	is	very	

sensitive	 to	 the	 surface	coverage	properties	of	 the	nanomaterial.	 Its	determination	 raised	

interests	to	develop	predictive	models	for	the	in	vivo	behavior	of	NMs	including	their	cellular	

uptake,	stability	and	biodistribution	[27,29-31].		The	determination	of	the	“biological	identity”	

of	a	nanomaterial	would	be	a	very	relevant	parameter	to	determine.	However,	current	studies	

are	 based	 on	 the	 most	 advanced	 techniques	 applied	 in	 proteomic	 analysis	 using	 last	

generation	 liquid	 chromatography	 -	 mass	 spectrometry	 (LC-MS)	 instruments	 and	 a	 high	

expertise	is	needed	to	interpret	the	data	[24,25,32].	The	preparation	of	samples	prior	to	the	

proteomic	 analysis	 is	 also	 based	 on	 many	 manipulations	 that	 may	 introduce	 bias	 in	 the	

determination	of	the	protein	corona	[33,34].	These	possibly	disturbing	steps	might	be	at	the	

root	of	the	major	hurdles	encountered	for	a	clear	correlation	of	predictive	model	between	

synthetic	identity,	biological	identity	formed	after	administration	and	outcome	of	NPs.	Thus,	

it	 is	 unrealistic	 to	 use	 such	 a	method	 at	 a	 large	 scale	 to	 characterize	 nanomaterials	 on	 a	

routine	basis.		

Simpler	methods	are	urgently	needed	and	the	present	work	aimed	to	explore	the	potential	

of	a	method	proposing	the	analysis	of	the	adsorption	of	a	series	of	model	proteins	serving	as	
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molecular	probes	to	sense	the	surface	coverage	properties	of	a	NM.	The	method	is	based	on	

the	determination	of	the	free	protein	fraction	remaining	after	incubation	of	a	nanoparticle	

(NP)	with	 a	 given	protein	 in	well	 controlled	 conditions.	 Capillary	 electrophoresis	 (CE)	was	

selected	as	the	analytical	method.	 It	has	recently	attracted	interest	 in	studies	dealing	with	

protein-nanomaterials	 interactions	 [35-39].	 CE	 provides	 several	 advantages	 such	 as	 low	

sample	 consumption,	 high-throughput,	 automatable,	 in	 situ	 conditions	 and	 being	 highly	

adaptable	 to	 different	 purposes.	 In	 general,	 it	 is	 a	 method	 of	 dosage	 well	 implanted	 in	

analytical	laboratories.	Here,	CE	was	selected	for	the	previously	mentioned	reasons	and	for	

its	assumed	suitability	to	analyze	samples	without	the	need	to	remove	the	NPs.	The	potential	

of	 the	method	 to	 discriminate	NMs’	 grafting	 coverage	was	 evaluated	 from	 the	 individual	

response	 to	 adsorption	 given	 by	 9	 proteins	 on	 5	 types	 of	 dextran-coated	

poly(isobutylcyanoacrylate)	 (PIBCA)	 model	 NPs	 that	 differed	 from	 the	 density	 and	

architecture	of	the	dextran	chains	on	their	surface	[18,40-42].	These	model	NPs	were	of	larger	

size	 compared	 to	 the	 size	 of	 the	 proteins.	 So,	 the	 NPs	 could	 be	 viewed	 as	 multivalent	

receptors	for	the	protein	to	adsorb	on	their	surface	that	is	not	the	case	when	nanomaterials	

are	of	the	same	order	of	magnitude	as	proteins.		

The	purpose	of	this	work	was	to	develop	a	novel	accessible	method	for	the	characterization	

of	 NMs’	 surface	 allowing	 assumptions	 on	 its	 coverage	 and	 behavior	 towards	 protein	

adsorption.	The	development	of	the	method	included	different	parts:	(i)	the	performance	of	

the	capillary	electrophoresis	method	was	evaluated	in	terms	of	its	selectivity	to	determine	

the	 free	 fraction	of	 the	different	proteins	 in	a	sample	containing	NPs,	 (ii)	an	optimal	 ratio	

between	 NPs	 and	 protein	 concentration	 was	 determined	 from	 adsorption	 behaviors	

investigated	with	2	proteins	(bovine	serum	albumin	(BSA)	and	immunoglobulin	G	(IgG))	and	

(iii)	the	method	was	finally	applied	to	investigate	the	response	to	adsorption	of	9	proteins	on	

each	type	of	the	NPs	prior	to	data	analysis.		

II. Materials	and	methods	

II.1. Materials	

Reagents	 and	 buffer	 components:	 Agarose,	 polyethylene	 oxide	 (PEO)	 (200,000	 Da),	

ammonium	hydroxide,	hexadimetrine	bromide	(Polybrene®),	tricine,	tris	Base	(Sigma	7-9
®
),	

benzoic	acid,	sodium	chloride	and	sodium	dodecyl	sulfate	(SDS)	were	purchased	from	Sigma	
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(Saint-Quentin-Fallavier,	 France).	 Hydrochloric	 acid	 1M	 and	 sodium	 hydroxide	 1M	 were	

supplied	 by	 Prolabo	 (Paris,	 France).	 Sodium	 dihydrogenophosphate	 monohydrate	 was	

obtained	from	Carlo	Erba	(Val-de-Reuil,	France).	Calcium	lactate,	glacial	acetic	acid,	coomassie	

brilliant	blue	R-250	were	supplied	by	Thermo	Fisher	Scientific	(Villebon-sur-Yvette,	France).	

Gel-Fix™	 for	agarose	 (265x150	mm)	was	obtained	 from	Serva	Electrophoresis	 (Heidelberg,	

Germany).	All	chemicals	were	of	reagent	grade	and	used	as	purchased.	Water	used	during	the	

study	was	ultrapure	water	from	a	MilliQ®	system	(Merck,	Fontenay-sous-bois,	France).	

Proteins	and	antibodies:	Goat	anti-human	IgG,	apo-transferrin	from	human	plasma,	human	

immunoglobulin	G	and	transthyretin	from	human	plasma	were	provided	by	Merck	(Fontenay-

sous-bois,	 France)	with	a	purity	>	95%.	Aprotinin	 from	bovine	 lung	 (purity	=	80%),	bovine	

serum	 albumin	 (purity	 >	 96%),	 insulin	 B	 chain	 from	 bovine	 pancreas	 (puritiy	 >	 80%),	

orosomucoïd	from	human	plasma	(purity	>	99%),	ovalbumin	from	chicken	egg	white	(purity	>	

98%),	 thyroglobulin	 from	 bovine	 thyroid	 (purity	 >	 90%),	 fibrinogen	 fraction	 I	 type	 1	 from	

human	plasma	(purity	=	66%)	and	rabbit	anti-bovine	serum	albumin	were	purchased	from	

Sigma	(Saint-Quentin-Fallavier,	France).		

II.2. Methods	

II.2.1. NPs	synthesis	and	characterization	

Model	nanoparticles	made	of	PIBCA	and	dextran	were	used	in	this	work.	Three	types	of	NPs		

were	prepared	according	to	the	radical	redox	emulsion	polymerization	method	described	by	

Bertholon	et	al.	(R1,	R2	and	R3)	[40].	Two	types	of	NPs	were	prepared	via	anionic	emulsion	

polymerization	 method	 (A1	 and	 A2)	 [40,43].	 Aqueous	 dispersions	 were	 obtained	 after	

purification	by	dialysis	against	water.	NPs	were	then	characterized	in	terms	of	hydrodynamic	

diameter,	zeta	potential,	concentration	and	complement	activation	as	previously	described	

[18,44].	Characteristics	of	the	NPs	are	given	in	table	1.		

II.2.2. Sample	preparation	

All	samples	were	prepared	as	follow	prior	to	analysis.	The	tested	protein	(250	µg/mL)	was	

incubated	 with	 NPs	 in	 phosphate	 buffer	 (Sodium	 dihydrogenophosphate	 monohydrate:	

21mM,	adjusted	to	pH	7.4	with	ammonium	hydroxide).	The	final	volume	of	incubation	was	

300	µL.	NPs	concentration	was	expressed	in	surface	area	(cm
2
/mL)	and	varied	from	0	to	6000	

cm
2
/mL	for	the	investigation	of	adsorption	trends.	The	concentration	of	NPs	was	fixed	at	2000	
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cm
2
/mL	 for	 the	 shield-effect	 study.	 Samples	were	prepared	 in	 Eppendorf®	Protein	 LoBind	

tubes	 of	 0.5	 mL	 and	 incubated	 on	 a	 wheel	 at	 30	 rpm	 for	 2	 h	 30	 min	 at	 25°C	 (room	

temperature).	At	the	end	of	the	incubation,	the	sample	was	immediately	analyzed	by	capillary	

zone	electrophoresis	or	gel	immunoprecipitation.	The	absence	of	aggregates	was	studied	by	

optical	 microscopy	 (microscope	 Olympus	 BH-2,	 magnification	 x	 40)	 and	 dynamic	 light	

scattering	 (DLS)	 (ZetaSizer	 Nano	 ZS	 90,	 Malvern	 Instruments,	 Orsay,	 France)	 with	 the	

measurement	of	NPs’	size	and	the	autocorrelation	function.	

II.2.3. Sample	analysis	

II.2.3.1. Capillary	zone	electrophoresis	analysis	

CE	experiments	were	performed	on	a	PACE	MDQ	from	Beckman	Coulter	(Villepinte,	France).	

Peak	 analysis	 was	 performed	 with	 32	 Karat	 software.	 Free	 proteins	 were	 detected	 and	

quantified	 by	 capillary	 electrophoresis	 using	 a	 UV	 detector	 at	 200	 nm.	 Analysis	 were	

performed	in	a	50	cm	Poly	Microtechnologies™	silica	capillary,	50	µm	id,	from	Molex	(Bièvres,	

France).	Three	methods	were	used	depending	on	the	isoelectric	point	(pI)	of	the	protein	to	

be	analyzed.	The	different	steps	and	information	of	these	methods	are	summarized	in	table	

2.		

CE	electrolyte	was	Sodium	dihydrogenophosphate	monohydrate	(21	mM	in	water),	adjusted	

to	pH	7.4	with	ammonium	hydroxide	or	pH	3	with	sodium	hydrochloride	depending	on	the	

method	used.	PEO	coating	was	prepared	at	2	mg/mL	in	hydrochloric	acid	at	0.1	M.	Polybrene®	

was	prepared	at	2	mg/mL	in	water.	At	the	end	of	each	day	of	analysis,	the	capillary	was	rinsed	

at	20	psi	successively	with	NaOH	0.1	M	(10	min)	and	water	(20	min).	Benzoic	acid	at	1	mg/mL	

in	water	was	used	as	migration	marker	in	method	1.	
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NPs	
Hydrodynamic	

diameter	*	(nm)	

Zeta	potential	

**	(mV)	

Concentration	

***	(mg/mL)	

Shell	configuration	

(density,	length)	[40-42]	

Complement	activation	

(pathway)	[18,44]	

Schematic	

representation	

R1	 286	 -4	 38	
Dense	long	brush	

(1.3%,	66kDa)	
No	

	

R2	 208	 -10	 44	
Dense	short	brush	

(1.3%,	17kDa)	
Yes	(Alternative)	

	

R3	 281	 -5	 47	
Loose	long	brush	

(0.5%,	66kDa)	

Yes	(Classical,	lectin	and	

alternative)	
	

A1	 88	 -5	 37	
Loose	Loops	

(1.3%,	66kDa)	

Yes	(Classical	and	

alternative)	
	

A2	 159	 -4	 13	
Tight	Loops	

(1.3%,	66	kDa)	

Yes	(Classical	and	

alternative)	 	

*by	DLS	(90°)	;	**by	ELS	;	***by	gravimetry.	

Table	1:	Characteristics	of	the	NPs	used	in	this	study.	

	

	

	

	

	

	

	

	

	

Table	2:	Conditions	of	CE	methods	used	for	protein	detection	with	pI	<	7	(method	1),	7	<	pI	<	8	(method	2)	and	pI	>	8	(method	3).	

	 Method	1:	pI	<	7	 Method	2:	7	<	pI	<	8	 Method	3:	pI	>	8	

1°)	Capillary	

conditioning	

Rinse:	Water	–	2	min	–	20	psi	

Rinse:	HCl	1	M	–	5	min	–	20	psi	 Rinse:	NaOH	0.1	M	–	5	min	–	20	psi	

Rinse:	Coating	PEO	–	5	min	–	20	psi	 Rinse:	Coating	Polybrene®	–	5	min	–	20	psi	

Rinse:	Electrolyte	Phosphate	pH	7.4	–	

5	min	–	20	psi	

Rinse:	Electrolyte	Phosphate	pH	3	–		

5	min	–	20	psi	

Rinse:	Electrolyte	Phosphate	pH	7.4	–		

5	min	–	20	psi	

2°)	Sample	

analysis	

Sample	Injection:	Hydrodynamic	injection	–	5	sec	–	0.5	psi	

Separation:	Electrolyte	phosphate	pH	

7.4	–	20	min	–	25	kV	–	Reverse	polarity	

Separation:	Electrolyte	phosphate	pH	

3	–	20	min	–	20	kV	–	Reverse	polarity	

Separation:	Electrolyte	phosphate	pH	

7.4	–	20	min	–	20	kV	–	Reverse	polarity	

3°)	Capillary	

washing	

Rinse:	Water	–	2	min	–	20	psi	

Rinse:	NaOH	1	M	–	3	min	–	20psi	 Rinse:	SDS	50	mM	–	3	min	–	20	psi	

Rinse:	Water	–	2	min	–	20	psi	
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II.2.3.2. Gel	immunoprecipitation	

Rocket	immunoelectrophoresis	(IE)	[45]	was	used	to	study	BSA	adsorption	on	NPs.	Briefly,	13	

mL	 of	 1%	 agarose	 gel	 containing	 Rabbit	 anti-bovine	 serum	 albumin	 (0.07	 mg/mL)	 and	

prepared	with	tricine	buffer	as	described	previously	[44]	was	casted	at	50°C	on	a	10	x	7	cm	

Gel-Fix™	 film.	 19	 wells	 were	 formed	 and	 5	 µL	 of	 incubated	 samples	 were	 deposited.	

Calibration	samples	ranging	from	25	µg/mL	to	250	µg/mL	of	BSA	were	also	deposited	on	each	

gel.	They	were	submitted	to	electrophoresis	(12	mA,	500	V)	for	16	hours. 

Radial	immunodiffusion	(ID)	[46]	was	used	to	evaluate	IgG	adsorption	on	NPs.	11	mL	of	0.7%	

agarose	gel	made	in	tricine	buffer	previously	mentioned	containing	Goat	anti-Human	IgG	(10	

µL)	was	 casted	 at	 50°C	 on	 a	 8	 x	 10	 cm	Gel-Fix™	 film.	 20	wells	were	 formed	 and	 5	 µL	 of	

incubated	samples	were	deposited.	Calibration	samples	ranging	from	25	µg/mL	to	250	µg/mL	

of	IgG	were	also	deposited	on	each	gel.	They	were	left	for	migration	in	a	humid	chamber	for	

24	hours	before	drying	and	staining	steps.	

Gels	were	dried	and	stained	with	coomassie	brilliant	blue	as	described	previously	[44].	Then,	

they	were	scanned	and	processed	with	ImageJ.	

II.2.4. Data	treatment	and	method	precision	

The	 amount	 of	 adsorbed	 protein	 onto	 NPs	 was	 deduced	 from	 the	 determination	 of	 free	

protein	 fraction	 remaining	 in	 the	 sample	 after	 incubation.	 Protein	 adsorption	 was	 thus	

monitored	via	the	decrease	of	the	free	protein	amount	in	the	medium.	This	corresponded	to	

the	area	of	the	protein	peak	detected	by	CE-UV,	to	the	height	of	the	rocket	for	rocket	IE	and	

to	the	area	of	the	circle	of	diffusion	obtained	from	Radial	ID.	%ads,	the	%	of	adsorbed	protein	

was	then	calculated	as	described	in	Eq.1:	

%ads=	
&'()*+(,	–	&/012,3 	

&'()*+(,
∗ 100						(Eq.1)	

with	Acontrol	corresponding	to	the	value	of	area/height	obtained	for	the	protein	injected	at	250	

µg/mL	 after	 2	 h	 30	min	 of	 incubation	without	NPs	 and	Asample	 the	 value	 obtained	 for	 the	

protein	detected	in	the	tested	sample	after	incubation	with	NPs.	

The	linearity	of	response	to	protein	detection	was	assessed	by	a	calibration	curve	established	

for	each	capillary	coating	(PEO	and	Polybrene®)	using	BSA	and	IgG	respectively.	The	protein	

concentration	of	the	calibration	curves	ranged	from	25	µg/mL	to	250	µg/mL.	The	linearity	was	
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evaluated	in	terms	of	correlation	coefficient	(R
2
)	of	the	calibration	curves.	The	precision	of	

the	CE	methods	was	tested	in	terms	of	detection	and	quantification	of	proteins.	Repeated	

injection	 of	 BSA	 and	 IgG	 at	 250	 µg/mL	 were	 made	 in	 order	 to	 evaluate	 their	 inter-day	

(intermediate	 precision)	 and	 intra-day	 (repeatability)	 variations.	 These	 parameters	 were	

evaluated	 through	 relative	 standards	variations	 (RSDs)	of	 the	area	and	migration	 times	of	

protein	peaks.	Due	to	the	similarity	between	methods	2	and	3,	the	results	of	performance	of	

IgG	obtained	for	method	2	were	acknowledged	to	account	for	method	3	too.	

III. Results	

III.1. Development	of	the	method	

III.1.1. Methods’	performance	

CE	 methods	 were	 developed	 to	 study	 the	 adsorption	 of	 9	 different	 proteins	 onto	 NPs,	

evaluating	the	capacity	of	the	NPs	to	repel	or	allow	adsorption	of	these	proteins	based	on	

shield	properties	of	their	surface	coverage.	This	part	aimed	to	demonstrate	(i)	the	methods	

suitability	to	separate	the	fraction	of	free	protein	from	NPs	contained	in	the	sample	as	well	

as	(ii)	the	linearity	of	response	as	the	function	of	protein	concentration	and	(iii)	the	ability	to	

perform	a	precise	quantitation	of	proteins.	

(i)	 CE	 conditions	 to	 achieve	 a	 separation	 between	 free	 proteins	 and	 NPs	 were	 adapted	

according	to	the	pI	of	the	proteins,	which	determined	their	charge	relatively	to	the	pH	of	the	

CE	electrolyte.	Three	methods	were	needed	to	separate	free	proteins	from	NPs.	The	behavior	

of	the	NPs	observed	in	the	different	methods	could	be	explained	by	the	different	coatings	

used	in	the	capillary.		

Method	1:	For	negatively	charged	proteins	at	working	conditions	(pI	of	the	protein	<	7),	a	

neutral	coating	of	PEO	was	used	 in	order	to	 limit	adsorption	of	proteins	on	the	bare	silica	

capillary	wall.	This	 led	 to	 the	absence	of	 the	counter-ions	 layer	on	 the	negatively	charged	

capillary	wall	(Stern	layer)	and	thus	the	loss	of	the	electroosmotic	flow	(EOF)	(µEO=0).	In	this	

method,	migration	was	only	dependent	on	the	electrophoretic	mobility	of	the	entities	(µEP)	

(Fig.	1B	and	1C,	 left).	This	explained	the	migration	of	proteins	towards	the	anode	(positive	

pole)	while	NPs	were	only	flushed	during	the	washing	step	due	to	their	quasi	null	µEP	value	

(Fig.	1A	left).		
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Methods	2	and	3:	For	positively	charged	proteins	in	working	conditions,	the	cationic	coating	

of	Polybrene®	led	to	the	deposition	of	a	compact	anionic	Stern	layer	next	to	the	coating.	The	

diffuse	 layer	of	anions	 (Gouy-Chapman	 layer)	was	 then	responsible	 for	 the	electroosmotic	

flow	directed	towards	the	anode	(Fig.	1B,	right).	Conversely,	the	electrophoretic	mobility	of	

positive	proteins	was	directed	to	the	cathode,	thus	reducing	the	apparent	mobility	(µapp=	µEO	

+	 µEP)	 (Fig.	 1C,	 right).	 It	 allowed	 a	 separation	 between	NPs	 directed	 by	 the	 EOF	 only	 and	

proteins	with	 a	 decreased	 apparent	mobility	 that	migrated	 slower	 to	 the	 anode	 (Fig.	 1A,	

right).	Proteins	with	pI	>	8	were	positively	charged	at	 the	working	pH	of	7.4	and	could	be	

analyzed	with	method	3.	However,	proteins	with	7	<	pI	<	8	were	almost	neutral	at	pH	7.4	and	

must	be	analyzed	with	method	2.	In	this	method,	the	CE	electrolyte	was	lowered	to	pH	3	to	

deal	with	positively	charged	proteins,	which	is	necessary	for	the	separation.	In	our	study,	IgG	

fell	in	this	situation,	being	poorly	charged	at	pH	7.4	(6.6	<	pI	<	7.4).	

(ii)	The	linearity	of	protein	quantitation	was	assessed	by	calibration	curves	performed	using	

BSA	(method	1)	and	IgG	(methods	2	and	3)	as	protein	examples	for	the	two	types	of	capillary	

coating.	 The	 good	 correlation	 coefficients	 of	 calibration	 curves	 allowed	 for	 a	 quantitation	

using	protein	peak	area	(R
2
=	0.998	for	BSA;	R

2
=	0.995	for	IgG).		

(iii)	 The	 inter-day	 fidelity	 and	 intra-day	 repeatability	 of	 the	 methods	 were	 tested	 by	

measurements	of	protein	areas	and	migration	times	for	BSA	and	IgG.	Results	shown	in	figure	

1D	 indicated	good	RSDs	 for	 the	different	methods.	As	an	example	 for	area	measurement,	

inter-day	fidelity	gave	RSDs	of	7.2	%	and	4.7	%	for	BSA	and	IgG	respectively.	Repeatability	of	

intra-day	injections	gave	RSDs	of	5.0	%	and	5.1	%	for	BSA	and	IgG	respectively.	
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Figure	1:	Precision	and	principles	of	separation	of	NPs	and	free	proteins	by	the	developed	CE	

methods.	1A:	Typical	electrophoregrams	obtained	for	negatively	charged	proteins	at	pH	7.4	

(Method	1	–	 left)	 and	positively	 charged	proteins	 (methods	2	and	3	–	 right).	 1:	migration	

marker,	2:	protein	peak,	3:	NPs	peak.	1B:	Principle	of	separation	of	the	mixture	free	proteins/	

NPs	 according	 to	 the	 capillary	 coating.	 1C:	 Explanation	 of	migration	 behavior	 taking	 in	 to	

account	electrophoretic	mobility	(µEP)	and	electroosmotic	mobility	(µEO).	1D:	Performance	of	

the	methods	in	terms	of	linearity,	intermediate	precision	and	repeatability.	

III.1.2. Optimal	NP/protein	ratio	seeking	

The	purpose	of	this	part	was	to	identify	a	NP	to	protein	concentration	ratio	that	could	be	used	

to	characterize	the	adsorption	behavior	for	a	couple	NP/protein	suitable	to	discriminate	NMs	

depending	on	their	surface	coverage	properties.	This	ratio	should	allow	for	a	representative	

evaluation	of	NPs’	repellent	power	towards	adsorption	of	the	tested	protein.	 	This	optimal	

ratio	was	determined	from	adsorption	trends	that	were	investigated	with	2	proteins:	BSA	and	

IgG.	These	two	proteins	were	chosen	because	they	were	easily	available	and	can	be	purchased	

in	a	large	quantity	at	a	reasonable	price.	This	choice	was	also	consistent	with	the	development	

Negatively charged proteins (Method 1) Positively charged proteins (Methods 2 and 3) 
T

y
p

ic
a

le
le

c
tr

o
p

h
o

re
g

ra
m

C
a

p
ill

a
ry

c
o

a
ti
n

g

A

B

0 5 1 0 1 5 2 0 2 5

-0 .0 5

0 .0 0

0 .0 5

0 .1 0

T im e  (m in )

A
U

1

2

3

0 5 1 0

-0 .0 5

0 .0 0

0 .0 5

0 .1 0

0 .1 5

T im e  (m in )

A
U

2

3

µep,prot << 0 
-
--

µep,NP 0

µapp,NP 0

µeo 0

µapp,prot << 0 

Migration towards
positive pole

No migration

µep,NP 0

µapp,NP<< 0

Migration towards
positive pole

µeo<< 0

+
+

+

µep,prot > 0 

µapp,prot < 0 

Lessened migration

towards positive poleC

M
o

b
ili

ty
o

f 
e

n
ti
ti
e

s

D

Linearity of quantitation (BSA): R2= 0.998

Inter-day variation (intermediate precision): 

RSD : Area: 7.2 %     Migration time: 0.7 %

Intra-day variation (repeatability): 

RSD : Area: 5.0 %    Migration time: 2.6 %  

Linearity of quantitation (IgG): R2= 0.995

Inter-day variation (intermediate precision): 

RSD : Area: 4.7 %      Migration time: 2.9 %

Intra-day variation (repeatability): 

RSD : Area: 5.1 %    Migration time: 1.5 %  M
e

th
o

d
 p

re
c
is

io
n

- - - - - - - - - - - - - -

- - - - - - - - - - - - - -

- +
- -

UV detection

-
-

-
-
-- - +

- - - - - - - - - - - - - -

+ +

- - - - - - - - - - - - - -

+
+ +

+

++

- - - - - - - - - - - - - -

- - - - - - - - - - - - - -

UV detection

+ +

+ + + +



Partie	expérimentale	:	Chapitre	V	–	Contrôle	de	la	couverture	de	surface	des	nanomédecines	par	EC		

		

	

	

179	

of	the	method	as	BSA	could	be	determined	with	method	1	and	IgG	with	method	2.	The	study	

was	carried	out	using	increasing	concentrations	of	NPs	(expressed	in	cm
2
/mL)	incubated	with	

a	constant	concentration	of	protein	(250	µg/mL).	The	percentage	of	adsorbed	protein	as	a	

function	of	the	surface	of	NPs	present	in	the	incubation	medium	was	determined	using	the	

corresponding	CE	method.	The	adsorption	profile	of	the	2	proteins	was	investigated	on	the	

five	NPs.		

A	strong	adsorption	of	both	BSA	and	IgG	was	observed	on	NPs	A1,	A2	and	R3	(cf.	Fig.2	left	

part).	The	results	highlighted	that	a	surface	concentration	of	2000	cm
2
/mL	of	NPs	was	enough	

to	adsorb	almost	all	proteins	present	in	the	incubation	medium	while	the	adsorption	of	the	

protein	on	NPs	R1	and	R2	was	much	lower.	For	the	latter,	the	adsorption	was	not	proportional	

to	 the	 amount	of	NP	 introduced.	 For	 instance,	with	NPs	R1,	 the	 amount	of	 IgG	adsorbed	

increased	until	 it	 reached	a	plateau	near	 60%	of	 adsorption	whatever	 the	 increase	 in	 the	

amount	of	NP	introduced	in	the	sample.	Working	at	a	concentration	in	NPs	of	2000	cm
2
/mL	

and	at	a	concentration	in	protein	of	250	µg/mL	allowed	a	first	ranking	of	the	NPs	into	2	groups,	

one	 allowing	 a	 high	 adsorption	 of	 the	 proteins	 including	NPs	A1,	 A2	 and	 R3	 and	 another	

including	NPs	that	seem	to	exclude	the	studied	proteins	from	adsorption	(R1	and	R2).	

Results	 and	 conclusions	drawn	 from	determinations	 achieved	using	 the	CE	methods	were	

confirmed	 performing	 protein	 determinations	 by	 rocket	 gel	 electrophoresis	 according	 to	

Laurell’s	rocket	IE	method	for	BSA	and	by	Mancini’s	radial	ID	for	IgG.	Results	were	depicted	in	

figure	 2	 (right	 part).	 An	 example	 of	 analysis	 with	 each	 gel	 method	 was	 presented	 in	

supplementary	 information	 (S1	 and	 S2).	 The	 consistency	 of	 results	 obtained	 from	 the	

different	methods	 used	 to	 evaluate	 the	 free	 fraction	 of	 proteins	 suggested	 that	 the	 high	

voltage	applied	in	CE	did	not	introduce	bias	in	this	determination	of	free	proteins.		
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Figure	2:	Adsorption	trends	for	BSA	and	IgG	adsorption	onto	the	five	NPs	evaluated	by	CE	(left	

part),	rocket	IE	(upper	right)	and	radial	ID	(lower	right).		

A1	(			),	A2	(			),	R1	(			),	R2	(			)	and	R3	(			).	

III.2. Application	of	the	method	to	evaluate	surface	coverage	of	NMs	through	the	

shield-effect	towards	protein	adsorption	

The	adsorption	of	9	proteins	was	tested	on	the	five	NPs.	The	main	properties	of	the	proteins	

were	reported	in	table	3.	They	mainly	differed	from	their	size,	charge,	overall	hydrophobicity	

and	only	slightly	from	their	shape	which	was	generally	globular.	Adsorption	of	these	proteins	

was	 studied	 incubating	 250	 µg/mL	 of	 protein	 with	 2000	 cm
2
/mL	 of	 NP	 as	 previously	

determined	to	provide	with	possibility	to	discriminate	NPs	allowing	high	or	low	adsorption	of	

a	given	protein.	No	aggregation	occurred	during	incubation	of	NP	with	each	protein,	as	it	was	

observed	by	direct	visual	observation	and	optical	microscopy.	Additionally,	size	obtained	by	

DLS	 as	 well	 as	 autocorrelation	 curves	 showed	 no	 traces	 of	 aggregation	 in	 samples	 after	

incubation	(example	of	data	shown	in	supplementary	information	S3).		

Raw	 data	 giving	 the	 percentage	 of	 adsorption	 of	 each	 protein	 on	 the	 different	NPs	were	

plotted	on	figure	3A.	Typically,	small	proteins	massively	adsorbed	on	all	types	of	NPs	(Insulin	

chain	B,	aprotinin).	Adsorption	of	medium	sized	proteins	(from	44	kDa	to	55	kDa)	on	the	five	

types	of	NPs	was	generally	low.	A	marked	difference	in	the	adsorption	behavior	of	proteins	
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on	the	5	types	of	NPs	can	be	highlighted	with	proteins	of	the	larger	size	(apo	transferrin,	IgG,	

thyroglobulin).	These	proteins	were	totally	adsorbed	on	NPs	A1,	A2	and	R3	while	they	showed	

only	a	low	adsorption	on	NPs	R1	and	R2	suggesting	that	they	were	repeled	from	the	surface	

of	these	NPs.	These	results	were	emphasized	from	the	adsorption	heatmap	drawn	from	the	

raw	data	where	dark	blue	represents	a	strong	adsorption	(Fig.	3B).	This	representation	clearly	

emphasizes	the	difference	of	behavior	between	A1,	A2,	R3	and	R1,	R2	NPs,	showing	a	global	

decreased	 adsorption	 on	 R1	 and	 R2.	 Results	 were	 consistent	 with	 those	 that	 could	 be	

expected	 considering	 the	difference	 in	 the	 architecture	 and	density	of	 the	dextran	 chains	

grafted	 on	 the	 surface	 of	 the	 NPs	 used	 as	 models	 in	 the	 present	 study.	 Radical	 redox	

polymerized	 NPs	 (especially	 R1,	 R2)	 showed	 a	 lower	 adsorption	 profile	 than	 anionic	

polymerized	NPs	(A1	and	A2).	The	influence	of	the	density	of	grafting	was	also	revealed	by	

the	difference	of	adsorption	between	R1	(dense	brush	1.3%)	and	R3	(loose	brush	(0.5%).	

This	adsorption	data	was	then	expressed	as	the	remaining	free	surface	of	NPs	after	incubation	

with	proteins.	This	is	in	fact	the	part	of	the	NPs	where	the	repellent	capacity	(RC)	is	enough	

to	prevent	from	the	accessibility	of	proteins.	It	was	called	percentage	of	repellent	capacity	

(%RC).	On	this	purpose,	the	number	of	adsorbed	proteins	(Nprot)	was	first	deduced	from	the	%	

of	protein	adsorbed	(%ads)	thanks	to	the	following	equation.	

	Nprot=	
%ads∗Aprot∗Bsample∗	FA	

HII	∗	JK
			(Eq.	2)	

where	Cprot	is	the	initial	protein	concentration	(in	g/L),	Vsample	is	the	total	volume	of	sample	

(L),	NA	is	the	Avogadro	constant	(NA	=	6.022140857*10
23
	mol

-1
)	and	MW	the	molecular	weight	

of	the	considered	protein	(g/mol).	

Then,	 the	 estimated	 surface	 area	 occupied	 by	 these	 adsorbed	 proteins	 (Sprot,	 in	 nm
2
)	 is	

calculated	using	the	hydrodynamic	diameter	of	proteins	depicted	in	table	3	(Dh,	in	nm):	

Sprot	=	Nprot ∗ 4 ∗ π ∗ (
PQ

R
)R					(Eq.	3)	

From	this	value	obtained	in	Eq.3,	%RC	was	calculated:	

%RC=	 1 −
WXYZ[

W\]
∗ 100		†					(Eq.	4)	

with	SNP	the	total	surface	area	of	NPs	in	the	incubation	medium	(nm
2
).	
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†	
when	Sprot	>

	
SNP,	%RC	was	set	by	default	to	0%.	

The	%	of	repellent	capacity	was	plotted	on	figure	4A	with	the	corresponding	heatmap	presented	on	

figure	4B.		Although	no	difference	between	the	nanoparticles	can	be	depicted	from	the	data	obtained	

with	the	smallest	proteins	(Insulin	B	chain	and	aprotinin)	that	fully	covered	all	NPs	surface,	a	very	clear	

difference	 in	 repellent	 capacity	 can	 be	 highlighted	 from	 the	 data	 of	 the	 adsorption	 of	 the	 larger	

proteins	(MW	>	44	kDa).	The	heatmap	clearly	depicts	a	series	of	NPs	keeping	free	surface	area	upon	

incubation	with	 large	proteins	 (R1	and	R2),	whereas	 the	other	NPs	 showed	a	high	 tendency	 to	be	

almost	fully	covered	with	large	proteins	too.	
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Table	3:	Summary	of	the	characteristics	of	tested	proteins	for	the	shield-effect	study.	PDB:	Protein	Data	Bank	reference,	MW:	Molecular	weight,	

pI:	isoelectrical	point,	a.a	number:	number	of	amino	acids	in	the	protein	sequence,	Dh	size:	Hydrodynamic	diameter,	GRAVY:	Hydrophaticity,	

n.d:	not	determined.	*determined	with	Jmol	**determined	via	Expasy	Protparam	tool.	

Protein	 PDB	
MW	

(kDa)	
pI	 a.a	number	

Dh	size	

(nm)	

Cristallographic	

size	(nm)	
GRAVY**	

Charged	

residues**	

Carbohydrate	

%	

Protein	shape	
(not	at	scale)	

Insulin	B	

chain	
4IHN	 3.5	 5.3	 30	 <	2.7	

[47]
	 3.7	x	2.6	x	2.4	*	 0.303	 2+	;	2-	 No	

Globular	

Aprotinin	 3LDJ	 6.5	 10.5	 58	 3.2	
[48]

	 3.4	x	2.7	x	2.7	*	 -0.479	 10+	;	4-	 No	

Globular	

Orosomucoïd	 3KQ0	 44.1	 2.8	 183	 7.3	
[49]

	 4.6	x	4.5	x	4.0	*	 -0.764	 22+	;	30-	 45%	
[50]

	

Globular	

Ovalbumin	 1OVA	 44.3	 4.6	 385	 5.6	
[51]

	 7	x	3.6	x	3	
[52]

		 -0.006	 35+	;	47-	 3.5%	
[53]

	

Globular	

Transthyretyn	 4TLT	 55	 4.6	–	4.9	
508	(127	x	4	
subunits)	

8	
[54]

	 6.9	x	5.5	x	4.8*	 -0.274	 12+	;	17-		 No	

Ovoïd	

BSA	 4F5S	 66.4	 4.8	 583	 7.7	
[55]

	
14.1	x	4.2	x	4.2	

[56]
	

-0.475	 82+	;	99-	 No	

Globular	

Apo	

Transferrin	
2HAU	 80	 5.8	 679	 7.3	

[57]
	 7.5	x	7.5	x	7.4	 -0.411	 84+	;	87-	 5.9%	

[58]
	

Globular	

Human	IgG	 1HZH	 150	 6.6	–	7.4	
1344	(457	-	
heavy	x	2	;		

(215	-	light	x2)	
10.6	

[49]
	 14.5	x	8.5	x	4	

[59]
	 -0.483	 144+	;	122-	 3%	

[58]
	

Y	-	shaped	

Thyroglobulin	 P01267	 669	 4.5	
5500	(2750	x2	

subunits)	
17.2	

[60]
	 n.d	 -0.257	 510+	;	592-	 10%	

[61]
	 n.d	
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Figure	3:	Shield-effect	study:	A-	%	of	adsorption	of	the	9	tested	proteins	on	the	five	type	

of	NPs.	B-	Heatmap	representation	of	protein	adsorption	on	the	five	types	of	NPs	(White:	

0%	to	dark	blue:	100%	of	protein	adsorbed).		
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Figure	4:	Shield	effect	study:	A-	%	of	repellent	capacity	of	NPs	after	incubation	with	the	

different	proteins.	B-	Heatmap	representation	of	NPs	repellent	capacity	after	incubation	

with	the	different	proteins	(White:	low	RC	(0%)	to	dark	red:	high	RC	(100%)).	
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IV. Discussion	

A	CE	method	was	developed	to	quantify	the	amount	of	free	protein	in	samples	incubated	with	

NPs	 in	 experiments	 designed	 to	 evaluate	 the	 adsorption	 of	well-defined	 proteins	 on	 NPs	

surface.	This	method	aimed	to	determine	a	new	parameter	characterizing	the	NM	surface,	

the	 surface	 coverage,	 that	 is	 assumed	 to	 control	 the	 protein	 adsorption	 phenomena.	 In	

general,	the	mode	of	CE	to	be	used	to	perform	analysis	is	chosen	depending	on	the	kinetics	

of	the	studied	interaction,	here	interactions	leading	to	the	adsorption	of	the	protein	onto	NPs.	

Fast	association-dissociation	systems	are	studied	by	affinity	capillary	electrophoresis	(ACE),	

Hummel	Dreyer	method,	or	frontal	analysis	capillary	electrophoresis	(FACE).	On	the	contrary,	

slow	 kinetics	 of	 interactions	 are	 studied	 via	 capillary	 zone	 electrophoresis	 (CZE)	 or	 FACE	

[35,37,39].	 In	 our	 model,	 determination	 of	 the	 amount	 of	 free	 protein	 remaining	 in	 the	

sample	was	achieved	after	incubation	with	NPs	during	2	h	30	min	to	reach	the	equilibrium,	

according	to	a	slow	kinetics	of	interactions.	CZE	was	then	selected	using	the	non-equilibrium	

capillary	electrophoresis	of	equilibrium	mixtures	(NECEEM)	[62].	This	mode	is	easy-to-use	and	

allows	protein	quantification	directly	 from	the	evaluation	of	 the	area	under	the	peak.	The	

technique	presents	other	advantages:	(i)	a	low	consumption	of	sample,	(ii)	a	separation	and	

determination	 of	 the	 amount	 of	 free	 proteins	 without	 any	 need	 of	 pre-treatment	 of	 the	

sample	which	includes	both	the	protein	and	the	NPs,	and	(iii)	its	automatability.		

The	 optimal	 duration	 of	 incubation	 was	 determined	 through	 a	 kinetics	 study	 of	 BSA	

adsorption	onto	NPs	(data	not	shown)	and	was	consistent	with	previous	works	optimized	with	

these	 NPs	 [41,63,64].	 As	 the	 kinetics	 of	 association	 and	 dissociation	 were	 slow	 and	 the	

equilibrium	reached	after	a	period	of	incubation	of	2	h	30	min,	the	variation	of	pH	introduced	

by	the	CE	electrolyte	in	method	2	(pH	=	3)	was	supposed	not	to	modify	the	equilibrium	of	

adsorption	during	 the	short	duration	of	 the	analysis.	This	assumption	was	 supported	by	a	

prior	 study	 made	 on	 the	 comparable	 NP-protein	 system,	 where	 adsorption	 equilibrium	

showed	 no	major	modification	 in	 a	 short	 period	 upon	 a	 pH	modification	 [63].	 The	 three	

methods	could	be	used	to	investigate	the	adsorption	of	nine	proteins	on	five	types	of	NPs	

used	as	models.	The	precision	of	the	method	was	verified	in	terms	of	intra-day	and	inter-day	

repeatability.	 The	 results	 included	 the	 deviation	 due	 to	 the	 different	 preparations	 of	 the	

samples,	as	a	new	sample	was	prepared	and	incubated	for	each	inter-day	determination.	It	

was	also	verified	that	the	results	obtained	by	CE	was	not	biased	due	to	the	high	voltage	used	
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during	analysis.	The	similar	results	obtained	using	two	other	methods	of	evaluation	of	free	

proteins	in	the	same	samples	acknowledged	that	the	presently	developed	CE	methods	could	

be	used	to	determine	the	amount	of	free	proteins	in	samples	containing	NPs,	without	need	

to	remove	the	NPs	prior	to	analysis.	An	optimal	ratio	between	the	concentration	of	protein	

and	 NPs	 was	 determined	 from	 adsorption	 trends	 established	 with	 two	 proteins.	 It	 was	

selected	in	order	to	discriminate	different	responses	to	protein	adsorption	between	NPs.	A	

high	surface	coverage	of	NPs	allowed	a	low	adsorption	profile	of	proteins	while	those	bearing	

a	 low	surface	coverage	allowed	a	high	adsorption	of	proteins.	The	CE	methods	were	 then	

applied	to	screen	the	adsorption	of	the	9	different	selected	proteins	on	the	five	types	of	NPs	

after	incubation	at	the	previously	selected	ratio.	The	five	types	of	NPs	could	be	classified	in	

two	 groups	 based	 on	 the	 obtained	 raw	 data	 of	 adsorption.	 The	 proposed	method	 could	

discriminate	 NPs	 with	 surfaces	 accessible	 to	 the	 larger	 proteins	 from	 NPs	 which	 surface	

properties	 seemed	 to	exclude	 these	proteins.	 These	 raw	data	 took	 into	 consideration	 the	

difference	 in	 size	 between	 NPs	 because	 their	 concentration	 was	 expressed	 in	 surface	

area/mL.	 However,	 they	 did	 not	 take	 into	 account	 the	 difference	 in	 size	 of	 the	 proteins.	

Considering	this	parameter,	the	amount	of	surface	occupied	by	the	adsorbed	proteins	on	the	

NP	 surface	 was	 calculated	 and	 in	 turn	 the	 amount	 of	 NP	 surface	 that	 remained	 free	 of	

adsorption.	This	last	parameter	can	be	viewed	as	the	repellent	capacity	of	the	NP	creating	an	

efficient	 shield-effect	against	 the	adsorption	of	a	given	protein.	The	surface	coverage	was	

estimated	from	the	overall	tendency	of	repellent	capacity.	We	could	distinguish	NP	with	a	

high	surface	coverage,	showing	a	high	repellent	capacity	for	large	proteins	(NPs	R1	and	R2).	

On	the	contrary,	NPs	showing	a	 low	repellent	capacity	for	main	proteins	were	qualified	as	

bearing	a	low	surface	coverage	(A1,	A2	and	R3).	

The	difference	was	confirmed	with	the	data	representation	of	the	RC	which	even	emphasized	

the	fact	that	the	surface	of	NPs	A1,	A2	and	R3	were	almost	fully	accessible	to	tested	proteins	

whatever	their	size.	These	observed	behaviors	are	consistent	with	the	results	expected	from	

surface	characteristics	shown	by	our	model	NPs	(table	1).	The	dense	brushes	present	on	R1	

and	R2	repeled	large	proteins	while	loose	R3	brush	as	well	as	loops	conformations	of	A1	and	

A2	allowed	the	adsorption	of	these	large	proteins.	These	critical	parameters	have	also	been	

identified	in	a	recent	study,	were	both	chain	length	and	density	were	strongly	involved	in	the	

steric	repulsion	of	molecules	[19].		



Partie	expérimentale	:	Chapitre	V	–	Contrôle	de	la	couverture	de	surface	des	nanomédecines	par	EC			

	
	

188	

These	results	demonstrate	the	interest	of	the	present	approach	to	assess	a	new	parameter	

characterizing	 NMs	 based	 on	 the	 monitoring	 of	 protein	 adsorption	 in	 very	 well-defined	

conditions,	suitable	for	a	further	standardization	of	the	method.		

Directly	 linked	 to	 its	 surface	 properties,	 the	 complement	 activation	 behavior	 of	 a	

nanomaterial	is	an	important	characteristic	that	depicts	its	ability	to	escape	the	recognition	

by	 the	 innate	 immune	 system.	 At	 the	 same	 time,	 it	 gives	 information	 about	 the	 stealth	

property	 of	 the	 NM.	 The	 triggering	 of	 this	 cascade	 is	mainly	 driven	 by	 the	 adsorption	 of	

complement	proteins	to	NPs.	Thus,	results	of	adsorption	and	coverage	properties	obtained	in	

this	 study	were	 crossed	with	 known	 results	 of	 complement	 activation	 given	 by	 the	 same	

model	NPs	in	a	previous	work	[18].	It	allowed	the	identification	three	classes	of	NPs.	The	first	

class	is	composed	of	NPs	showing	a	high	surface	coverage	of	their	macromolecular	grafting,	

preventing	 a	 massive	 adsorption	 of	 protein	 in	 the	 present	 study,	 and	 triggering	 low	

complement	activation.	This	is	the	case	for	R1	NP,	which	seems	to	be	very	selective	in	terms	

of	protein	interactions	thanks	to	its	dense	and	long	brush	coverage,	limiting	at	the	same	time	

interactions	with	proteins	of	the	complement	system	(CS).	

Then,	a	second	class	 includes	NPs	showing	high	surface	coverage	capabilities	coupled	to	a	

high	complement	activation.	This	is	the	behavior	observed	for	R2.	This	NP	has	been	found	to	

mainly	 activate	 the	 CS	 through	 the	 alternative	 pathway.	 This	 pathway	 involves	 the	

opsonization	process	 and	 the	 activation	of	 the	 complement	 cascade	by	 the	 adsorption	of	

complement	proteins	to	the	NP	[65].	As	hypothesized	in	a	previous	work,	adsorption	of	small	

proteins	 on	 the	NP	 core	 that	 remains	 visible	 due	 to	 the	 short	 brush	 conformation	 of	 the	

grafted	polysaccharide	may	allow	the	adsorption	of	bigger	protein	such	as	complement	C3.	

This	phenomenon	has	also	been	described	by	Chen	et	al.	 [66].	This	phenomenon	was	not	

observed	with	R1	thanks	to	the	longer	brush	length	that	covers	the	small	adsorbed	proteins	

which	remain	invisible	to	other	larger	proteins	for	protein-protein	interactions.	

Finally,	 the	 third	 class	 of	 NP	 comprises	 NPs	 with	 low	 coverage	 capabilities	 of	 their	 shell	

grafting,	 allowing	 a	 massive	 adsorption	 of	 proteins	 and	 triggering	 a	 high	 complement	

activation.	 These	 NPs	 are	 A1,	 A2	 and	 R3	 and	were	 assumed	 to	 activate	 the	 complement	

system	via	diverse	pathways	(classical,	alternative,	lectin)	[18].	The	freedom	left	by	their	loop	

and/or	loose	grafting	allows	for	a	higher	accessibility	of	proteins	to	the	hydrophobic	core	of	

NPs.	As	seen	in	this	work,	high	adsorption	of	large	protein	was	possible	on	these	NPs.	Thus,	it	
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allows	 recognition	 by	 the	 complement	 system	 via	 different	 markers	 (opsonins,	

immunoglobulins).		

The	convergence	and	complementary	given	by	these	studies	underlines	the	 importance	of	

the	 understanding	 of	 NP	 characteristics	 that	master	 interactions	with	 biological	 elements	

such	 as	 proteins.	 The	 method	 presented	 in	 this	 article	 could	 be	 used	 to	 increase	 the	

understanding	 and	 control	 of	 NMs	 surface	 properties	 and	 reactivity	 towards	 biological	

elements	such	as	blood	proteins	by	evaluating	the	surface	coverage	as	a	new	parameter.	

V. Conclusion		

The	method	developed	in	the	present	work	provides	a	tool	to	access	a	new	characteristic	of	

a	NM,	its	surface	coverage	property.	This	parameter	is	critical	to	control	protein	adsorption	

phenomenon	which	is	determinant	on	the	in	vivo	fate,	activity	and	safety	of	NMs.	The	use	of	

CE	allows	for	a	direct	analysis	of	the	samples	without	pre-treatment	steps.	The	method	can	

be	standardized	as	it	is	based	on	the	use	of	very	well	defined	conditions	and	proteins	serving	

as	molecular	probes	that	are	marketed	at	a	high	degree	of	purity.	Being	automatable,	this	CE	

method	 is	also	attractive	for	a	systematic	analysis	of	NMs.	Crossed	with	other	parameters	

such	as	the	status	of	the	complement	activation	given	by	the	NMs,	results	produced	by	this	

method	could	be	of	 interest	 in	 the	 future	as	analytical	method	 to	perform	quality	control	

analysis	 of	 NMs.	 All	 in	 all,	 the	 method	 developed	 in	 this	 work	 proves	 the	 potential	 for	

assessing	molecular	parameters	of	the	NM	surface	not	enough	characterized	so	far.		
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S1:	Determination	of	BSA	adsorption	on	NP	A1	via	rocket	

immunoelectrophoresis	

	

	

Figure	S1:	(A)	Rocket	immunoelectrophoresis	gel	of	BSA	adsorption	onto	nanoparticle	A1.	

1-10	represents	the	calibration	samples	of	BSA:	25	µg/mL	(1),	50	µg/mL	(2),	75	µg/mL	(3),	

100	µg/mL	(4),	125	µg/mL	(5),	150	µg/mL	(6),	175	µg/mL	(7),	200	µg/mL	(8),	225	µg/mL	(9),	

250	µg/mL	(10).	

a-g	represents	the	free	BSA	remaining	after	incubation	with	A1	at	different	surface	

concentrations:	500	cm2/mL	(a),	1000	cm2/mL	(b),	2000	cm2/mL	(c),	3000	cm2/mL	(d),	4000	

cm2/mL	(e),	5000	cm2/mL	(f),	6000	cm2/mL	(g).		

(B)	Corresponding	trend	of	adsorption	of	BSA	on	nanoparticle	A1.	
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S2:	Determination	of	IgG	adsorption	on	NP	R2	via	radial	

immunodiffusion	

	

	

	

Figure	S2:	(A)	Radial	immunodiffusion	gel	of	IgG	adsorption	onto	nanoparticle	R2.	

1-10	represents	the	calibration	samples	of	IgG:	25	µg/mL	(1),	50	µg/mL	(2),	75	µg/mL	(3),	100	

µg/mL	(4),	125	µg/mL	(5),	150	µg/mL	(6),	175	µg/mL	(7),	200	µg/mL	(8),	225	µg/mL	(9),	250	

µg/mL	(10).	

a-g	represents	the	free	IgG	remaining	after	incubation	with	R2	at	different	surface	

concentrations:	500	cm2/mL	(a),	1000	cm2/mL	(b),	2000	cm2/mL	(c),	3000	cm2/mL	(d),	4000	

cm2/mL	(e),	5000	cm2/mL	(f),	6000	cm2/mL	(g).		

(B)	Corresponding	trend	of	adsorption	of	IgG	on	nanoparticle	R2.	
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S3:	Verification	of	the	absence	of	aggregates	upon	NP-proteins	

incubation	

	

	

	

Figure	 S3:	 example	 of	 aggregation	 control	 made	 on	 NP	 A2	 after	 incubation	 with	 Apo-

Transferrin	 (left	 part)	 compared	 to	a	positive	 control	of	 an	aggregated	 sample	of	A2	after	

incubation	with	fibrinogen	(right	part).		

(A)	Verification	of	the	absence	of	visible	aggregates		

(B)	Optical	microscopic	verification	of	the	absence	of	aggregates			

(C)	Measurement	of	NP	size	by	dynamic	light	scattering	(DLS)		

(D)	Autocorrelation	curve	of	DLS	measurement	
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Les	 interactions	entre	nanomédecines	 (NMs)	et	éléments	biologiques	sont	reconnues	pour	

leur	 forte	 influence	 sur	 la	biodistribution	des	NMs.	Plus	particulièrement,	 l’adsorption	des	

protéines	plasmatiques	sur	les	nanomatériaux	administrés	par	voie	intraveineuse	s’avère	être	

déterminante	 pour	 le	 devenir	 du	 nanovecteur	 [1].	 Le	 concept	 d’identité	 biologique	

supplantant	l’identité	synthétique	de	la	NM	après	son	administration,	proposé	par	Walkey	et	

al.	 et	 illustré	 sur	 la	 figure	 1,	 est	 maintenant	 communément	 admis	 dans	 la	 communauté	

scientifique	[2-4].		

 

	

	

Actuellement,	 de	 nombreux	 efforts	 sont	 tournés	 vers	 la	 compréhension	 des	 implications	

induites	par	la	couche	de	protéines	se	formant	autour	de	la	NM,	la	«	protéine	corona	»	[4-6].	

Il	existe	en	réalité	deux	niveaux	de	compréhension	à	investiguer	aujourd’hui,	illustrés	dans	la	

figure	2	ci-dessous.	Dans	un	premier	temps,	il	s’agit	de	comprendre	quels	sont	les	paramètres	

physico-chimiques	 initiaux	 de	 la	 NM	 (xi)	 qui	 vont	 influencer	 les	 propriétés	 de	 l’identité	

biologique	acquise	(yi)	par	la	NM	après	administration,	et	plus	particulièrement	la	composition	

de	la	protéine	corona.	Puis,	dans	un	second	temps,	il	est	nécessaire	d’identifier	quels	sont	les	

éléments	de	cette	protéine	corona	responsables	du	devenir	physiologique	de	ces	NMs	(zi),	et	

en	particulier	de	leur	biodistribution.	Dans	ces	travaux	de	thèse,	les	méthodes	développées	

tendent	à	répondre	à	la	1ère	partie	de	cette	interrogation.	Les	travaux	concernant	la	deuxième	

Taille
(rayon hydrodynamique)

Propriétés de surface 
(potentiel zêta, chaines greffées)

Protéine corona

Taille modifiée

Propriétés de surface modifiées

Cascades biochimiques 
(complément, coagulation)

Composition

Identité biologique Identité synthétique

Figure	1	:	Concept	de	l’identité	biologique	acquise	in	vivo	supplantant	l’identité	synthétique	initiale	

de	la	nanomédecine.	
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partie,	visant	à	établir	 les	corrélations	entre	 identité	des	protéines	adsorbées	et	devenir	 in	

vivo,	sont	en	forte	expansion	avec	le	développement	de	modèles	de	prédiction	[4,7,8].	

	

Figure	 2	 :	 Paramètres	 impliqués	 et	 relations	 entre	 les	 propriétés	 physico-chimiques	 (xi)	 et	

l’identité	biologique	acquise	des	nanomédecines	(yi)	pour	une	meilleure	compréhension	et	

prédiction	de	leur	devenir	in	vivo	(zi).	

Dans	 cette	 illustration,	qui	 reprend	notamment	 le	modèle	de	prédiction	envisagé	dans	 les	

travaux	de	W.C.W.	Chan	[2,9],	on	note	que	les	propriétés	physico-chimiques	des	NMs	ont	un	

rôle	prépondérant	pour	contrôler	l’ensemble	des	phénomènes	régissant	leur	devenir	in	vivo.	

Actuellement,	 lors	 du	 développement	 clinique	 de	 NMs,	 les	 différences	 de	 tolérance	 ou	

d’efficacité	 observées	 entre	 plusieurs	 lots	 de	 NMs	 en	 phase	 clinique	 restent	 souvent	

inexpliquées.	La	caractérisation	des	NMs	a	été	 identifiée	comme	l’un	des	points	 limitant	 la	

réussite	en	phase	clinique	de	ces	systèmes	pourtant	révolutionnaires	de	par	leurs	promesses	

en	termes	d’amélioration	de	l’efficacité	et	de	tolérablité	de	traitements	actuellement	utilisés	

[10-12].	 Un	 des	 points	 cruciaux	 de	 ce	 challenge	 serait	 d’améliorer	 la	 compréhension	 du	

devenir	 in	 vivo	 des	 NMs,	 notamment	 concernant	 leurs	 interactions	 avec	 les	 protéines	

plasmatiques. 

Parmi	les	limites	posées	par	la	caractérisation	des	NMs,	nous	avons	pu	identifier	un	manque	

de	précision	dans	l’évaluation	des	paramètres	étudiés.	En	effet,	les	systèmes	biologiques	ont	

la	capacité	de	déceler	des	différences	subtiles	au	niveau	de	l’architecture	de	surface	des	NMs,	

que	 les	méthodes	 de	 caractérisation	 actuellement	 utilisées	 en	 routine	 sont	 incapables	 de	

détecter.	Il	y	a	donc	un	réel	besoin	de	méthodes	capables	de	rivaliser	avec	la	précision	des	

systèmes	 biologiques.	 Dans	 ce	 contexte,	 nos	 travaux	 de	 thèse	 avaient	 pour	 objectif	 de	

proposer	de	nouvelles	approches	pour	la	caractérisation	de	NMs,	permettant	une	définition	

fine	des	propriétés	de	surface	et	 tournées	vers	une	démarche	de	contrôle	qualité	des	 lots	
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cliniques.	Le	développement	de	méthodes	s’est	effectué	autour	de	deux	grands	axes	:	l’étude	

des	 interactions	entre	NMs	et	protéines	de	 la	cascade	du	complément	dans	une	première	

partie,	puis	 la	caractérisation	de	la	surface	réactive	des	NMs	dans	une	seconde	partie.	Nos	

travaux	se	sont	appuyés	sur	 l’utilisation	d’une	série	de	nanoparticules	(NPs)	polymère	déjà	

bien	 caractérisées	 sur	 le	 plan	 physico-chimique.	 Ces	 modèles	 bien	 définis	 ont	 permis	 de	

challenger	 les	 méthodes	 développées	 et	 étudier	 leur	 capacité	 à	 discriminer	 des	 NPs	 de	

propriétés	 physico-chimiques	 différentes.	 Le	 terme	 «	 nanoparticule	 »	 sera	 généralement	

utilisé	pour	désigner	ces	modèles	dans	cette	discussion.	

Interactions	des	NMs	avec	le	système	du	complément	

Un	groupe	de	protéines	important	dans	la	circulation	sanguine	sont	les	protéines	du	système	

du	 complément.	 Comme	 indiqué	 plus	 tôt	 dans	 ces	 travaux	 (chap	 II	 et	 III)	 et	 rappelé	 dans	

l’annexe	méthodologique	n°4,	ce	système	constitue	la	première	barrière	de	l’immunité	innée	

rencontrée	 par	 les	 NMs	 une	 fois	 qu’elles	 sont	 injectées	 dans	 la	 circulation	 sanguine.	 La	

reconnaissance	 des	 NMs	 par	 certaines	 protéines	 appelées	 opsonines	 peut	 amener	 à	

l’activation	 de	 la	 cascade	 du	 complément.	 Physiologiquement,	 cette	 activation	 génère	 de	

nombreuses	réactions	visant	à	lutter	contre	les	organismes	reconnus	comme	étrangers.	Parmi	

ces	 réactions	 se	 trouvent	 l’activation	 du	 réseau	 de	 cellules	 phagocytaires	 ainsi	 que	 le	

déclenchement	 de	 réactions	 d’inflammation	 via	 les	 anaphylatoxines	 libérées	 [13].	 Ces	

réactions	 peuvent	 être	 exagérées	 chez	 certains	 patients	 qui	 présentent	 le	 CARPA	

(Complement	activation	related	pseudo	allergy)	[14].	La	survenue	de	ce	phénomène	observé	

lors	 de	 l’administration	de	NMs	à	des	patients	 est	 encore	 incomprise	 et	 peut	mener	 à	de	

graves	 réactions	 jusqu’au	 décès	 dans	 les	 cas	 extrêmes.	 De	 plus,	 d’un	 point	 de	 vue	

thérapeutique,	 la	reconnaissance	des	NMs	par	 le	système	du	complément	 induit	une	forte	

activité	phagocytaire	et	donc	une	capture	accrue	des	NMs,	notamment	par	 les	 cellules	de	

Kupffer	 présentes	 dans	 le	 foie	 [15].	 La	 biodistribution	 est	 alors	 totalement	 biaisée	 et	

l’efficacité	 du	 traitement	 fortement	 altérée.	 L’importance	 de	 déterminer	 la	 capacité	 d’un	

nanomatériau	 à	 échapper	 au	 système	 du	 complément	 est	 majeure.	 Généralement,	 il	 est	

souhaité	 des	 NMs	 dites	 «	 furtives	 »	 [16],	 c’est-à-dire	 non	 reconnues	 par	 le	 système	

immunitaire.	 Il	 a	 été	 démontré	 que	 l’attachement	 de	 chaines	 de	 polymères	 hydrophiles	

autour	du	cœur	de	la	NM	pouvait	empêcher	l’interaction	avec	les	opsonines	et	ainsi	éviter	la	

reconnaissance	par	le	système	immunitaire	[16-18].	Cependant,	des	NMs	commercialisées	et	
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décrites	comme	furtives	ont	montré	des	réactions	d’activation	du	complément	dans	certains	

cas	(Doxil®)	[19].	Il	est	donc	important	de	pouvoir	contrôler	la	capacité	d’une	NM	à	interagir	

avec	 le	 système	 du	 complément.	 Cela	 n’est	 pas	 réalisé	 systématiquement	 aujourd’hui	 en	

contrôle	qualité	clinique,	supposant	que	le	comportement	d’un	lot	de	NMs	vis	à	vis	du	système	

du	 complément	 est	 garanti	 par	 ses	 propriétés	 testées	 en	 routine,	 à	 savoir	 la	 taille	 et	 le	

potentiel	zêta.	

Nous	avons	développé	des	méthodes	qui	permettraient	une	analyse	facilitée	et	de	façon	plus	

accessible	de	l’activation	du	système	du	complément	par	des	NPs.	Premièrement,	la	méthode	

connue	d’immunoélectrophorèse	bidimensionnelle,	dont	 le	principe	est	 rappelé	en	annexe	

méthodologique	n°1,	a	été	modifiée	et	adaptée	pour	une	analyse	en	routine	(cf.	chapitre	II).	

Cette	méthode,	plutôt	simple	dans	son	principe	mais	de	mise	en	œuvre	expérimentale	assez	

lourde	a	été	 initialement	proposée	par	Passirani	et	al.	en	1998	[20]	en	utilisant	 le	principe	

d’immunoélectrophorèse	décrit	par	Laurell	[21].	Cependant,	compte	tenu	de	la	complexité	de	

manipulation	demandée	et	de	son	très	faible	débit	d’analyse	(5	analyses	en	24	heures),	cette	

méthode	 n’était	 que	 très	 peu	 utilisée.	 Nous	 avons	 repensé	 son	 concept	 en	 revoyant	 le	

processus	général	de	 fabrication	du	gel.	 La	nouvelle	 conception	 repose	 sur	un	principe	de	

migration	 en	 série	 des	 différents	 échantillons,	 tant	 lors	 de	 la	 première	 que	de	 la	 seconde	

dimension.	 Ce	 principe,	 déjà	 utilisé	 en	 1985	 par	 Rochu	 et	 al.	 pour	 la	 migration	 en	 série	

d’échantillons	n’est	pourtant	que	peu	utilisé	[22].	Ici,	il	permet	d’accroitre	significativement	le	

débit	d’échantillons	analysés.	La	réalisation	du	gel	s’effectue	maintenant	entièrement	avant	

le	début	des	électrophorèses,	contrairement	à	ce	qui	était	réalisé	avec	l’ancienne	méthode	et	

dans	 la	méthode	de	Rochu	et	al.	Cela	allège	considérablement	 la	part	de	manipulation	qui	

constituait	un	frein	à	son	utilisation.	Enfin,	la	méthode	de	multi-crossed	IE	(µC-IE)	a	été	validée	

pour	 sa	 robustesse	 (chapitre	 II	 ou	 [23]).	 Elle	 permet	 de	 déterminer	 un	 nouvel	 indicateur,	

appelé	le	C3A50,	qui	correspond	à	la	surface	de	NP	nécessaire	pour	induire	un	clivage	de	50%	

de	la	protéine	C3	native.	Cet	indicateur	pourrait,	au	même	titre	que	l’IC50	pour	l’étude	de	la	

viabilité	cellulaire	(concentration	inhibitrice	à	50%),	devenir	un	paramètre	incontournable	lors	

de	 la	 caractérisation	 de	NMs	 puisqu’il	montre	 une	 bonne	 sensibilité	 de	 réponse	 avec	 des	

nanoparticules	de	caractéristiques	physico-chimiques	très	peu	différentes.	Un	autre	avantage	

de	la	méthode	µC-IE	est	la	possibilité	d’estimer	d’une	façon	relative	la	fraction	de	protéine	C3	

clivée.	Dans	les	tests	ELISA,	la	détection	d’un	fragment	spécifique	donne	une	idée	précise	de	
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la	quantité	de	ce	fragment	libéré,	sans	pour	autant	avoir	d’indication	sur	la	fraction	restant	

inactivée.	

La	nouvelle	version	de	la	méthode	d’immunoélectrophorèse	2D	a	été	utilisée	au	cours	de	cette	

thèse	 dans	 une	 étude	 plus	 fondamentale	 de	 la	 compréhension	 des	 interactions	 entre	

nanovecteurs	et	système	du	complément.	L’objectif	était	d’étudier	la	voie	d’activation	de	la	

cascade	 du	 complément	 empruntée	 par	 différentes	 NPs	 en	 modifiant	 les	 conditions	

d’incubation.	Alors	que	les	conditions	d’incubation	utilisées	habituellement	permettent	une	

activation	selon	 les	trois	voies	connues	de	 la	cascade	du	complément	(classique,	 lectine	et	

alterne),	un	tampon	de	composition	modifiée	inhibe	les	voies	classique	et	lectine	en	piégeant	

les	 ions	 calcium,	 nécessaires	 au	 démarrage	 de	 ces	 voies.	 Nous	 avons	 donc	 pu	 établir	 des	

hypothèses	concernant	les	voies	d’activations	empruntées	par	nos	NPs	modèles	au	regard	de	

la	conformation	en	surface	des	chaines	de	polysaccharides	qui	les	recouvrent,	ainsi	que	de	la	

densité	de	greffage	de	ces	chaines	(chapitre	III	ou	[24]).	Ces	paramètres	ont	un	fort	impact	sur	

la	 façon	 dont	 les	 NMs	 vont	 interagir	 avec	 les	 protéines	 du	 complément,	 influençant	 non	

seulement	le	niveau	d’activation	du	système	du	complément,	mais	aussi	la	voie	d’activation	

empruntée.	 Cela	 positionne	 également	 la	 µC-IE	 développée	 ici	 en	 tant	 que	 méthode	

permettant	d‘améliorer	la	compréhension	des	phénomènes	dirigés	par	la	surface	des	NMs	et	

s’inscrit	dans	la	première	partie	de	la	problématique	évoquée	au	début	de	cette	discussion.		

La	méthode	µC-IE	a	également	été	utilisée	dans	d’autres	études	pour	étudier	la	capacité	de	

différents	nanomatériaux	à	activer	ou	non	le	système	du	complément	:	

- Pour	des	complexes	albumine	de	sérum	bovin	(BSA)-Amphotericine	B	(AmB)	en	vue	d’une	

utilisation	 par	 voie	 intraveineuse	 de	 ces	 complexes.	 Les	 résultats	 ont	 montré	 que	 les	

agrégats	d’AmB	déclenchaient	une	activation	du	système	du	complément,	contrairement	

à	la	forme	complexée,	soulignant	l’importance	de	la	stabilisation	de	l’AmB	procurée	par	

les	complexes	formés	avec	la	BSA	[25].	

- Pour	de	nouvelles	NPs	réalisées	par	le	co-assemblage	de	cyclodextrines	amphiphiles	et	de	

lipides,	où	le	système	s’est	avéré	être	non	activant	de	la	protéine	C3	et	prometteur	comme	

nanovecteur	pour	une	administration	intraveineuse	[26].		

- Pour	 des	 NPs	 constituées	 de	 PolyBenzyl	 L-Glutamate	 (PBLG)	 fonctionnalisées	 avec	

différents	 groupements	 de	 ciblage	 et	 de	 marquage.	 Il	 a	 été	 montré	 que	 les	 NPs	
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fonctionnalisées	avec	des	anticorps	greffés	sur	une	couronne	de	PEG	n’activaient	pas	le	

système	du	complément	[27].		

- Pour	des	NPs	composées	de	copolymères	PBLG-PEG	de	différentes	morphologies.	L’étude	

de	l’activation	du	complément	a	démontré	que	la	forme	allongée	des	NPs	n’induisait	pas	

un	phénomène	d’activation	de	la	protéine	C3	[28].	

Ces	différentes	études	ont	pu	démontrer	la	versatilité	de	la	méthode	µC-IE	qui	a	été	appliquée	

à	 l’étude	de	différents	nanomatériaux	et	 sa	 capacité	à	donner	des	 résultats	 robustes	 sans	

modification	 de	 protocole.	 Cependant,	 l’une	 des	 limites	 rencontrées	 pour	 une	 utilisation	

répandue	en	routine	de	cette	méthode	est	la	consommation	de	temps	qu’elle	suppose,	avec	

un	durée	d’électrophorèse	de	5	heures	ajoutée	au	temps	de	traitement	et	lecture	du	gel.		

Une	autre	technique	que	nous	avons	ensuite	utilisé	pour	une	évaluation	de	 l’activation	du	

complément	 directement	 automatisable	 est	 la	 résonnance	 plasmonique	 de	 surface	 (SPR),	

dont	le	principe	de	fonctionnement	a	été	rappelé	en	annexe	méthodologique	n°3.	Nous	avons	

développé	 une	 puce	 permettant	 l’étude	 de	 l’activation	 du	 complément	 par	 la	 mesure	

simultanée	de	la	quantité	de	fragment	C3a	libéré	ainsi	que	la	quantité	de	protéine	C3	native	

résiduelle.	 Nous	 avons	 pu,	 par	 cette	 méthode,	 retrouver	 les	 mêmes	 comportements	

d’activation	du	complément	des	NPs	modèles	utilisées	dans	l’étude	par	µC-IE	précédemment	

validée.	 Le	 principal	 avantage	 de	 la	 méthode	 SPR	 est	 sa	 rapidité	 et	 sa	 capacité	 à	 être	

totalement	 automatisée	 ne	 nécessitant	 aucune	 manipulation	 autre	 que	 de	 placer	 les	

échantillons	à	analyser	dans	l’appareil	directement	après	l’étape	d’incubation.		

Le	second	avantage	apporté	par	la	SPR	est	la	possibilité	de	détecter	de	façon	indépendante	

plusieurs	protéines	lors	de	l’analyse	d’un	même	échantillon.	Les	4	canaux	indépendants	de	la	

puce	utilisées	dans	nos	 travaux	rendent	possible	ce	multiplexage.	Dans	ces	 travaux	décrits	

dans	le	chapitre	IV,	les	canaux	de	la	puce	ont	été	utilisés	pour	mesurer	le	signal	non-spécifique	

(2	canaux)	et	pour	mesurer	le	niveau	des	protéines	C3a	et	C3	(2	canaux).	Lors	de	ces	travaux	

de	thèse,	d’autres	études	ont	été	menées	pour	détecter	des	fragments	plus	intimement	liés	à	

l’une	des	voies	d’activation	du	complément.	Des	anticorps	spécifiques	du	fragment	C4d	libéré	

lors	 de	 l’activation	 par	 les	 voies	 classique	 et	 lectine,	 du	 fragment	 Bb	 intervenant	 dans	

l’amplification	de	 la	voie	alterne	ainsi	que	du	complexe	 soluble	 sC5b-9	 formé	dans	 la	voie	

terminale	de	la	cascade	du	complément	ont	été	immobilisés	sur	la	puce	pour	une	détection	

par	SPR	(cf.	Fig.	3).	La	puce	ainsi	constituée	d’anticorps	spécifiques	dirigés	contre	les	fragments	
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C3a,	C4d,	Bb	et	sC5b-9	permet	à	la	fois	une	mesure	globale	de	l’activation	du	complément	par	

la	détection	du	C3a	et	du	complexe	sC5b-9,	mais	aussi	une	identification	de	la	voie	d’activation	

prépondérante	en	mesurant	la	quantité	de	C4d	et	Bb	libérés.	Le	récapitulatif	des	différents	

fragments	identifiés	par	les	méthodes	SPR	et	µC-IE	sont	illustrés	sur	la	figure	3	ci-dessous.	

	

Figure	 3	 :	 identification	 des	 fragments	 de	 la	 cascade	 du	 complément	 détectés	 par	 les	

méthodes	 SPR	 et	 µC-IE	 (adapté	 depuis	 http://www.sinobiological.com/Complement-

Activation-Pathways-a-1511.html).	

Cependant,	 les	 anticorps	 spécifiques	 des	 voies	 d’activation	 utilisés	 n’ont	 pas	 montré	 de	

réponse	assez	spécifique	aux	différents	fragments	ciblés	(C4d,	Bb	et	SC5b-9),	masqués	par	une	

forte	contribution	du	signal	non-spécifique.	Bien	qu’étant	garantis	pour	leur	néo-spécificité	

contre	les	fragments	correspondants,	nous	n’avons	pu	aboutir	à	des	résultats	suffisamment	

convaincants	avec	ces	anticorps.	D’autres	études	menées	sur	des	anticorps	spécifiques	contre	

les	fragments	de	la	cascade	du	complément	ont	également	spécifié	le	manque	de	spécificité	

de	certains	anticorps	néo-spécifiques	[29,30],	qui	sont	pourtant	utilisés	dans	des	kits	ELISA	

commercialisés.	 Ce	 comportement	 face	 au	 signal	 non-spécifique	 rejoint	 d’ailleurs	 celui	
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observé	 lors	de	 l’utilisation	du	kit	ELISA	contre	 le	 fragment	 iC3b,	pour	 la	 comparaison	des	

méthodes	 d’évaluation	 de	 l’activation	 du	 complément	 dans	 le	 chapitre	 IV.	 Les	 résultats	

obtenus	 par	 ce	 kit	 montraient	 eux	 aussi	 un	 signal	 non-spécifique	 trop	 important	 pour	

permettre	une	interprétation	satisfaisante	des	résultats.	Une	optimisation	du	type	d’anticorps	

ou	du	sérum	utilisé	serait	nécessaire	afin	d’aboutir	à	une	puce	permettant	le	diagnostic	du	

niveau	d’activation	du	complément	ainsi	que	du	mécanisme	d’activation	de	façon	simultanée.	

Nos	travaux	sur	 le	développement	de	 la	méthode	SPR	ont	permis	de	développer	une	puce	

évaluant	de	manière	globale	le	phénomène	d’activation	du	complément	produit	par	les	NMs.	

Cela	 s’est	 effectué	 en	 mesurant	 la	 baisse	 de	 la	 quantité	 de	 la	 protéine	 C3	 détectée	 et	

l’apparition	d’un	fragment	issu	de	cette	protéine,	le	C3a.	

La	préparation	de	l’échantillon	dans	l’interaction	NM-protéine	

L’étude	par	SPR	des	conditions	de	préparation	de	l’échantillon	avant	analyse	a	également	levé	

une	interrogation	sur	la	façon	d’étudier	l’activation	du	complément	après	incubation	avec	des	

NPs.	Les	résultats	obtenus	ici	montrent	que	le	retrait	des	NPs	avant	analyse	peut	biaiser	la	

réponse	 finale	 en	 pouvant	 donner	 des	 résultats	 faussement	 négatifs.	 C’est	 l’un	 des	

inconvénients	inhérents	à	l’analyse	de	l’activation	du	complément	s’attachant	à	la	détection	

d’un	fragment	spécifique.	Ici,	la	protéine	C3a	a	démontré	une	forte	affinité	pour	certaines	NPs	

testées.	Le	retrait	de	ces	NPs	s’est	accompagné	du	retrait	du	fragment	C3a,	donnant	ainsi	une	

détection	 biaisée.	 Cette	 perte	 du	 fragment	 C3a	 adsorbé	 sur	 les	 NPs	 lors	 de	 l’étape	 de	

centrifugation	 a	 clairement	 été	 démontrée	 lors	 de	 nos	 travaux.	 L’incubation	 d’un	 sérum	

totalement	activé,	et	 contenant	donc	une	 forte	quantité	de	C3a,	avec	nos	NPs	modèles,	a	

montré	une	déplétion	totale	de	la	quantité	de	C3a	entre	l’analyse	avant	et	après	retrait	des	

NPs.	 Ce	 mode	 d’étude	 visant	 à	 détecter	 spécifiquement	 un	 fragment	 de	 protéine	 est	

typiquement	 retrouvé	 dans	 le	 cas	 de	 la	 méthode	 ELISA.	 Pour	 remédier	 au	 possible	 biais	

inhérent	à	ce	type	de	détection,	il	devient	important	de	réaliser	des	détections	sur	différents	

fragments	pour	valider	 la	cohérence	des	résultats	et	avoir	une	réponse	plus	robuste.	C’est	

cette	démarche	qui	a	été	entreprise	avec	la	mise	au	point	de	la	puce	SPR	multiplexée,	donnant	

la	 possibilité	 de	 doser	 plusieurs	 protéines	 spécifiquement	 lors	 d’un	 même	 passage	

d’échantillon.	L’atout	de	cette	méthode	résidait	également	dans	la	partie	économique	plus	

intéressante	que	l’ELISA.	La	µC-IE	contourne	ce	biais	en	donnant	une	vision	globale	de	l’état	

du	C3	natif	et	de	ses	fragments.	Nous	avons	alors	plus	d’information	et	de	recul	afin	d’anticiper	
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ou	comprendre	un	biais	quelconque.	Ces	résultats	obtenus	en	SPR	soulignent	que	l’analyse	

des	échantillons	directe	sans	étape	de	séparation	préalable	est	la	plus	fiable	dans	le	cas	de	

l’étude	de	 l’activation	du	complément.	La	façon	de	préparer	 les	échantillons	avant	analyse	

conditionne	 le	 résultat	obtenu	pour	ce	genre	d’étude.	Ce	 type	de	biais	 incite	également	à	

réaliser	des	contrôles	supplémentaires	pour	vérifier	l’innocuité	de	la	présence	de	NMs	ou	des	

étapes	de	traitement	de	l’échantillon	sur	la	réponse	finale.	

Lorsque	l’on	reprend	l’exemple	des	tests	ELISA	pour	la	détection	de	fragments	d’activation	du	

complément	 après	 incubation	 avec	 des	 NMs,	 différentes	 façons	 de	 procéder	 sont	

revendiquées.	 Les	 protocoles	 fournisseurs	 de	 kits	 ELISA	 ainsi	 que	 les	 protocoles	 du	 NCL	

utilisant	ces	kits	n’indiquent	pas	d’étape	de	retrait	des	NMs	avant	d’effectuer	le	test	[31,32].	

Cependant,	des	études	décrites	dans	 la	 littérature	proposent	des	protocoles	où	 l’étape	de	

retrait	des	NMs	avant	évaluation	par	ELISA	est	indiquée	[33,34].	Une	standardisation	de	ce	

type	de	protocole	est	encore	nécessaire	aujourd’hui.		

Dans	l’étude	d’autres	interactions	entre	NMs	et	protéines	comme	la	résolution	de	la	protéine	

corona,	 cette	 étape	 de	 séparation	 est	 systématiquement	 appliquée	 sur	 les	 échantillons	

préalablement	 à	 l’analyse	 des	 protéines	 par	 LC-MS.	 Aujourd’hui,	 cette	 séparation	 est	

principalement	réalisée	par	centrifugation/ultracentrifugation,	chromatographie	d’exclusion	

stérique	(SEC)	ou	séparation	magnétique	dans	le	cas	où	la	nature	des	NMs	le	permet.	Avec	ces	

méthodes,	 les	 équilibres	 peuvent	 être	 fortement	 perturbés	 d’un	 côté	 par	 le	 fait	 que	 l’on	

sépare	les	NMs	de	leur	milieu	d’équilibre,	et	d’autre	part	parce	que	les	principes	de	séparation	

utilisés	ont	souvent	un	fort	 impact	mécanique	sur	 la	surface	des	NMs	(centrifugation,	SEC)	

[35,36].	 Ces	 méthodes	 s’accompagnent	 également	 d’une	 consommation	 de	 temps	

considérable.	Des	solutions	moins	perturbantes	et	moins	consommatrices	en	temps	tendent	

à	apparaître	mais	restent	pour	 l’instant	spécifiques	aux	 laboratoires	où	elles	sont	mises	au	

point	 [37,38].	Les	méthodes	développées	dans	 le	cadre	de	cette	 thèse	ont	été	conçues	en	

contournant	délibérément	cette	étape	de	séparation	préalable	des	NMs,	soit	parce	qu’elles	

ne	nécessitaient	pas	cette	étape	de	séparation	avant	analyse	(SPR),	soit	en	 intégrant	cette	

étape	dans	la	méthode	d’analyse	en	elle-même	(µC-IE,	EC).		
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Caractérisation	de	la	surface	réactive	des	nanomédecines	

Un	paramètre	qu’il	 serait	 intéressant	de	déterminer	pour	 la	 caractérisation	de	NMs	est	 le	

recouvrement	de	leur	surface	par	les	chaines	de	polymère	hydrophiles	qui	les	constituent	[39].	

Ce	paramètre	joue	un	rôle	important	dans	la	sélection	des	protéines	qui	s’adsorbent	sur	la	

surface	des	NMs	pour	former	la	protéine	corona,	définissant	l’identité	biologique	de	la	NM.	

Pouvoir	 appréhender	 cette	 propriété	 est	 devenu	 une	 priorité	 pour	 améliorer	 la	

compréhension	des	NMs	quant	à	leur	capacité	à	interagir	de	manière	reproductible	avec	les	

protéines	et	ainsi	garantir	leur	comportement	in	vivo	[39].	Pour	aborder	la	caractérisation	de	

ce	paramètre,	nous	avons	proposé	une	méthode	visant	à	étudier	la	réactivité	de	la	surface	des	

NMs	 vis	 à	 vis	 d’une	 série	 de	 protéines.	 Ces	 dernières	 ont	 été	 utilisées	 comme	 outils	

moléculaires	pour	sonder	l’accessibilité	de	la	surface	des	NMs.		

En	effet,	la	plupart	des	NMs	développées	actuellement	sont	destinées	à	l’administration	par	

voie	intraveineuse	et	sont	conçues	sur	un	modèle	de	structure	cœur-couronne.	Le	greffage	de	

macromolécules	hydrophiles	(PEG,	polysaccharides)	sur	le	cœur	de	la	NM	est	la	stratégie	la	

plus	 répandue	 afin	 de	 conférer	 la	 propriété	 de	 furtivité	 au	nanomatériau.	 Cette	 approche	

permet	de	réduire	l’accessibilité	aux	protéines	plasmatiques	et	notamment	aux	opsonines	qui	

déclenchent	la	réponse	immunitaire.	Des	études	ont	prouvé	l’efficacité	de	ces	revêtements	

[40,41].	 Ce	 greffage	 n’empêche	 pas	 totalement	 le	 phénomène	 d’adsorption	mais	 pourrait	

avoir	 un	 rôle	 dans	 la	 sélection	 des	 protéines	 pouvant	 s’adsorber.	 Des	 travaux	 récents	

suggèrent	que	l’architecture	moléculaire	de	cette	couronne	de	polymère	joue	un	rôle	dans	la	

réactivité	de	cette	surface	vis	à	vis	des	protéines	[24,41-43].	Dans	la	pratique,	cette	couverture	

polymère	ainsi	que	sa	conformation	ne	sont	que	très	peu	caractérisées	faute	de	méthodes	

adaptées.		

Le	principe	de	la	méthode	que	nous	avons	développé	repose	sur	l’étude	de	l’adsorption	d’une	

série	de	protéines	de	masse	molaire	différentes,	dont	les	propriétés	conformationnelles	sont	

parfaitement	définies.	Cette	méthode	s’appuie	sur	un	protocole	en	deux	temps	comprenant	

une	incubation	des	NPs	avec	chaque	protéine	dans	des	conditions	contrôlées,	puis	une	analyse	

de	 la	 quantité	 de	 protéines	 adsorbée	 ne	 nécessitant	 aucun	 traitement	 préalable	 de	

l’échantillon,	 s’affranchissant	des	biais	discutés	précédemment.	Pour	 réaliser	 ces	analyses,	

nous	 avons	 développé	 des	méthodes	 basées	 sur	 l’utilisation	 de	 l’électrophorèse	 capillaire	

(EC),	une	technique	d’analyse	de	plus	en	plus	souvent	utilisée	dans	des	études	de	l’interaction	
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NP-protéines	 [44-46].	 La	méthode	 repose	 sur	 l’hypothèse	que	 la	 couronne	 formée	par	 les	

chaines	de	polymères	hydrophiles	à	la	surface	des	NPs	constitue	un	système	de	sélection	des	

protéines	adsorbées,	basé	principalement	sur	un	effet	d’exclusion	stérique.	Cette	hypothèse	

s’appuie	sur	les	résultats	de	travaux	antérieurs	qui	ont	montré	que	l’activation	du	système	du	

complément	par	des	NPs	recouvertes	d’une	brosse	épaisse	de	polymère	hydrophile	dépendait	

de	la	probabilité	d’insertion	de	la	protéine	C3	dans	cette	brosse	[47].	

La	 méthode	 proposée	 dans	 le	 chapitre	 V	 a	 permis	 d’étudier	 de	 façon	 systématique	

l’adsorption	de	protéines	de	masses	molaires	différentes	sur	une	nanoparticule	donnée.	Cela	

permet	 de	 dégager	 la	 capacité	 d’une	 NP	 à	 empêcher	 l’adsorption	 de	 certaines	 protéines	

relativement	à	leurs	dimensions,	donnant	des	informations	sur	l’efficacité	de	sa	couverture	

polymère	en	surface.	Les	résultats	montrent	que	le	comportement	d’adsorption	des	protéines	

ne	 varie	 pas	 de	 façon	 linéaire	 avec	 la	 masse	 molaire	 des	 différentes	 protéines	 testées,	

indiquant	un	phénomène	plus	complexe	que	la	seule	notion	d’«	effet	bouclier	»	des	chaines	

greffées	en	surface.	Néanmoins,	un	effet	excluant	de	certaines	NPs	pour	des	protéines	de	

haute	 masse	 molaire	 a	 pu	 être	 mis	 en	 évidence.	 Des	 réponses	 différentes	 en	 termes	 de	

comportement	d’adsorption	ont	en	effet	pu	être	corrélés	aux	différents	niveaux	de	couverture	

de	 la	surface	des	NPs	utilisées	comme	modèles	de	travail.	Les	méthodes	d’EC	développées	

dans	le	cadre	de	ces	travaux	permettent	l’analyse	de	l’adsorption	de	tous	types	de	protéines,	

en	utilisant	les	conditions	adaptées	au	point	isoélectrique	de	la	protéine	étudiée.	Dans	cette	

étude,	une	sélection	de	protéine	a	été	faite	sur	des	critères	de	disponibilités	à	grande	échelle	

en	vue	d’une	utilisation	pour	l’évaluation	en	routine	de	la	réactivité	de	la	surface	des	NMs.	La	

démarche	 établie	 propose	 une	 méthode	 simple	 à	 implémenter	 pour	 une	 application	

systématique	à	la	caractérisation	de	la	surface	des	NMs.	

Démarche	des	méthodes	développées	

Dans	nos	études,	la	taille	des	NPs	utilisées	(diamètre	hydrodynamique	(DH)	>	100	nm)	est	bien	

supérieure	à	celle	des	protéines	testées	(DH	<	15	nm).	Il	est	important	de	remarquer	ce	point	

qui	n’est	que	très	peu	commenté	dans	la	littérature	tandis	que	les	interactions	NMs-protéines	

relèvent	 de	 régimes	 totalement	 différents	 selon	 l’échelle	 de	 taille	 considérée.	 D’autres	

observations	pourraient	être	rapportées	avec	des	NPs	dont	la	taille	serait	du	même	ordre	de	

grandeur	que	les	protéines.	Les	NPs	modèles	qui	ont	été	utilisées	pour	le	développement	de	

nos	méthodes	 sont	 de	même	 nature	 chimique	 avec	 différentes	 configurations	 de	 surface	
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(brosse,	boucle)	et	densités	de	greffage.	La	diversité	des	caractéristiques	présentées	par	ces	

NPs	nous	a	permis	d’identifier	les	paramètres	critiques	influençant	les	différentes	propriétés	

mesurées	(activation	du	complément,	accessibilité	des	protéines).	Les	méthodes	développées	

nous	 ont	 permis	 d’approfondir	 cette	 connaissance	 des	 NPs	 du	 point	 de	 vue	 de	 leurs	

interactions	avec	les	protéines	de	par	la	compréhension	de	phénomènes	spécifiques.	Cela	a	

notamment	été	démontré	lors	d’étude	de	mécanisme	d’activation	du	complément	réalisé	par	

µC-IE	 ou	 l’étude	 d’adsorption	 de	 protéines	 de	 différents	 poids	 moléculaires	 par	 EC.	 Ces	

méthodes	ont	également	permis	de	contrôler	plus	précisément	nos	différentes	synthèses	de	

NPs	en	ajoutant	aux	paramètres	actuellement	contrôlés	(taille,	potentiel	zêta,	concentration),	

des	paramètres	 relevant	de	 leurs	 interactions	avec	 les	 systèmes	biologiques	 (activation	du	

complément	 (C3A50),	 propriétés	 d’adsorption	 de	 protéines	 données).	 Elles	 permettent	 de	

détecter	des	différences	au	niveau	de	l’architecture	moléculaire	des	chaines	hydrophiles	de	la	

couronne.	Cela	constitue	une	avancée	dans	la	démarche	adoptée	dans	le	cadre	de	cette	thèse,	

qui	était	d’apporter	des	solutions	pour	améliorer	le	contrôle	qualité	de	lots	de	NMs	et	garantir	

une	meilleure	reproductibilité	de	leur	action	in	vivo.	Cette	démarche	est	imagée	dans	la	figure	

4	ci-dessous.	

	

Figure	 4:	 Démarche	 de	 contrôle	 qualité	 amélioré	 des	 nanomédecines.	 Exemples	 de	

paramètres	déterminés.	
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En	reprenant	la	problématique	posée	initialement	sur	les	niveaux	de	caractérisation	des	NMs,	

ce	contrôle	qualité	amélioré	intègre	de	nouveaux	paramètres	physico-chimiques	initiaux	de	la	

NM	(xi),	comme	la	couverture	des	chaines	de	polymères	recouvrant	la	NM	ou	la	cartographie	

des	ligands	de	ciblage	greffés	sur	ces	chaines.	Cette	démarche	propose	également	d’intégrer	

des	éléments	de	l’identité	biologique	(yi)	dans	le	contrôle	qualité,	afin	de	garantir	directement	

la	reproductibilité	de	certaines	interactions	avec	les	cascades	biochimiques	ou	le	changement	

des	 paramètres	 de	 taille	 et	 de	 potentiel	 zêta	 dans	 ces	 milieux.	 De	 plus,	 en	 développant	

l’analyse	de	nouveaux	paramètres	de	l’identité	initiale	des	NMs,	ces	derniers	pourront	être	

ajoutés	 aux	 propriétés	 intrinsèques	 de	 ces	NMs	 (xi),	 offrant	 une	 identité	 synthétique	 plus	

détaillée	des	NMs	et	améliorant	ainsi	la	compréhension	et	la	modélisation	de	leurs	effets	sur	

l’identité	biologique	(yi).	

Vision	personnelle	et	perspectives		

Les	méthodes	développées	dans	le	cadre	de	cette	thèse	apportent	des	outils	pour	un	meilleur	

contrôle	et	une	meilleure	compréhension	des	phénomènes	intervenant	après	l’administration	

par	voie	intraveineuse	de	NMs.	C’est	un	des	leviers	qui	peut	mener	aux	prochaines	grandes	

avancées	dans	le	domaine	de	la	Nanomédecine,	vers	un	meilleur	contrôle	de	l’activité	et	la	

sécurité	 de	 ces	 nanovecteurs.	 Compte	 tenu	des	 difficultés	 actuelles	 rencontrées	 pour	 une	

viabilité	 des	 NMs	 crées,	 de	 nouvelles	 stratégies	 émergent	 pour	 contourner	 ou	 mieux	

appréhender	ces	obstacles.	La	fin	de	cette	discussion	rend	compte	de	stratégies	qui	pourraient	

être	intéressantes	de	suivre	pour	surpasser	les	difficultés	rencontrées	actuellement.	

Comme	 indiqué	 au	 début	 de	 cette	 discussion,	 une	 première	 partie	 importante	 consiste	 à	

comprendre	 la	 connexion	 entre	 propriétés	 synthétiques	 de	 la	NM	et	 interactions	 avec	 les	

éléments	biologiques	qui	lui	confèreront	son	identité	biologique.	Dans	cette	optique,	l’idée	

du	recrutement	contrôlé	de	protéines	spécifiques	dans	la	protéine	corona	est	aujourd’hui	une	

stratégie	 qui	 commence	 à	 émerger	 [48,49].	 Différentes	 protéines	 sont	 déjà	 connues	 pour	

avoir	des	effets	sur	le	comportement	des	nanovecteurs	dans	l’organisme	:		la	clusterine	(ou	

apolipoprotéine	J)	a	été	identifiée	comme	un	acteur	principal	de	la	furtivité	des	NMs	[50,51],	

la	 transferrine	 dont	 les	 récepteurs	 sont	 surexprimés	 sur	 les	 cellules	 tumorales	 [52,53],	 ou	

encore	l’apolipoprotéine	E	qui	permet	de	franchir	la	barrière	hématoencéphalique	et	cibler	le	

système	nerveux	central	[54-56].	Alors	que	des	tentatives	de	greffage	de	protéines	spécifiques	

avant	administration	ont	été	réalisées,	elles	sont	le	plus	souvent	altérées	par	l’adsorption	de	
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protéines	 endogènes	 recouvrant	 les	 protéines	 greffées	 et	 altérant	 ainsi	 les	 capacités	 de	

ciblage	espérées	[57,58].	La	prochaine	étape	est	de	synthétiser	des	NMs	avec	des	propriétés	

surfaciques	qui	favorisent	le	recrutement	de	certaines	protéines	endogènes	[59].	Par	exemple,	

des	 lipoplexes	 ont	 montré	 un	 enrichissement	 de	 leur	 protéine	 corona	 en	 vitronectine,	

protéine	dont	les	récepteurs	sont	surexprimés	sur	les	cellules	cancéreuses.	Ces	vecteurs	ont	

montré	 un	 ciblage	 accru	 pour	 ces	 cellules	 en	 présence	 de	 leur	 protéine	 corona	 [60].	 Plus	

récemment,	Sobot	et	al.	ont	démontré	le	recrutement	de	lipoprotéines	endogènes	par	des	

nanoparticules	 de	 squalène	 couplées	 à	 la	 gemcitabine,	 promouvant	 le	 ciblage	des	 cellules	

cancéreuses	[61].	La	partie	la	plus	complexe	est	de	concevoir	la	NM	avec	les	propriétés	qui	

favoriseront	l’adsorption	de	la	protéine	souhaitée	avec	l’effet	escompté.	Ce	phénomène	de	

ciblage	par	la	protéine	corona	est	cependant	encore	loin	d’être	une	stratégie	courante,	étant	

fortement	limité	par	la	compréhension	des	phénomènes	le	gouvernant.	Une	illustration	de	ce	

fait	est	la	démonstration	de	l’effet	bénéfique	de	la	protéine	corona	qui	améliore	la	capture	

par	les	cellules	cancéreuses	d’une	nanomédecine	actuellement	sur	le	marché	(Onyvide®),	sans	

que	l’on	sache	quelle	propriété	intrinsèque	de	la	NM	ni	quelle	protéine	de	la	corona	induisent	

cet	effet	[62].		

Il	existe	d’autres	stratégies	actuellement	développées	pour	améliorer	l’efficacité	des	NMs	en	

contournant	les	limitations	liées	à	la	caractérisation	et	à	la	compréhension	des	interactions	de	

NMs	 synthétiques	 dans	 les	milieux	 biologiques.	 L’une	 d’entre	 elle	 consiste	 en	 l’utilisation	

d’éléments	biomimétiques	en	guise	de	nanovecteurs	[63].	Etant	déjà	connus	par	les	systèmes	

biologiques,	 ces	 éléments	 ne	 posent	 à	 priori	 pas	 de	 problèmes	 de	 toxicité	 ou	 de	

biocompatibilité	et	leur	comportement	in	vivo	est	déjà	connu	de	par	leur	fonctionnement	dans	

l’organisme.	 On	 lève	 alors	 deux	 principaux	 obstacles	 qui	 barrent	 pour	 l’instant	 le	

développement	des	NMs	de	synthèse	:	la	toxicité	et	la	compréhension	de	leur	devenir	in	vivo.	

Le	tout	est	de	pouvoir	utiliser	un	élément	biologique	qui	corresponde	à	la	fonction	visée	pour	

la	 problématique	 étudiée.	 Plusieurs	 exemples	 existent	 comme	 la	 fabrication	 des	

«	leukosomes	»,	qui	sont	des	liposomes	incluant	dans	leur	bicouche	lipidique	des	protéines	

membranaires	retrouvées	dans	les	membranes	des	leucocytes.	Ces	vecteurs,	non	reconnus	

par	le	système	immunitaire,	ont	la	capacité	de	cibler	les	tissus	enflammés	[64].	D’autres	NPs	

utilisant	la	membrane	d’érythrocytes	ont	récemment	été	développées	montrant	un	ciblage	

accru	de	cellules	tumorales	[65].	Enfin,	dans	le	même	ordre	d’idée,	une	stratégie	de	cheval	de	
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Troie	utilisant	 la	membrane	de	plaquettes	activées	a	été	décrite.	Des	NPs	de	silice	ont	été	

recouvertes	par	cette	membrane	de	plaquette	conjuguée	à	des	cytokines	capables	de	tuer	les	

cellules	tumorales	circulantes	dans	la	circulation	sanguine	[66].		

Toutes	ces	pistes	développant	de	nouvelles	stratégies	de	nanovecteurs	prenant	en	compte	les	

obstacles	 rencontrés	 in	 vivo	 sont	 très	 excitantes	 dans	 l’optique	 d’une	 amélioration	

significative	de	l’efficacité	et	de	la	sécurité	des	traitements	par	les	nanomédecines.	Elles	sont	

la	 preuve	 d’un	 enthousiasme	 et	 d’une	 évolution	 dans	 la	 pensée	 et	 la	 conception	 des	

nanosystèmes	 depuis	 le	 concept	 de	 «	 magic	 bullet	 »	 [67].	 La	 problématique	 de	 leur	

caractérisation	 restera	cependant	un	souci	majeur	pour	garantir	 la	 reproductibilité	de	 leur	

comportement	in	vivo	pour	une	utilisation	clinique.	
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Summary	of	the	General	discussion	

Numerous	 efforts	 are	 being	made	 for	 a	 better	 characterization	 and	 understanding	 of	 the	

relations	 between	 synthetic	 identity,	 biological	 identity	 and	 physiological	 outcomes	 of	

nanomedicines	(NMs)	(cf.	Figures	1	and	2).	In	this	thesis,	we	focused	on	the	development	of	

methods	for	a	better	control	of	synthetic	nanomaterials	and	of	their	interactions	with	blood	

proteins.		

First,	we	could	identify	through	a	bibliographic	study	of	current	NMs	characterization	a	lack	of	

precision	of	current	methods	used	to	control	nanomaterials	(cf.	Chapter	I).	When	compared	

to	 the	 sharpness	of	biological	 systems,	 current	properties	of	NMs	characterized	on	a	daily	

basis	 are	 not	 fine	 enough	 to	 ensure	 a	 reproducibility	 of	 interactions	 with	 biological	

components.	We	 thus	 developed	methods	 to	 improve	 this	 characterization	 following	 two	

main	orientations:		methods	for	the	study	of	complement	activation	triggered	by	NMs	and	a	

method	to	characterize	the	surface	coverage	of	NMs	using	proteins.	

The	complement	system	is	known	to	be	of	importance	for	NMs	safety	and	efficacy,	as	it	can	

completely	modify	the	biodistribution	and	the	stealthiness	of	the	NM.	However,	 today	the	

tendency	of	a	NM	batch	to	activate	the	complement	system	is	not	assessed	on	a	daily	basis,	

due	to	the	complexity	of	existing	method	or	the	cost	associated	to	these	methods.		

We	 thus	 developed	methods	 that	 could	make	 easier	 the	 routine	 analysis	 of	 complement	

activation	 by	 NMs.	 A	 known	 method	 of	 bidimensional	 immunoelectrophoresis	 has	 been	

totally	renovated	for	a	use	at	a	higher	throughput	and	requiring	less	manipulations.		A	system	

of	 serial	migration	 of	 samples	 in	 both	 first	 and	 second	dimensions	 of	 electrophoresis	was	

optimized:	 the	 MultiCrossed-immunoelectrophoresis	 (µC-IE)	 (cf.	 Chapter	 II).	 The	 novel	

method	allows	for	the	analysis	of	up	to	35	samples	in	6	hours.	It	opens	new	possibilities	of	

characterization	such	as	the	determination	of	the	amount	of	NMs	necessary	to	cleave	50%	of	

the	native	C3	protein	(C3A50)	or	for	deeper	studies	to	elucidate	which	pathways	are	involved	

in	complement	activation	(cf.	Chapter	III).		This	method	has	also	been	used	in	collaborative	

studies	applied	to	different	kind	of	nanosystems	(cf.	refs	[25-28]).	
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Then,	the	potential	of	surface	plasmon	resonance	(SPR)	has	been	explored	for	an	automated	

and	multiplexed	assessment	of	complement	activation	by	NMs.	The	possibility	to	investigate	

the	level	of	different	complement	fragments	at	the	same	time	has	been	explored	(cf.	Figure	

3).	This	would	be	a	possibility	of	choice	when	controlling	complement	activation	and	resolving	

the	complement	pathway	at	the	same	time.	Non-specific	binding	interactions	hampered	the	

development	 of	 this	 ideal	 chip.	 However,	 consistent	 results	 with	 those	 found	 with	 the	

previously	mentioned	µC-IE	method	were	 found	when	working	 on	C3	 and	C3a	 fragments.			

Moreover,	 a	 possible	 bias	 on	 the	 evaluation	 of	 complement	 activation	 related	 to	 sample	

preparation	 (here,	 centrifugation	and	NM	 removal)	 has	been	demonstrated	 from	analyses	

performed	with	the	SPR	method	(cf.	Chapter	IV).	

Finally,	 a	 method	 assessing	 the	 level	 of	 surface	 coverage	 provided	 by	 polymer	 chains	

composing	NMs’	shell	was	developed.	This	method,	using	capillary	electrophoresis	(CE),	used	

selected	proteins	as	molecular	tools	to	probe	the	surface	of	nanomaterials.		The	capacity	of	a	

NM	to	repel	proteins	has	thus	been	explored	through	the	determination	of	the	amount	of	

adsorbed	 proteins.	 The	method	was	 challenged	with	 five	 polymer	 nanoparticles	 (NPs)	 for	

which	the	surface	coverage	characteristics	were	already	known.	The	method	could	distinguish	

two	kinds	of	surface	coverage	among	our	model	NPs.	Those	bearing	dense	brushes	on	their	

surface	were	able	 to	repel	more	efficiently	proteins	of	 larger	size,	while	NPs	with	 loops	or	

loose	 grafting	were	more	 accessible	 to	proteins.	 This	 CE	method	offers	 the	 advantages	 to	

realise	an	 in	 situ	 separation	between	NMs	and	proteins,	without	 the	need	 for	preliminary	

sample	 treatment	 prior	 to	 anlaysis.	 This	method	 that	 uses	 standardized	 conditions	 is	 also	

applicable	on	a	routine	basis	and	can	be	automated.	

The	methods	developed	in	this	thesis	could	be	used	to	control	the	quality	of	our	differents	

NPs	batches,	added	to	conventional	determination	of	size	and	zeta	potential.	The	introduction	

of	the	control	of	their	interaction	with	biological	elements	could	be	an	approach	to	expand	in	

routine	quality	control	of	NMs	clinical	batches	(cf.	Figure	4).	In	parallel,	a	more	systematic	and	

precise	characterization	of	such	interactions	will	increase	our	knowledge	about	NPs	and	their	

interactions	with	proteins.	These	new	information	are	certainly	helpful	for	the	development	

of	better	predictive	models.	

As	it	tends	to	emerge	from	the	world	of	Nanomedicine,	I	think	that	next	step	for	NMs	success	

in	real	life	is	possible	at	the	expense	of	an	improved	comprehension	of	phenomenon	occurring	
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after	 administration.	 The	 black	 box	 of	what	 is	 happening	 in	 vivo	 needs	 to	 be	 rip	 opened,	

notably	through	the	development	of	a	better	characterization	of	NMs.			

In	 parallel,	 new	 approaches	 that	 take	 into	 account	 these	 difficulties	 directly	 into	 the	

conception	 of	 the	 NMs	 are	 developed.	 The	 rational	 design	 of	 nanocarrier	 able	 to	 recruit	

specific	endogen	proteins	in	their	protein	corona	are	emerging.	As	the	role	of	some	protein	

have	been	evidenced	to	influence	the	biodistribution	(Apo-E	to	the	brain,	transferrin	to	tumor	

cells),	 some	 systems	 able	 to	 enrich	 their	 protein	 corona	 in	 such	 proteins	 were	 designed	

[60,61].	Also,	the	use	of	biomimetic	vectors	is	under	development.	Nanocarriers	made	of	lipids	

bilayers	 containing	 leucocyte	 transmembrane	 proteins	were	 developed	 (leukosomes	 [64]),	

others	were	covered	of	erythrocytes	or	platelets	membranes	to	act	as	Trojan	horses	[65,66].		

All	 these	 strategies	 trying	 to	 deal	with	 natural	 obstacles	 found	 in	 vivo	 are	 the	 proof	 of	 a	

constant	evolution	and	questioning	of	nanomedicine	field.	They	are	exciting	in	the	perspective	

of	future	nanomedicine	achievements.	The	matter	of	their	characterization	will	nonetheless	

remain	a	major	concern	for	their	safety	and	efficacy	reproducibility.
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The	characterization	of	nanomedicines	(NMs)	has	been	pointed	out	as	one	of	the	main	barrier	

for	a	higher	success	of	their	clinical	translation.	While	discrete	changes	of	NMs	properties	are	

accurately	detected	by	biological	 systems,	current	characterization	methods	are	much	 less	

precise	 and	 these	 slight	 modifications	 are	 often	 unperceived.	 For	 NMs	 destined	 to	 an	

intravenous	injection,	it	is	known	that	the	contact	with	blood	proteins	will	dictate	their	in	vivo	

behavior.	On	one	hand,	the	raw	comprehension	of	the	becoming	of	the	nanomedicine	in	vivo	

has	to	be	improved,	starting	from	a	better	knowledge	of	its	pristine	properties.	On	the	other	

hand,	 today’s	 methods	 used	 for	 the	 daily	 characterization	 of	 NMs	 to	 ensure	 batches	

reproducibility	 are	 poorly	 sensitive.	 Current	 controlled	 properties	 prior	 to	 clinical	 use	 are	

largely	 insufficient,	 but	 awaited	 improvements	 are	 pending	 to	 the	 introduction	 of	 new	

methods	providing	sharper	information	about	the	NM.	The	aim	of	the	thesis	was	to	develop	

methods	that	could	help	filling	this	gap	and	provide	methods	allowing	a	more	precise	routine	

characterization	of	nanomedicines.		

First,	the	interactions	of	NMs	with	proteins	of	the	complement	system	were	studied	in	this	

work.	 An	 immunoelectrophoresis	 method	 was	 renovated	 to	 improve	 the	 throughput	 and	

accessibility	of	this	method.	The	new	method	considerably	increased	the	number	of	samples	

to	be	analyzed	while	reducing	the	manipulation	complexity	and	time.	The	method	was	also	

validated	for	 its	robustness	and	precision.	These	 improvements	allowed	for	new	studies	of	

complement	 activation	 by	 nanoparticles,	 notably	with	 the	 creation	 of	 the	 C3A50	 indicator	

which	reflects	the	capacity	of	a	NM	to	trigger	the	complement	cascade.	Another	study	was	

done	to	explore	the	mechanistic	pathways	triggered	regarding	the	molecular	architecture	of	

tested	nanoparticles.	This	study	showed	that	this	parameter	was	of	paramount	importance,	

governing	 the	 interactions	 between	 complement	 proteins	 and	 nanoparticle’s	 surface.	 This	

method	was	also	used	in	collaborative	studies	to	assess	the	complement	activation	behavior	

of	various	nanosystems.		

Then,	 surface	 plasmon	 resonance	 (SPR)	 was	 employed	 to	 study	 the	 complement	 system	

activation	by	NMs.	This	 technique	was	selected	 for	 its	capacity	 to	automatize	analysis	and	

allow	 for	 a	 straightforward	 detection	 of	 complement	 fragments.	 Conditions	 of	 flow,	

antibodies’	 immobilization	 on	 the	 chip,	 regenerations	 steps	 and	 sample	 preparation	were	

optimized	to	give	quality	results.	The	non-specific	binding,	which	is	SPR	Achill’s	heel,	has	been	

mastered	in	our	study.	The	complement	activation	behaviors	of	model	nanoparticles	found	
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with	 the	developed	 chip	were	 consistent	with	 those	defined	by	 the	previously	mentioned	

immunoelectrophoresis	 method.	 This	 method	 proved	 to	 be	 reproducible	 and	 become	 a	

possible	tool	for	an	automated	assessment	of	complement	activation	in	routine.	The	potential	

for	 further	multiplexing	 of	 detected	 fragments	 shows	 high	 promises	 for	 the	 simultaneous	

detection	of	up	to	four	complement	fragments	at	the	same	time.	Finally,	this	method	allowed	

to	detect	a	bias	 in	 sample	preparation	when	nanoparticles	were	 removed	before	analysis,	

alerting	from	the	necessity	to	check	every	procedure	step	when	dealing	with	NMs	and	protein	

detection.	

Finally,	a	novel	approach	for	probing	the	NM	surface	architecture	was	developed.	A	capillary	

electrophoresis	 method	 allowed	 to	 study	 separately	 the	 adsorption	 of	 nine	 proteins	 on	

different	model	nanoparticles.	These	proteins,	used	as	molecular	probes	were	well	defined	in	

terms	of	size	and	spatial	structure.	This	work	showed	that	such	a	surface	screening	could	allow	

for	a	discrimination	in	the	NM	surface	coverage	by	assessing	the	efficacy	of	the	hydrophilic	

chain	grafted	on	its	surface.	This	parameter	is	of	 importance	since	it	 is	now	appearing	that	

polymer	 shell	 around	 NP	 core	 has	 the	 role	 to	 select	 the	 adsorption	 of	 proteins	 in	 the	

bloodstream	rather	than	fully	block	protein	adsorption.	This	capillary	electrophoresis	method	

allowed	to	class	our	model	nanoparticles	for	their	adsorption	behavior.	Results	confirmed	that	

dense	brushes	grafting	were	better	for	prevent	adsorption	of	high	molecular	weight	proteins.	

Besides,	 these	 results	 were	 further	 compared	 with	 complement	 activation	 behaviors	 and	

showed	that	previously	made	hypotheses	could	be	supported	by	this	study.	The	accessibility	

and	 automatable	 character	 of	 the	 capillary	 electrophoresis	 put	 this	method	 as	 a	 possible	

candidate	for	the	screening	of	NM	surface	coverage	properties.	

The	 approach	 followed	 in	 this	 thesis	 brings	 an	 opening	 for	 a	 sharper	 characterization	 of	

nanomedicines	 regarding	 their	 interactions	 with	 blood	 proteins.	 The	 wish	 of	 improved	

throughput	and	methods	accessibility	was	a	primordial	criterion	in	our	method	development.	

The	interests	of	the	developed	method	not	only	lie	in	the	new	knowledge	they	bring	about	

NM	properties	and	interactions	with	blood	proteins,	but	also	in	their	possibility	to	be	included	

in	a	procedure	of	quality	control	to	ensure	a	better	reproducibility	of	NMs’	safety	and	efficacy	

between	different	batches.
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Annexe	1	:	Principe	de	l’immunoélectrophorèse	bidimensionnelle	

L’immunoélectrophorèse	 bidimensionnelle	 (ou	 immunoélectrophorèse	 croisée)	 est	 une	

méthode	 combinant	 les	 principes	 de	 l’électrophorèse	 simple	 et	 de	 la	 méthode	

d’immunoélectrophorèse	de	Laurell	[1].	Cette	méthode	permet	une	analyse	semi	quantitative	

d’antigènes	d’intérêt	dans	un	mélange	complexe.		

Comme	son	nom	l’indique,	cette	méthode	s’effectue	en	deux	étapes.	Elle	consiste	à	séparer	

dans	un	premier	temps	dans	un	gel	d’agarose	des	protéines	selon	leur	poids	moléculaire	et	

leur	densité	de	charge	(cf	Fig.	1A).	La	majorité	des	protéines	étant	chargées	négativement	au	

pH	 d’électrophorèse	 (pH	 :	 7-8),	 la	 séparation	 s’effectue	 généralement	 selon	 le	 poids	

moléculaire,	laissant	les	protéines	les	plus	petites	migrer	plus	rapidement	que	les	protéines	

de	haut	poids	moléculaire.	

Dans	un	second	temps,	ces	protéines	vont	migrer	dans	un	second	gel	d’agarose	contenant	un	

anticorps	spécifique	dirigé	contre	la	ou	les	protéine(s)	d’intérêt	(cf.	Fig.	1B).	Cela	va	aboutir	à	

la	formation	de	complexes	antigènes-anticorps	et	à	l’apparition	de	fusées	de	précipitation.		La	

hauteur,	 et	 donc	 l’aire,	 de	 ces	 fusées,	 sont	 proportionnelles	 à	 la	 quantité	 d’antigène	

initialement	présent	dans	l’échantillon.		

	
Figure	1:	Principe	de	 l’immunoélectrophorèse	bidimensionnelle.	A:	principe	de	 la	première	

dimension	 séparant	 les	 protéines	 selon	 leur	 MW	 et	 charge,	 B:	 principe	 de	 la	 seconde	

dimension	où	les	protéines	spécifiques	sont	précipités	par	l’anticorps	incorporé	dans	le	gel	en	

formant	des	complexes	antigènes-Anticorps.	

Cette	méthode	est	adaptée	à	la	détection	de	protéines	d’intérêt	dans	des	mélanges	complexes	

grâce	à	la	sélectivité	apportée	par	la	présence	d’anticorps	spécifiques	dans	le	gel	de	seconde	

dimension.	Dans	le	cas	de	notre	méthode	pour	la	détection	de	protéines	du	complément,	le	

gel	 de	 seconde	dimension	 contient	 un	 anticorps	 polyclonal	 dirigé	 contre	 la	 protéine	C3.	 Il	

reconnaît	donc	la	protéine	C3	native	ainsi	que	ses	fragments	de	haut	poids	moléculaires	(C3b,	

C3c)	(cf.Fig.	2).		
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Figure	2:	Exemple	d’électrophorégramme	obtenu	

dans	le	cas	de	la	détection	de	la	protéine	C3.	

[1]	Laurell,	C.	B.,	Anal.	Biochem.	1965,	10,	358–361.	
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Annexe	2	:	Principe	de	l’électrophorèse	capillaire	

L’électrophorèse	 capillaire	 (EC)	 est	 une	 technique	 permettant	 la	 séparation	 d’entités	 sous	

l’effet	 d’un	 champ	 électrique	 selon	 leur	 mobilités	 respectives.	 Cette	 méthode	 reprend	 le	

principe	de	 l’électrophorèse	 traditionnelle	en	 remplaçant	 le	 support	gel	par	un	électrolyte	

dans	un	tube	capillaire.	La	détection	des	analytes	s’effectue	peu	avant	la	sortie	de	capillaire,	

le	plus	souvent	par	UV	ou	fluorescence.	L’EC	permet	entre	autres	de	réduire	la	consommation	

des	échantillons	et	réactifs,	réduire	le	temps	d’analyse,	améliorer	la	résolution	de	séparation	

et	faciliter	la	manipulation	par	rapport	à	l’électrophorèse	sur	gel.		

La	 migration	 des	 entités	 introduites	 dans	 l’EC	 est	 soumise	 à	 deux	 phénomènes	 :	

l’électroosmose	et	l’électromigration.	

L’électroosmose,	 caractérisée	 par	 le	 flux	 électroosmotique	 (FEO),	 correspond	 à	 la	 force	

d’entrainement	créée	par	l’écoulement	de	l’électrolyte	dans	le	capillaire.	Ce	FEO	est	dû	à	la	

présence	de	charges	à	la	surface	du	capillaire	(charges	négatives	dans	le	cas	du	capillaire	de	

silice)	 qui	 entraine	 la	 formation	 d’une	 double-couche	 de	 contre	 ions	 (ici	 cations)	 de	

l’électrolyte	proche	de	cette	surface.	Lors	de	l’application	du	champ	électrique,	les	cations	de	

la	couche	diffuse	vont	migrer	vers	la	cathode,	ce	qui	va	entrainer	un	mouvement	de	tous	les	

composés	présents	dans	le	capillaire	vers	ce	pôle,	c’est	l’électroosmose.	Ce	phénomène	est	

d’intensité	égale	pour	tous	les	composés	se	trouvant	dans	le	capillaire,	qui	vont	donc	avoir	

une	certaine	valeur	de	mobilité	électroosmotique	(µEO).		

Le	 deuxième	 phénomène	 régissant	 la	 migration	 des	 entités	 dans	 le	 capillaire	 est	

l’électromigration.	 Cette	 composante	 résulte	 du	 déplacement	 d’une	 espèce	 chargée	 sous	

l’application	d’un	champ	électrique.	C’est	l’équivalent	du	phénomène	de	migration	d’espèces	

chargées	utilisé	en	électrophorèse	classique.	L’électromigration	est	fonction	de	la	charge	et	

du	 rayon	 hydrodynamique	 propres	 à	 chaque	 entité,	 qui	 définissent	 sa	 valeur	 de	mobilité	

électrophorétique	(µEP).	

En	électrophorèse	capillaire	de	zone	 (ECZ),	mode	utilisé	dans	ces	 travaux,	 la	migration	des	

entités	s’effectue	selon	leur	rapport	charge/rayon	hydrodynamique	dans	un	électrolyte	de	pH	

et	 force	 ionique	 constants.	 La	migration	 s’effectue	 selon	 la	 combinaison	 des	 phénomènes	

d’électroosmose	et	d’électromigration.	Chaque	entité	est	caractérisée	par	ce	que	l’on	appelle	

une	mobilité	apparente	(µapp),	avec	µapp	=	µEO	+	µEP.	Le	principe	général	de	la	migration	

par	ECZ	est	illustré	sur	la	figure	1	en	page	suivante.	
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Figure	1:	Principe	de	la	migration	d’entités	chargées	par	ECZ.	Cas	d’un	capillaire	de	silice	(FEO	:	

Flux	électroosmotique	;	µEP	:	mobilité	électrophorétique	;	µEO	:	mobilité	électroosmotique	;	

µapp	:	mobilité	apparente).	

	

Dans	le	cas	de	la	séparation	de	deux	protéines	de	charges	différentes	comme	illustré	sur	la	

figure	1,	le	type	d’électrophorégramme	obtenu	est	représenté	sur	la	figure	2.	

	

Figure	2:	exemple	d’électrophorégramme	obtenu	pour	 la	séparation	de	deux	protéines	par	

ECZ	(AU	:	Unité	arbitraire).	
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Annexe	3	:	Principe	de	la	résonance	plasmonique	de	surface	

La	 résonance	 plasmonique	 de	 surface	 (SPR)	 est	 une	 technique	 utilisée	 pour	 détecter	

l’interaction	survenant	entre	un	récepteur	immobilisé	sur	une	surface	métallique	et	un	ligand	

s’adsorbant	sur	ce	récepteur.	La	variation	de	l’angle	de	résonance	plasmonique	en	fonction	

du	temps	permet	la	visualisation	des	interactions	en	temps	réel	sans	marquage	des	molécules.	

Cette	 méthode	 est	 généralement	 utilisée	 pour	 étudier	 les	 interactions	 de	 cinétique	 ou	

d’affinités	entre	biomolécules.			

La	surface	métallique	utilisée	est	souvent	une	fine	couche	d’or,	riche	en	électrons	libres.	Le	

déplacement	 de	 ces	 électrons	 à	 la	 surface	 du	 métal	 aboutit	 à	 la	 propagation	 d’ondes	

oscillantes	appelées	plasmons.	En	pratique,	un	rayon	lumineux	de	longueur	d’onde	donnée	

est	 envoyé	 vers	 cette	 surface	 métallique.	 A	 une	 valeur	 critique	 de	 l’angle	 d’incidence,	 la	

réflexion	du	rayon	est	totale	et	on	observe	la	propagation	d’une	onde	évanescente	dans	la	

surface	 métallique,	 capable	 d’entrer	 en	 résonance	 avec	 l’onde	 du	 plasmon	 de	 surface.	

L’énergie	absorbée	par	le	plasmon	de	surface	conduit	à	une	diminution	de	l’intensité	de	l’onde	

réfléchie.	 L’angle	 qui	 correspond	 à	 ce	 minimum	 d’intensité	 réfléchie	 est	 appelé	 angle	 de	

résonance	plasmonique	[1].	

Lors	de	 la	 fixation	d’un	 ligand	sur	un	récepteur	greffé	sur	 la	surface	métallique,	 l’indice	de	

réfraction	de	 cette	dernière	 va	 changer	 et	 donner	 lieu	 à	 une	modification	de	 la	 valeur	 de	

l’angle	 de	 résonnance	 plasmonique	 (cf	 Fig.	 1).	 Plus	 la	 quantité	 de	 ligand	 accrochée	 sur	 la	

surface	est	élevée,	plus	la	variation	de	l’angle	de	résonance	est	importante.	

	 
	

[1]	Sébastien	Laurent.	Détections	d'interactions	biologiques	par	imagerie	de	résonance	plasmonique	

de	surface	:	applications	au	criblage	pharmaceutique	de	chimiothèques	&	à	la	détection	de	toxines.	

Biotechnologie.	Université	Joseph-Fourier	-	Grenoble	I,	2007.	Français.	<tel-00731249v1>	

Figure	 1:	 Principe	 général	 de	 la	

détection	SPR.		

Reproduit	 avec	 autorisation	de	Macmillan	

Publishers	 Ltd:	 Nature	 Reviews	 Drug	

Discovery	 1,	 515-528	 (July	 2002)	 |	

doi:10.1038/nrd838.	copyright	2002.	
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Annexe	4	:	Introduction	au	système	du	complément	

Le	 système	 du	 complément	 est	 le	 principal	 acteur	 de	 la	 réponse	 humorale	 du	 système	

immunitaire.	Il	est	composé	d’un	ensemble	de	protéines	se	trouvant	dans	le	plasma	sanguin	

et	dont	l’activation	fonctionne	en	une	cascade	de	réactions	biochimiques.	L’activation	de	cette	

cascade	 est	 généralement	 produite	 par	 l’interaction	 de	 protéines	 sanguines	 appelées	

opsonines,	 avec	 le	 corps	 étranger.	 Cela	 conduit,	 dans	 le	 cas	 des	 nanoparticules,	 à	

l’opsonisation	de	ces	dernières,	déclenchant	une	cascade	de	réactions	biochimiques.	L’agent	

étranger	ainsi	reconnu	est	marqué	par	des	fragments	protéiques	qui	favoriseront	sa	clairance	

par	 les	 cellules	 du	 système	 reticulo-endothélial	 (e.g.	 macrophages).	 Dans	 le	 cas	 des	

nanomédecines	(NMs),	une	reconnaissance	par	le	système	du	complément	peut	entrainer	des	

réactions	brutales	d’hyper-allergie,	menaçant	la	santé	du	patient,	mais	aussi	biaiser	le	temps	

de	circulation	et	la	biodistribution	des	NMs.	Une	façon	de	doser	ce	degré	de	reconnaissance	

des	NMs	par	le	système	immunitaire	est	de	déterminer	la	quantité	de	protéine	C3	clivée,	cette	

protéine	étant	au	coeur	de	la	cascade	du	complément	(cf.	Figure	1).	

	

	

	

	

	

	

	

Figure	 1:	 schéma	 simplifié	 de	 la	 cascade	

d’activation	 du	 complément	 soulignant	 le	 rôle	

central	de	la	protéine	C3.	

Aujourd’hui,	 trois	 voies	 d’activation	 sont	 connues.	 La	 voie	 classique	 est	 déclenchée	 par	

l’interaction	du	module	de	reconnaissance	C1q	avec	des	complex	immuns	formés	en	surface	

de	l’agent	pathogène.	La	voie	alterne	est	déclenchée	par	l’attachement	de	fragments	résiduels	

de	 la	protéine	C3	à	 la	surface	de	 l’agent	étranger.	Enfin	 la	voie	 lectine	 intervient	suite	à	 la	

reconnaissance	de	 certains	motifs	 carbohydrates	 à	 la	 surface	du	 système	par	 la	mannose-

binding	lectine	(MBL)	[1].		

Les	 conséquences	 de	 l’activation	 sont	multiples,	 allant	 de	 réactions	 inflammatoires	 par	 la	

libération	 d’anaphylatoxines,	 jusqu’à	 la	 formation	 du	 complexe	 de	 lyse	 pour	 éliminer	 les	

agents	présentant	une	membrane	 lipidique,	et	 le	marquage	des	entités	pour	 leur	prise	en	

charge	 par	 les	 cellules	 phagocytaires.	 D’autres	 implications	 dans	 la	 reponse	 immunitaire	

adaptative	sont	maintenant	reconnues	[2].		

[1]	Merle,	N.	S.,	Church,	S.	E.,	Fremeaux-Bacchi,	V.	&	Roumenina,	L.	T.	Complement	System	Part	 I:	Molecular	
Mechanisms	of	Activation	and	Regulation.	Frontiers	in	Immunology	6,	(2015).	
[2]	Merle,	N.	S.,	Noe,	R.,	Halbwachs-Mecarelli,	L.,	Fremeaux-Bacchi,	V.	&	Roumenina,	L.	T.	Complement	System	
Part	II:	Role	in	Immunity.	Frontiers	in	Immunology	6,	(2015).	
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Supplementary	Data	

New	nanoparticles	obtained	by	co-assembly	of	amphiphilic	cyclodextrins	and	

nonlamellar	single-chain	lipids:	Preparation	and	characterization.	

	

Cảnh	Hưng	Nguyễna,	 Jean-Luc	Putauxb,	Gianluca	Santonic,	Sana	Tfailid,	Sophie	Fourmentine,	

Jean-Baptiste	Cotya,	Luc	Choisnardf,	Annabelle	Gèzef,	Denis	Wouessidjewef,	Gillian	Barratta,	

Sylviane	Lesieura	and	François-Xavier	Legranda	

	

a	Institut	Galien	Paris-Sud,	CNRS	UMR	8612,	Univ.	Paris-Sud,	Université	Paris-Saclay,	5	rue	Jean-Baptiste	

Clément,	F-92290	Châtenay-Malabry,	France.		

b	Centre	de	Recherches	sur	les	Macromolécules	Végétales,	CNRS	UPR	5301,	Université	Grenoble	Alpes,	

601 rue de la chimie, F-38400	Saint-Martin-d'Hères,	France 

c European Synchrotron Radiation Facility, 71 avenue des Martyrs, F-38000 Grenoble, France. 
d	Lipides,	Systèmes	analytiques	et	Biologiques,	EA	7357,	Univ.	Paris-Sud,	Université	Paris-Saclay,	5	rue	

Jean-Baptiste	Clément,	F-92290	Châtenay-Malabry,	France.	

e	Unité	de	Chimie	Environnementale	et	 Interactions	sur	 le	Vivant,	EA	4492,	SFR	Condorcet	FR	CNRS	

3417,	Université	Littoral	Côte	d’Opale,	145	avenue	Maurice	Schumann,	F-59140	Dunkerque,	France.		

f Département de Pharmacochimie Moléculaire, CNRS UMR 5063, Université Grenoble Alpes, 

470 rue de la chimie, F-38400 Saint-Martin-d'Hères, France. 
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Figure	S1.	Kratly	plot	for	b-CD-C10	nanoparticles.	

	

	

	

	

	

	

	

	

	

	

0.01 0.1 1

0

10

20

30

40

q (nm-1)

q
2
 ×

 I
(q

)



Annexe	bibliographique	

	
	

251	

	

	

Figure	S2.	Comparison	of	SAXS	profiles	of	b-CD-C10/MO/DOPE-PEG2000	(49/49/2	mol%)	nanoparticles	

prepared	in	pure	water	(6)	and	in	5%	glucose	(8).	
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Figure	S3.	Electrophoregrams	obtained	by	MultiCrossed-IE	with	the	different	formulations.	
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Figure	S4.	Differential	 scanning	calorimetry	 (DSC)	 thermograms	of	hydrated	DOPA	and	POPA	 (90	

wt.%;	heating	rate	of	2°C/min).	

	

	

Phosphatidic	Acid	 Tonset	(°C)	 Tend	(°C)	 DH	(J.g
-1
)	 DH	(kJ.mol

-1
)	

DOPA	 -8.2	±	0.1	 -7.6	±	0.1	 34.0	±	2.0	 24.6	±	1.5		

POPA	 19.1	±	0.2	 22.0	±	0.2	 32.1	±	1.8	 22.4	±	1.2	

	

Table	S1.	Thermodynamic	parameters	of	hydrated	DOPA	and	POPA	(90	wt.%).	
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Formulation	 F1	 F2	 F3	 F4	 F5	 F6	 F7	 F8	

dmean	=	d1,0	(nm)	 70	 77	 77	 80	 51	 53	 31	 58	
dmedian	(nm)	 64	 70	 71	 74	 45	 46	 25	 49	
d4,3	(nm)	 84	 91	 88	 89	 69	 77	 39	 105	
d6,5	(nm)	 93	 101	 96	 97	 79	 88	 44	 129	
Q	 0.050	 0.056	 0.043	 0.047	 0.060	 0.061	 0.051	 0.092	

	

Formulation	 F9	 F10	 F11	 F12	 F13	 F14	

dmean	=	d1,0	(nm)	 75	 74	 -	 70	 -	 -	
dmedian	(nm)	 69	 67	 -	 65	 -	 -	
d4,3	(nm)	 99	 91	 -	 95	 -	 -	
d6,5	(nm)	 114	 101	 -	 107	 -	 -	
Q	 0.075	 0.047	 -	 0.059	 -	 -	

	

Table	S2.	Diameters	and	polydispersity	indexes	deduced	from	TEM	images.
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Abstract	 :	Nanomedicines	 injected	 intravenously	 interact	with	surrounding	biological	elements	 in	

the	bloodstream.	Among	these	interactions,	those	with	blood	proteins	turn	out	to	be	very	important	

regarding	the	becoming	of	the	nanovectors.	They	acquire	a	biological	identity	upon	interaction	with	

proteins	which	influence	their	path	to	target	tissue	and	cells.	The	understanding	and	mastering	of	

these	phenomena	remains	a	crucial	issue	in	nanomedicine	development.	Methods	allowing	an	easier	

study	of	these	interactions	are	needed.	The	aim	of	these	PhD	thesis	was	to	develop	such	methods,	

usable	on	a	routine	basis	in	a	clinical	context,	allowing	a	fine	characterization	of	nanomedicines	and	

their	 interactions	 with	 plasmatic	 proteins.	 This	 PhD	 is	 part	 of	 the	 project	 “Nano	 Innovation	 for	

CancEr”	 (NICE,	 BPI	 France),	 gathering	 a	 consortium	 of	 industrials	 partners	 developing	 clinical	

nanomedicines.	

In	a	first	time,	a	bibliographic	study	about	current	methods	used	for	such	a	characterization	could	

identify	 two	major	 limitations.	 (i)	On	one	hand,	 the	 complexity	 of	 current	 available	methods	 for	

which	the	equipment	specificity	and	required	expertise	prevent	their	use	at	a	large	scale.	(ii)	On	the	

other	hand,	properties	today	characterized	on	a	daily	basis	(size,	morphology,	charge)	are	too	rough	

compared	 to	 the	 sharpness	 of	 biological	 processes	 who	 interact	 and	 “analyze”	 the	 nanovectors	

introduced	in	biological	media.	These	two	aspects	are	limiting	a	safer	development	of	nanomedicines	

as	well	as	a	good	reproducibility	of	their	action	in	clinics.	

During	this	thesis,	we	developed	methods	allowing	a	beginning	of	answer	to	the	wide	problematic	

of	 nanomedicine	 characterization.	 A	 method	 for	 a	 high	 throughput	 analysis	 of	 complement	

activation	by	nanomedicines	via	2D	immunoelectrophoresis	was	developed	and	validated.	It	allows	

the	reproducible	analysis	of	protein	C3	fragmentation.	This	method	is	applicable	to	the	study	of	the	

impact	of	nanoparticles	in	human	serum	and	their	degree	of	action	on	the	complement	cascade.	This	

method	has	been	used	for	a	more	fundamental	study	on	complement	activation	pathways	activated	

according	to	the	architecture	of	nanoparticles	surface.	

A	 second	 method	 for	 the	 study	 of	 complement	 activation	 produced	 by	 nanoparticles	 has	 been	

proposed	 using	 surface	 plasmon	 resonance	 (SPR).	 A	 chip	 allowing	 an	 automated	 screening	 of	

complement	 activation	 has	 been	 developed.	 This	 method	 was	 compared	 to	 other	 methods	 for	

complement	activation	study	(2D	immunoelectrophoresis,	ELISA)	and	allowed	the	identification	of	

bias	during	nanomedicine	evaluation.	

Finally,	an	original	approach	for	the	characterization	of	nanomedicine’s	surface	architecture	using	

proteins	as	molecular	probes	has	been	proposed.	In	this	method,	capillary	electrophoresis	has	been	

used	as	analytical	tool	to	allow	a	direct	analysis	of	sample	without	preliminary	nanoparticle	removal	

step.	

Methods	developed	during	this	work	can	be	applied	to	the	characterization	of	nanomedicines	and	

proposed	as	routine	methods	for	quality	control.	A	development	of	nanomedicines	characterization	

in	this	direction	constitute	one	of	the	lever	for	a	more	fruitful	translation	of	nanomedicines	entering	

in	clinical	phase.	
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Résumé	:	 Les	 nanomédecines	 injectées	 par	 voie	 intraveineuse	 interagissent	 avec	 les	 éléments	

biologiques	 qui	 les	 entourent	 dans	 le	 compartiment	 sanguin.	 Parmi	 ces	 interactions,	 celles	 avec	 les	

protéines	 sanguines	 se	 révèlent	 être	 très	 importantes	 dans	 le	 devenir	 de	 ces	 nanovecteurs,	 leur	

conférant	 une	 identité	 biologique	 influençant	 leur	 chemin	 jusqu’au	 tissu	 et	 aux	 cellules	 cibles.	 La	

compréhension	et	le	contrôle	de	ces	phénomènes	reste	un	enjeu	crucial	dans	le	développement	des	

nanomédecines.	Des	méthodes	permettant	une	étude	facilitée	de	ces	interactions	sont	nécessaires	à	

cet	 égard.	 Les	 travaux	 de	 cette	 thèse	 ont	 eu	 pour	 but	 de	 développer	 des	méthodes,	 utilisables	 en	

routine,	 permettant	 une	 caractérisation	 fine	 des	 nanomédecines	 et	 de	 leurs	 interactions	 avec	 les	

protéines	plasmatiques,	applicables	dans	un	contexte	clinique.	 Ils	s’inscrivent	dans	un	projet	 intitulé	

«	Nano	Innovation	for	CancEr	»	(NICE,	BPI	France)	regroupant	un	consortium	de	partenaires	industriels	

en	développement	clinique	de	nanomédecines.	

Dans	un	premier	temps,	un	travail	bibliographique	sur	les	méthodes	actuellement	mises	en	œuvre	pour	

une	telle	caractérisation	ont	pu	mettre	en	avant	deux	limitations	majeures.	(i)	D’une	part,	la	complexité	

des	méthodes	actuelles	disponibles	pour	lesquelles	la	spécificité	des	équipements	et	l’expertise	requise	

limitent	 une	 utilisation	 à	 large	 échelle.	 (ii)	 D’autre	 part,	 les	 propriétés	 aujourd’hui	 caractérisées	 en	

routine	 (taille,	 morphologie	 globale,	 charge)	 ne	 sont	 que	 grossières	 comparées	 à	 la	 finesse	 des	

processus	biologiques	qui	 interagissent	et	«	analysent	»	 les	nanovecteurs	une	fois	 introduits	dans	 le	

milieu	 biologique.	 Ces	 deux	 aspects	 limitent	 aujourd’hui	 un	 développement	 plus	 sûr	 des	

nanomédecines	pour	une	bonne	reproductibilité	en	clinique	et	garantir	des	essais	de	contrôle	qualité	

fiables.	

Au	cours	de	nos	travaux,	nous	avons	développé	des	méthodes	permettant	de	répondre	en	partie	à	la	

problématique	posée	par	la	caractérisation	des	nanomédecines.	Une	méthode	d’analyse	à	haut	débit	

de	 l’activation	 du	 système	 du	 complément	 par	 immunoélectrophorèse	 en	 deux	 dimensions	 a	 été	

développée	et	validée.	Elle	permet	 l’analyse	 reproductible	de	 l’activation	de	 la	protéine	C3.	Elle	est	

applicable	à	 l’étude	de	 l’effet	de	 la	présence	de	nanoparticules	dans	 le	sérum	humain	et	 leur	degré	

d’action	 sur	 la	 cascade	 du	 complément.	 Cette	 méthode	 a	 été	 utilisée	 pour	 mener	 une	 étude	 plus	

fondamentale	du	mécanisme	de	l’activation	du	système	du	complément	en	regard	de	l’architecture	de	

la	surface	de	nanoparticules.	

Une	deuxième	méthode	d’étude	de	l’activation	du	complément	produit	par	des	nanomédecine	a	été	

proposée	sur	la	base	de	la	résonnance	plasmonique	de	surface	(SPR).	Une	puce	permettant	un	screening	

automatisé	de	l’activation	du	complément	a	été	développée.	L’application	de	cette	méthode	comparée	

à	d’autres	méthodes	d’études	de	l’activation	du	système	du	complément	(Immunoélectrophorèse	2D,	

ELISA)	 a	 permis	 d’identifier	 des	 biais	 lors	 de	 leur	 application	 à	 l’évaluation	 des	 nanomédecines.	

Enfin,	une	approche	originale	de	caractérisation	de	la	surface	de	nanoparticules	a	été	proposée	utilisant	

des	protéines	pour	sonder	 la	capacité	de	 la	surface	des	nanoparticules	à	adsorber	ou	repousser	ces	

dernières.	 Dans	 cette	 méthode,	 l’électrophorèse	 capillaire	 est	 utilisée	 comme	 outil	 analytique	

permettant	une	analyse	directe	de	l’échantillon	sans	séparation	préalable	des	nanomédecines.	

Les	méthodes	développées	au	cours	de	ces	travaux	peuvent	être	appliquées	à	la	caractérisation	de	

nanomédecines	et	proposées	comme	des	méthodes	de	contrôle	en	routine	de	façon	plus	générale.	Un	

développement	de	la	caractérisation	dans	ce	sens	constitue	l’un	des	leviers	pour	une	translation	plus	

fructueuse	des	nanomédecines	entrant	en	phase	clinique.	

	

	

	


