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ABREVIATIONS ET SYMBOLES 

BSA : albumine de sérum bovin  

CDX : cyclodextrine 

CP : concentration totale en polymère 

CTRE : concentration en tréhalose 

CTS : chitosane 

CUR ou Cur : curcumine   

DDS : système de délivrance de 

médicaments 

DEAE-D : diéthylaminoéthyl dextrane 

Dh : diamètre hydrodynamique   

DLS : diffusion dynamique de la lumière   

DNIC : complexes dinitrosyles de fer   

DOP : dopamine   

DOX : doxorubicine 

DS : degré de substitution   

Đ : dispersité du polymère 

EE : efficacité d’encapsulation 

EGCG : gallate d'épigallocatéchine   

GSH : glutathion   

HA : acide hyaluronique 

HA-M2005 : HA fonctionnalisé de 

Jeffamine® M-2005   

HIS : histidine   

HIV : virus d’immunodéficience humaine  

LC : taux d’encapsulation 

LCST : température de solution critique 

inférieure (lower critical solution 

temperature) 

LF : lactoferrine  

M2005 : Jeffamine® M-2005 

miRNA : microARN   

Mn : masse molaire moyenne en nombre  

MRI : imagerie par résonance magnétique   

MW : masse molaire  

MW : masse molaire moyenne en masse 

n-/n+ : ratio molaire entre les charges 

négatives et positives 

NA : acide nucléique  

NG : nanogel   

NP : nanoparticule 

ODN : oligodésoxynucléotide 

PAR : polyarginine   

PBAE : poly(β-aminoesters) 

PBS : tampon phosphate saline   

pDNA : acide désoxyribonucléique 

plasmidique 

PDI : indice de polydispersité   

PEC : complexe polyélectrolyte  

PEG : polyéthylène glycol   

PEI : polyéthylèneimine 

PEO-PPO : poly(oxyde 

d’éthylène)-co-poly(oxyde de propylène) 

PLGA : poly(D,L-lactide-co-glycolide) 

PLL : poly-L-lysine  

PROT : protamine 

Py : pyrène 

ROS : espèce réactive de l'oxygène 

SA : substance active 

sCT : calcitonine de saumon 

SEC : chromatographie à exclusion stérique 

siRNA : petit ARN interférent 

TCA : acide taurocholique  

TEM : microscopie électronique à 

transmission 

TPC : concentration totale en particule 

TPP : tripolyphosphate  

UVB : ultraviolet B 

ζ : potentiel zêta
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Depuis la dernière décennie, les nanogels à base de complexes polyélectrolytes (PEC-NGs) 

de l’acide hyaluronique (HA), un polyanion naturel, émergent comme des nanomatériaux 

prometteurs dans le domaine biomédical, notamment pour la délivrance des substances actives 

(SAs) pour le traitement des cancers [1-3]. En effet, les principaux obstacles actuels dans la 

chimiothérapie contre les cancers sont la faible hydrosolubilité des agents anticancéreux, qui 

entraine souvent des problèmes concernant leur posologie ainsi que leur faible biodisponibilité, et 

leur toxicité systémique à cause de leur délivrance peu ciblée et peu contrôlée [4]. Les PEC-NGs 

à base de HA peuvent être un outil efficace pour surmonter ces problèmes avec des avantages très 

particuliers provenant d’une combinaison de trois aspects : (i) la chimie verte, soit une fabrication 

très simple sans solvant organique ni agent de réticulation [5], (ii) la nanomédecine, qui permet 

l’amélioration de l’hydrosolubilité apparente des SAs hydrophobes [4] et (iii) la nature du HA qui 

amène sa biocompatibilité excellente, sa capacité de ciblage des tumeurs et une structure 

chimiquement modifiable pour l’introduction de fonctions biologiquement ou 

physico-chimiquement actives [6]. 

C’est dans ce contexte que s’inscrit ce travail dont l’objectif est d’élaborer un prototype 

innovant de PEC-NGs à partir de HA pour l’encapsulation et la libération contrôlée de SAs peu 

hydrosolubles. Pour cela, nous avons préparé, évalué et optimisé des systèmes de PEC-NGs 

obtenues par la complexation entre différents polycations et le HA natif ou modifié (Figure 1). 

Les polycations étudiés sont le diéthylaminoéthyl dextrane (DEAE-D) et la poly-L-lysine (PLL), 

soient deux polycations biocompatibles couramment utilisés dans le domaine biomédical [7, 8]. 

Du HA a été fonctionnalisé par de la Jeffamine® M-2005 (M2005), dont le protocole a été 

développé par M. MADAU dans le cadre de sa thèse au sein de notre équipe [9, 10]. La Jeffamine® 

M-2005 est une polyétheramine commerciale thermosensible de type LCST (lower critical 
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solution temperature), signifiant qu’elle peut présenter une solubilité plus faible en milieu aqueux 

à cause d’une hydrophobicité plus importante lors d’une augmentation de température. Cette thèse 

porte ainsi une attention particulière aux PEC-NGs à base de HA-M2005 en raison de sa nouveauté 

et de ses propriétés intéressantes, notamment leurs comportements thermosensibles.  

 

Figure 1. Formulations des PEC-NGs avec le HA ou le HA-M2005 comme polyanion et  

le DEAE-D ou la PLL comme polycation 

Selon les objectifs ci-dessus, ce manuscrit intitulé «Νanοgels à base d'acide 

hyaluronique fonctionnalisé, application à la séquestration et la libération contrôlée de 

composés hydrophobes» se compose de quatre chapitres : 

(i) Le premier chapitre constitue une étude bibliographique sur les PECs colloïdaux à base de HA 

dans le contexte biomédical. Elle décrit en détail les avantages fondamentaux de ces systèmes, les 

principes de leur préparation en s’appuyant sur les rôles des différents facteurs impliqués dans la 

formation des PECs et les avancées récentes en termes d’applications biomédicales, notamment 
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pour la délivrance de principes actifs thérapeutiques ou pour la construction de matériaux 

multifonctionnels.  

(ii) Le deuxième chapitre porte sur la préparation, la caractérisation et l’évaluation des PEC-NGs 

de HA/DEAE-D. Les effets de différents facteurs lors de l’élaboration des PECs sont étudiés pour 

comprendre les propriétés et les comportements colloïdaux des PECs préparé à partir de HA natif 

dans le but de trouver les conditions de préparation optimales en vue de futures applications.  

(iii) Le troisième chapitre est consacré à l’élaboration et à la caractérisation des PEC-NGs 

thermosensibles obtenus par la complexation entre le HA-M2005 et deux polycations, le DEAE-D 

ou la PLL, avec plus particulièrement des études sur l’encapsulation et la libération de la curcumine 

comme SA hydrophobe modèle. L’évaluation comparative de ces PEC-NGs thermosensibles en 

référence à ceux obtenus avec du HA natif permet de comprendre les effets des greffons M2005 

et du choix du polycation sur les structures des PEC-NGs. Ces études soulignent également les 

propriétés intéressantes des PEC-NGs de HA-M2005/PLL en termes de stabilité en milieu salin 

physiologique, de capacité d’encapsulation et de libération contrôlée de SAs peu hydrosolubles.  

(iv) Le dernier chapitre s’intéresse à l’optimisation de la conservation, de la formulation et/ou de 

la stabilité des PEC-NGs en appliquant deux traitements physiques que sont la lyophilisation et le 

traitement autoclave. Pour la lyophilisation, les différents facteurs concernant la formulation 

pré-lyophilisation, notamment les caractéristiques des PEC-NGs et l’incorporation de 

cryoprotecteurs, sont évalués pour mettre en évidence leurs impacts sur la préservation de la 

structure colloïdale des PEC-NGs lors de la lyophilisation. Cela va nous permettre de trouver la 

stratégie la plus pertinente pour lyophiliser les PEC-NGs obtenus. Egalement, l’effet du traitement 

par autoclave sur les caractéristiques des PEC-NGs est évalué pour montrer le potentiel de ce 
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traitement comme un moyen simple et rapide pour fabriquer les nanoparticules à la fois stables et 

stériles à base de PECs thermosensibles.  

Chacun des chapitres I, II et III dans ce manuscrit comprend une section d’introduction en 

français, suivie par les principaux résultats sous forme d’un article en anglais. De plus, pour les 

chapitres II et III, les sections avec des études complémentaires suivie d’une conclusion et des 

perspectives sont écrites en français. Les références citées sont ainsi présentées à la fin de chaque 

section. Pour le chapitre IV qui est rédigé entièrement en français, une liste complète des références 

est présentée à la fin du chapitre. 

Enfin, une conclusion générale résume les principales avancées obtenues et décrites dans 

ce manuscrit de thèse. De nombreuses perspectives sont également proposées pour approfondir la 

compréhension des systèmes de PEC-NGs étudiés ainsi qu’élargir leurs applications. 

Le financement des travaux de recherche dans le cadre de cette thèse a été assuré par la 

région Normandie et le Fonds Européen de Développement Régional. Ces travaux ont été dirigés 

par Pr Didier LE CERF et réalisés au sein de l’équipe Systèmes Colloïdaux Complexes (SCC) du 

Laboratoire Polymères, Biopolymères, Surfaces (PBS, UMR CNRS 6270, Université de Rouen 

Normandie, INSA de Rouen Normandie). 
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I.1. Introduction 

L’objectif principal de cette partie bibliographique est de mettre en évidence les intérêts 

des nanogels de complexes polyélectrolytes (PEC-NGs) à base de HA pour les applications 

biomédicales afin de justifier l’utilisation de ce polysaccharide comme matériel de base dans notre 

projet. En vue d’élaborer les PEC-NGs les plus pertinents à base de HA pour les applications 

visées, il est primordial d’aborder et de comprendre préalablement les aspects fondamentaux de ce 

type de système, notamment son mécanisme de formation et les paramètres qui peuvent influencer 

les caractéristiques finales. En général, ces facteurs comprennent les paramètres intrinsèques des 

polymères de départ (e.g. masse molaire, rigidité, nature de la charge et distribution de charges), 

les paramètres de formulation (e.g. proportion des polymères, concentration en polymères, pH et 

contre-ions) et les paramètres de procédé (e.g. ordre et vitesse d’ajout, vitesse et temps d’agitation). 

De plus, en fonction des finalités recherchées, il est possible de conceptualiser différemment les 

PEC-NGs en utilisant un large éventail de polycations de nature chimique différente et en 

modifiant le HA par des groupes fonctionnels ayant des propriétés chimiques, physicochimiques 

ou/et biologiques spécifiques. Cela est illustré au travers de nombreux travaux de recherche sur 

ces systèmes pour la délivrance de principes actifs à structures variables, comme les petites 

molécules thérapeutiques, les acides nucléiques, les peptides et les agents de contraste, ou pour la 

fabrication de matériaux hybrides multifonctionnels. Tous ces aspects sont présentés dans la revue 

scientifique suivante, qui a été publiée dans le journal Small. 

I.2. Publication : Colloidal Polyelectrolyte Complexes from Hyaluronic Acid: Preparation 

and Biomedical Applications 

Le, H. V. & Le Cerf, D. (2022). Small, 2204283. 
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Abstract: Hyaluronic acid (HA) is a natural occurring polysaccharide which has been extensively 

exploited in biomedical fields owing to its outstanding biocompatibility. Self-assembly of HA and 

polycations through electrostatic interactions can generate colloidal polyelectrolyte complexes 

(PECs), which can offer a wide range of applications while being relatively simple to prepare with 

rapid and “green” processes. The advantages of colloidal HA-based PECs stem from the combined 

benefits of nanomedicine, green chemistry and the inherent properties of HA, namely high 

biocompatibility, biodegradability and biological targeting capability. Accordingly, colloidal 

PECs from HA have received increasing attention in the recent years as high-performance 

materials for biomedical applications. Considering their potential, this review is aimed to provide 

a comprehensive understanding of colloidal PECs from HA in complex with polycations, from the 

most fundamental aspects of the preparation process to their various biomedical applications, 

notably as nanocarriers for delivering small molecule drugs, nucleic acids, peptides, proteins and 

bioimaging agents or construction of multifunctional platforms. 

Keywords: Polyelectrolyte complexes, Colloids, Hyaluronic acid, Nanomedicine, Drug delivery 
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Abbreviations: BSA: bovine serum albumin; CDX: cyclodextrin; CP: polymer concentration; 

CTS: chitosan; CUR: curcumin; DEAE-D: diethylaminoethyl dextran; DLS: dynamic light 

scattering; DNIC: dinitrosyl iron complex; DOP: dopamine; DOX: doxorubicin; EGCG: 

epigallocatechin gallate; GSH: glutathione; HA: hyaluronic acid; HIS: histidine; HIV: human 

immunodeficiency virus; LF: lactoferrin; miRNA: micro ribonucleic acid; MRI: Magnetic 

Resonance Imaging; MW: molecular weight; n-/n+: negative to positive charges molar ratio; NA: 

nucleic acid; NG: nanogel; NP: nanoparticle; ODN: oligodeoxynucleotide; PAR: polyarginine; 

PBAE: poly(β-amino esters); pDNA: plasmid deoxyribonucleic acid; PEC: polyelectrolyte 

complex; PEG: polyethylene glycol; PEI: polyethylenimine; PEO-PPO: poly(ethylene oxide)-co-

poly(propylene oxide); PLGA: poly(D,L-lactide-co-glycolide); PLL: poly-L-lysine; PROT: 

protamine; ROS: reactive oxygen species; sCT: salmon calcitonin; siRNA: small interfering 

ribonucleic acid; TCA: taurocholic acid; TPP: tripolyphosphate; UVB: ultraviolet B; WPI: whey 

protein isolate 
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1. Introduction 

Polyelectrolyte complexes (PECs), sometimes referred to as polyion complexes, can be 

spontaneously formed by electrostatic interactions between oppositely charged polyelectrolytes in 

aqueous media [1]. Under appropriate preparing conditions and depending on polyelectrolyte 

natures, such complexes can be elaborated as colloidal particles having submicronic size [2, 3]. 

Although colloidal PECs are technically comparable to nanogels (NGs) owing to the three-

dimensional networks of physically bonded polyelectrolytes in their structures [2, 4, 5], they have 

also been described with several other terms depending on personal perceptions of researchers, 

most commonly as nanoparticles (NPs) [6, 7], nanocomplexes [8, 9], nanocomposites [10, 11], 

nanoassemblies [12] and coacervates [13, 14]. Such colloidal systems, especially when prepared 

from biopolymers, have been extensively investigated due to their promising properties for 

numerous applications in biomedical fields [1]. Their merits come from the combination of three 

aspects: nanomedicine, biomaterials and green chemistry. With the emergence of nanomedicine, 

the use of nanocarriers can offer tremendous advantages in drug encapsulation and delivery, 

namely enhancing chemical stability of drugs and improving drug solubility and 

bioavailability [15]. Due to their small size and the possibility of surface modification with 

biological ligands or molecular imprinting, nanocarriers can easily cross biological barriers, which 

have limited pore sizes (fenestrations) under 1 micron in most cases, then target and enter the 

tissues or cells of interest [16, 17]. Due to these aspects and the possibility of controlling drug 

distribution and release through particle engineering, nanocarriers can thus reduce systemic side 

effects and enhance therapeutic efficacy of drugs [15]. Nanosystems can also offer unique 

advantages for biomedical imaging with their ability of sensing, image enhancement and 

incorporating concomitantly therapeutic agents for theranostics, i.e. simultaneous therapeutic and 
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diagnostic applications [18-20]. When constructed from biomaterials, especially naturally 

occurring polysaccharides or proteins, PECs can become significantly biocompatible and 

biodegradable with much less immunogenicity and toxicity [21]. Beside such biorelevant aspects, 

the elaboration of biopolymer-based PECs is also in accordance with green chemistry principles 

since their preparation process usually requires only gentle mixing of polyelectrolyte solutions at 

room temperature, which is a simple and rapid procedure without the need for chemical agents, 

surfactants, organic solvents or high mechanical or thermal energy [1, 5].  

Beyond the above-mentioned basic advantages, the potential of colloidal PEC systems is 

increased by the inherent biological and chemical properties of individual constituent polymers. 

Hyaluronic acid (HA), also called hyaluronan to generally mention both its acid and salt forms, 

has been one of the most common polyanions among several biopolymers reported so far for the 

elaboration of colloidal PECs. The significant attention dedicated to HA in biomedical fields is 

associated with its unique advantages, stemming from not only its outstanding biocompatibility 

but also interesting biological activities [22]. Consequently, HA has been widely used for 

elaboration of colloidal PECs with various cationic polymers of different natures: chitosan (CTS) 

and diethylaminoethyl dextran (DEAE-D) as polysaccharides; poly-L-lysine (PLL) and 

polyarginine (PAR) as homopolypeptides; zein, protamine (PROT), lactoferrin (LF), whey protein 

isolate (WPI), feather keratin and bovine serum albumin (BSA) as proteins; 

polyethylenimine (PEI) and poly(β-amino esters) (PBAE) as synthetic cationic polymers as well 

as their derivatives. Although the concept of colloidal PECs from HA has been described in the 

literature for more than a decade, it was not until five years ago did these systems start to be 

extensively investigated for drug delivery (see Section 4: Table 2 and Table 3), while there has 

been so far no comprehensive review on such specific materials. In this context, the aim of the 
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current review is to summarize the advantages of HA-based colloidal PECs and offer a 

consolidated overview on the conception and fabrication principles of these systems. Their 

exploitation with the most recent advancements for biomedical application, mostly in drug 

delivery (Figure 1), as well as current challenges and perspectives for improving their utility will 

also be addressed. 

 

Figure 1. Applications of colloidal PECs prepared from HA and polycations 

2. Advantages of hyaluronic acid as material for colloidal polyelectrolyte complexes 

HA is a linear polysaccharide in the form of non-sulfated glycosaminoglycan which 

comprises repeating two-glycoside units of N-acetyl-D-glucosamine and D-glucuronic acid in its 

structure (Figure 1). It is naturally present in the extracellular matrix of epithelial, neural and 

connective tissues of the human body as well as other vertebrates, especially in umbilical cord, 

vitreous humor and synovial fluid [23]. Given its omnipresence in the human body, HA is 

extremely biocompatible, biodegradable and non-immunogenic, rendering it ideal as a material or 

excipient in biomedical and pharmaceutical domains [22]. In particular, HA is widely indicated in 

rheumatology, ophthalmology or dermatology due to its important biological functions, including 
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tissue moisturizing, angiogenesis, supporting cell migration and wound healing [24]. HA has also 

been known to react with reactive oxygen species (ROS) through the carbons in its glycosidic 

bonds or the nitrogen atom in its N-acetyl groups [25], leading to its potency as a ROS scavenger 

[14, 25, 26]. The protective effects of HA against oxidation stress have also been recently further 

emphasized with much more complicated mechanisms, which involve numerous cellular signaling 

pathways [27]. Commercial HA used to be mostly produced through extraction from animal 

tissues, mostly from rooster combs [23]. However, with the current production mainly based on 

microbial fermentation (e.g. Streptococcus zooepidemicus, Bacillus subtilis and Escherichia coli) 

as well as great advancements in extraction and purification methods, HA can be produced on 

larger scale, with larger range of molecular weight, higher purity, lower manufacturing cost and 

less environmental pollution [28-30].  

Containing carboxyl groups (Figure 1) with a pKa of around 3, HA can display negative 

charges in aqueous media and therefore can spontaneously form PECs with positively charged 

macromolecules [31, 32]. For colloidal PECs with HA in excess, uncomplexed HA should be 

present on the particle surface to form an outer shell with a protective effect, which may offer the 

particles superior properties. For example, due to the cryoprotective effect of HA, such HA shell 

can improve the stability of PEC particles during lyophilization and reconstitution [33-35]. Indeed, 

during lyophilization of PEC particles as well as other nanosystems from biomacromolecules, 

water molecules are transferred from the liquid phase to the solid phase of ice during the freezing 

step and then removed by sublimation during the desiccation step, leading to a loss of hydrogen 

bonds between on the surface of these nanoobjects and thus destabilize their structure [36]. 

However, these hydrogen bonds may be preserved by a HA shell on the particle surface as HA is 

known for its extensive engagement in hydrogen bonding and can form intra- and intermolecular 
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hydrogen bonds on its own [37]. In addition, the remarkable water binding capacity of HA, its 

vitrification effect and its high intrinsic viscosity (i.e. large hydrodynamic volume) allow the HA 

shell to absorb a great amount of water and maintain them at molecular state in and around the 

particles to avoid their freezing, constituting thus a thick glassy layer to protect the particles from 

external mechanical stress of ice crystals and avoid particle aggregation during 

cryoconcentration [38, 39].  

Furthermore, HA on the particle surface can significantly enhance PEC biocompatibility, 

which can be beneficial when polycations are included in their structure. Various polycations (e.g. 

PEI, PLL, DEAE-D or CTS) are known to be potentially cytotoxic, which usually depends on 

exposure time, polymer concentration and molecular weight [40-42]. Such toxicity has been 

reported to be caused by their interactions with anionic biological structures like cell membranes 

and their functional proteins, which lead to membrane disruption [41]. Combining polycations 

with HA may prevent those adverse interactions and counteract such toxicity due to the exceptional 

biocompatibility and negative charges of HA. More particularly, HA can enhance the stability of 

PEC particles in serum as well as reduce their immunogenicity by preventing the adsorption of 

serum proteins on the particle surface, as known as “protein corona” or opsonization [10, 12, 

43, 44]. Opsonization is one of the most problematic factors which leads to the uptake of 

nanoparticulate drug delivery systems by the mononuclear phagocytic systems (e.g. macrophages 

and monocytes) and causes their early elimination from blood circulation before reaching their 

target sites in vivo [45]. As these proteins are more likely to bind to highly cationic and/or 

hydrophobic nanocarriers [16, 45], the presence of the hydrophilic and negative charged HA on 

their surfaces would probably prevent such interactions. Moreover, for the fabrication of 

nanocarriers from cationic proteins, e.g. zein or lactoferrin, although they can readily form 
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nanosized particles in water through their inherent hydrophobic interactions, further complexation 

with HA can result in more compact particles, which can improve drug encapsulation and stability 

as well as the properties of the complexed proteins [6, 46-50]. Likewise, although HA can also 

spontaneously form nanocomplexes with cationic drugs like doxorubicin (DOX) or pentamidine 

for their delivery, further complexation with a polycation should generate better-defined NPs with 

more useful properties [51, 52]. 

The tremendous interest in HA for biomedical applications is also associated with its 

unique biological behaviors, such as its capacity to recognize CD44 receptors and its specific 

cleavage by hyaluronidase (HAase) [53]. CD44, the principal cell surface receptor for HA, is 

overexpressed in various types of cancer cells, namely breast cancer, lung cancer, brain cancer, 

prostate cancer, pancreatic cancer and colon cancer [54]. Likewise, HAase is a family of enzymes 

catalyzing HA hydrolysis and also highly expressed at tumor sites, especially in intracellular 

vesicles of tumor cells [55]. Such particular distribution of CD44 and HAase can offer a possibility 

of drug targeting for oncotherapy, since HA on the particle surface can facilitate their specific 

uptake by tumor cells through CD44-mediated endocytosis and subsequent particle degradation 

by HAase for intracellular drug release, which can ultimately enhance drug performance at a local 

site (Figure 2) [12, 53, 56-62]. In the same manner, the CD44 targeting effect of HA also allows 

the fabrication of nanoplatform for cancer bioimaging for diagnosis or theranostics [19, 20]. 

Furthermore, HA can act synergistically with other biopolymers, namely CTS, in order to improve 

PEC mucoadhesiveness and offer more advantages for oral or nasal administration [63-65]. 
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Figure 2. Specific cellular uptake through CD44-mediated endocytosis of the anticancer curcumin 

(CRC)-loaded HA/zein PEC NGs before their degradation by intracellular HAase for drug release 

in tumor cells (left) vs. non-specific cellular uptake of NGs without HA in normal cells (right). 

Reproduced with permission [4]. Copyright 2018, Elsevier. 

HA can also be chemically modified owing to the ubiquitous distribution of carboxyl, 

hydroxyl and acetamido groups across the chain structure (Figure 1), leading to the perspectives 

of elaborating PECs with more interesting physicochemical and biological properties from HA 

derivatives [66]. For instance, introduction of hydrophobic groups like phospholipids [67] or alkyl 

chains [68] can generate amphiphilic HA derivatives for better encapsulation of hydrophobic 
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molecules. HA functionalization with short chains of amphiphilic and thermoresponsive 

copolymers can also allow fabricating colloidal PECs with thermo-dependent characteristics and 

better stability [69]. PECs prepared from thiolated HA (HA-SH) can be further stabilized by self-

crosslinking upon disulfide bond formation to generate redox-responsive systems [70], while 

histidine (HIS) grafted on both HA and the associating polycations can result in PECs with pH-

sensitive behaviors [71]. Bioactive ingredients, including chemotherapeutic agents [72, 73], 

nucleic acids [74] and peptide antigens [75], can also be directly grafted on HA in PECs in order 

to improve their therapeutic or biological performance. PECs from HA grafted with functional 

moieties like bile acids [60], dopamine (DOP) [76] or epigallocatechin gallate (EGCG) [3] can 

also offer better stability of macromolecule cargos during their delivery. These examples will be 

further described in their applications (Section 4). Collectively, the advantages of HA-based 

colloidal PECs lie from the material and methodological aspects to their applications, which are 

summarized in Figure 3. 

 

Figure 3. Main interests of colloidal PECs from HA in biomedical fields 
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3. Preparation of colloidal polyelectrolyte complexes from hyaluronic acid 

From the above-mentioned advantages, HA should be among the most potential polyanions 

of choice to elaborate colloidal PECs for biomedical applications. Before the preparation, the 

properties of PEC particles should be understood in order to fabricate PEC systems with 

specifically pertinent properties for intended applications. To that end, the following sections will 

explain the formation mechanism of colloidal PECs, how their final characteristics should be 

anticipated for intended applications and the effects of various parameters during PEC elaboration 

on their characteristics. 

3.1. Formation mechanism of colloidal PECs 

The general mechanism of PEC formation from two soluble polyelectrolytes is illustrated 

in Figure 4. Complexation between oppositely charged polyelectrolytes can take place 

autonomously in aqueous media with an increase in entropy upon the release of counterions and 

water molecules as the main driving force [77]. The interactions involved in the formation of PECs 

are mainly electrostatic interactions (Coulomb force). The primary structure of PECs, which are 

formed at the first step of electrostatic association, can be classified as “scrambled egg” model or 

“ladder-like” model according to relative arrangement of polymer chains (Figure 4) [78]. 

However, PEC structures in practice may not strictly follow either of such models but rather a 

combination of both, with the former being closer to the reality [79, 80]. Double strain segments 

in these primary PECs are electrostatically neutralized, thus relatively less hydrophilic and can 

segregate to form secondary PECs, involving a combination of hydrophobic interactions, 

electrostatic interactions, hydrogen bonding and van der Waals force [78, 79, 81, 82].  
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Figure 4. Mechanism of PEC formation from two soluble polyelectrolytes (modified from [83]): 

primary PECs can display “ladder-like” structures (orderly ion-paring) and/or “scrambled egg” 

structures (random ion-pairing). Segregation of neutralized segments in primary PECs can lead to 

secondary PECs in the form of PEC particles. Counterions are liberated from PECs as the 

electrostatic complexation occurs.  

As long as the complexation parameters are appropriately controlled, which will be 

discussed in Section 3.3, final PECs can be formed as colloidal particles with a core-shell structure, 

i.e. a neutral PEC core surrounded by a highly charged and more hydrophilic shell of uncomplexed 

polyelectrolyte segments [84, 85]. More specifically, for colloidal PECs from HA and positively 

charged proteins with strong intramolecular hydrophobic interactions, e.g. in HA/zein PECs, the 

final particles should have a highly hydrophobic innermost core composed of mainly proteins, 

followed by a layer of HA/zein PECs in the strict sense and an outermost layer of mainly 

uncomplexed HA (Figure 5) [49, 86].  
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Figure 5. Schematic illustration of colloidal HA/zein PECs prepared by antisolvent coprecipitation 

(ASCP) method and their final structures in line with decreasing zein:HA ratio. Adapted with 

permission [49]. Copyright 2019, Elsevier. 

3.2. Conception of colloidal PECs from HA 

Final characteristics of biomedical nanocarriers should be envisaged depending on 

intended applications. Among the physicochemical characteristics of colloidal systems, particle 

size is of utmost importance for their performance in vivo. The particle size should be small enough 

to (i) be transported through biological barriers since they usually have limited opening or pore 

sizes (fenestrations), which can largely vary between 1 and 1000 nm depending on tissue type and 

pathological condition [87], (ii) avoid being recognized and cleared by monocytes and 

macrophages and (iii) be uptaken by target cells if intracellular drug delivery is necessary [16]. A 
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particle size of 100-200 nm may facilitate particle transport through the gastrointestinal tract or 

the blood-brain barrier [88]. For nanocarriers targeting tumor cells, which have been the most 

common subject of research in nanomedicine, the ideal particle size is reported to be around 

70-200 nm to ensure tumor penetration and cellular uptake [87, 89]. A too large size 

(e.g. > 500 nm) may facilitate particle clearance by monocytes and macrophages and/or prevent 

the uptake of these particles by the target tumor cells [89, 90]. Meanwhile, particles with a too 

small size (e.g. under 20 nm) are more prone to rapid renal clearance [16, 87], or cannot offer 

enough energy to bend cell membranes and enter the target cells [45, 88]. In addition, reduced 

particle size leads to a larger total surface area, which may cause faster and less controlled drug 

release [91]. In terms of in vitro stability, for colloidal systems in general, a highly large particle 

size are prone to sedimentation while smaller particles are more prone to flocculation or 

agglomeration due to high total surface energy [92]. In the specific case of HA-based PECs, there 

has been so far no thorough study on the effects of their particle size on their in vitro stability and 

in vivo behaviors. In general, most of the colloidal PECs from HA studied for biomedical 

applications in the literature have their average particle size in the range of 100-400 nm with a 

polydispersity index (PDI) under 0.3 to ensure its relative homogeneity [2, 4, 7, 52, 93-96]. These 

characteristics are most commonly evaluated by dynamic light scattering (DLS) and can be further 

confirmed by transmission (TEM) or scanning (SEM) electron microscopy [31, 81]. 

Surface charge is also an important characteristic of nanocarriers for in vivo applications. 

As mentioned in the Section 2 above, particles having a negative net surface charge are more 

biocompatible than positively charged particles as they are less likely to electrostatically interact 

with the negatively charged cell membranes [97-99]. The presence of the negatively charged HA 

on PEC surface can therefore enhance their biocompatibility. Umerska et al. found a three-fold 



 Etude bibliographique 

 

28 

 

higher IC50 of CTS in cationic HA/CTS PEC NPs (zeta potential of +20 mV) compared to free 

CTS (IC50 = 84 µg.mL-1 vs. 26 µg.mL-1), whereas anionic HA/CTS PEC NPs (zeta potential 

of -19 mV) showed no cytotoxicity on the whole range of CTS concentration studied [97]. 

However, due to electrostatic repulsion, anionic nanocarriers may be less ready to cross biological 

barriers (e.g. mucous membranes) and be internalized by targeted cells as compared to their 

cationic counterparts [45]. Meanwhile, highly cationic nanoparticles have been known to be more 

rapidly cleared from in vivo circulation by monocytes and macrophages than highly anionic 

nanoparticles, while nanoparticles with neutral or slight negative charges would show a more 

prolonged circulation [16]. The net charge on the particle surface is represented by zeta potential, 

which can be measured by electrophoretic light scattering (ELS) [100]. Technically, nanocarriers 

with zeta potentials between -10 and +10 mV are regarded as approximatively neutral, while a zeta 

potential less than -30 mV or higher than +30 mV indicates a highly anionic or cationic surface, 

respectively [100]. In terms of colloidal stability in vitro, it is a matter of common consensus that 

an absolute value of zeta potential should be greater than 30 mV to ensure sufficient electrostatic 

stabilization and avoid phase separation, unless steric stabilization is applied [101]. Due to the 

advantages of HA as discussed in Section 2, most of the HA-based colloidal PECs reported in the 

literature have HA in excess on the particle surface, thus a negative zeta potential with a common 

range between -10 and -50 mV [2, 4, 7, 52, 93-96].  

Hydrophobicity is another important aspect. Stiff and hydrophobic nanoparticles are more 

prone to opsonization and elimination by the mononuclear phagocytic system [16, 45]. The most 

classical approach to overcome this problem is coating the particle surface with a hydrophilic 

polymer like polyethylene glycol (PEG) [45], but this may not be necessary for PECs having HA 

on the surfaces since HA can offer the same advantage with a high hydrophilicity as discussed 
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in Section 2. The common problem of HA-based PECs is a too hydrophilic structure, as they are 

formed mainly through electrostatic interactions and hydrogen bonding of hydrophilic polymers. 

Highly hydrophilic nanocarriers may show low encapsulation and fast release of drugs due to large 

pore size [102], as well as poor tissue penetration and cellular uptake as many biological barriers 

are basically hydrophobic [103]. This explains the emergence of using HA derivatives with 

amphiphilic or hydrophobic grafts for improving the performance of PECs as earlier 

described (Section 2).  

Particle geometry can also affect the in vivo behaviors of nanocarriers. Discoidal particles 

are known to have unique tumbling and margination dynamics in blood circulation, which favor 

more vessel wall interaction than spherical particles, as well as improved particle binding and 

endothelium adhesion [16, 104, 105]. Particles with greater curvature are more likely to be uptake 

by macrophages [16]. Filamentous particles may also show long-circulating lifetimes compared 

with spherical counterparts [106]. The morphology of HA-based colloidal PECs in the literature 

are commonly verified by TEM or SEM and present mostly spherical or poorly defined shapes [93, 

96, 107], with no attempt so far to control this parameter or study its effects.  

Taken together, depending on the intended applications, especially the administration route 

and the targeted tissues or cells, the desired properties of final colloidal PECs should be anticipated 

before their fabrication. In particular, a target range should be set for quantifiable characteristics 

like particle size and zeta potential to ensure both PEC stability and performance. In order to obtain 

such desired characteristics, it is imperative to understand their structure and investigate the impact 

of different parameters on their properties during the preparation process, which are described in 

the next sections. 
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3.3. Parameters impacting the formation of colloidal PECs 

The sections below give a detailed description of parameters having influence on PEC 

characteristics, including material parameters (molecular weight and charge density of 

polyelectrolytes), formulation parameters (total polyelectrolyte concentration, charge ratio, pH, 

ionic strength and adjuvant ions) and technical parameters (addition mode, addition order, stirring 

time and complexation temperature). It should be remembered that all of these parameters act 

interdependently, either synergistically or contradictorily to govern PEC properties. The resulting 

system is therefore a compromise between these factors and in no case should they be 

considered separately. 

3.3.1. Polyelectrolyte molecular weight 

HA used for fabricating colloidal PECs has a common MW between 

20-1000 kDa (Table 1). As a general trend, an increase in molecular weight (MW) of either HA 

or the complexing polycations can foster electrostatic complexation and thus reinforce the stability 

of PECs [108]. Kayitmazer et al. found an enhancement of coacervation between CTS (260 kDa) 

and HA when the MW of HA is increased from 50 to 750 kDa, which was evidenced by a decrease 

in pHϕ (critical pH above which PEC particles are formed) from 2.7 to 2.2 (Figure 6B) [31]. Such 

results were attributed to less entropy loss when HA of higher MW is transferred from diluted to 

concentrated regime [31]. Logically, HA with a too low MW may be unable to form stable PECs 

with polycations, as shown with HA of 29 kDa in HA/PAR PECs reported by Oyarzun-

Ampuero et al. (ref. [109] – Table 1). 
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Figure 6. Characterization of colloidal HA/CTS PECs in varying conditions (adapted from [31] 

with permission from Royal Society of Chemistry, 2015): A: ionization rate of HA (α) and CTS (β) 

as a function of pH. B-D: Turbidity, i.e. τ(100-T%), as a function of pH with variation of MW of 



 Etude bibliographique 

 

35 

 

HA (B), degrees of deacetylation (DD) of CTS (C) and ionic strength represented as NaCl 

concentration (D). E-H: Turbidity and radius of hydration (RH) as a function of ionic strength (I) 

at different polymer concentrations (CP) (E) or CP fixed at 0.5 g.L-1 (F). Standard parameters are 

MWHA = 234 kDa, MWCTS = 260 kDa with DD = 83 %, CP = 0.5 g.L-1, HA:CTS ratio of 1:1 m/m, 

I = 0.3 M and pH = 3. pHϕ denotes the pH above which the turbidity is abruptly increased, which 

translates the formation of PEC particles as HA is sufficiently ionized. 

Increasing polymer MW can lead to larger particle size of PECs with larger distribution, 

or even aggregation at macroscopic level (precipitation or macrogelation) if their MW is too high 

(i.e. above 1000 kDa), as shown in Table 1 (ref. [2], [110], [111], [96], [112]). However, a MW 

slightly under 1000 kDa is still susceptible to cause macro-aggregation if the MWs of both the 

complexing polymers are comparable, e.g. HA of 830 kDa in complex with DEAE-D of 700 kDa 

(ref. [81] - Table 1). Likewise, a MW higher than 1000 kDa can still form homogenous colloidal 

PECs when the partner polyelectrolyte has a much smaller MW, e.g. HA/zein PECs with HA MW 

of 2000 kDa and zein MW of 22 kDa showing a particle size of nearly 300 nm (ref. [110] - Table 1). 

Specifically, the effect of HA MW should be more obvious when HA is the main 

polyelectrolyte in PECs [78]. For instance, an increase in MW of HA from 270 to 830 kDa can 

cause an important increase in particle size (1.6-fold) and polydispersity index (PDI) (2-fold) of 

HA/DEAE-D PECs having negative to positive charge ratio (n-/n+) of 10, while only small 

increases by around 1.2-fold are observed with n-/n+ = 0.1, i.e. with HA being the minor 

polymer [81]. Similar observation was also reported when comparing HA/CTS PECs having 

HA:CTS ratio of 1:2 m/m and 2:1 m/m (ref. [96] - Table 1). Figure 7 depicts the general effects 

of polyelectrolyte MW on PEC structure, as well as those of charge density, polymer 

concentration, charge ratio and ionic strength, which are described in the next sections. 
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Figure 7. Effects of polymer molecular weight (MW), charge density (DC), total polymer 

concentration (CP), charge ratio (n-/n+) and ionic strength (I) on PECs from polyanions (blue) and 

polycations (red). (↗: increase, →: towards) 

Regarding surface charges, higher MW of HA may cause more steric hindrance for their 

compaction in the PEC core and thus more exposure of their charges on PEC surface, leading to a 

lower zeta potential [9, 96, 109, 113]. This can be observed from the decreasing trend of zeta 

potential when HA MW is increased in HA/PLL, HA/zein, HA/PROT and HA/CTS PECs (ref. [2], 

[110], [111], [96] in Table 1, respectively). As a result, for negative particles, such decrease in 

zeta potential may lead to better colloidal stability due to stronger electrostatic stabilization. In an 

experiment regarding lyophilization of pDNA-loaded HA/CTS PEC NPs, Sato et al. observed 

large increases in particle size after freeze-drying and rehydrating PEC NPs with a HA MW of 

400 kDa (from 340 to 1200 nm) or 600 kDa (from 320 to 710 nm), while a HA MW of 1300 kDa 

resulted in less particle size increase (from 470 to 670 nm) [34]. In this work, the high exposure 

of the high MW HA on the PEC surface may also explain the increase of 4 to 5-fold in cellular 

uptake efficiency when the HA MW is increased from 400 kDa to1300 kDa, probably due to better 

interaction between HA and CD44 receptors. 
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3.3.2. Charge density 

The effect of charge density on HA-based colloidal PECs is ascribed for both the absolute 

charge density on each polyelectrolyte and the relative arrangement between their charges. In 

principle, when the charge densities of polyelectrolytes in PECs increase and/or become 

comparable to each other, their electrostatic attraction should be stronger and subsequently 

increase phase separation, from microscopic (increased PEC particle yield or particle size) to 

macroscopic level (precipitation) (Figure 7) [31, 80, 114]. For PECs from HA, the effects of 

charge density are usually studied in the case of HA/CTS PECs. Unlike the natural HA which has 

a fixed distribution of carboxyl groups, amine groups on CTS result from the deacetylation of 

natural chitins, which leads to CTS of different grades in terms of degree of 

deacetylation (DD) [108]. CTS with a high DD has therefore a high number of amine groups. As 

a results, an increase in DD, or a decrease in degree of acetylation (DA) in other words, can lead 

to a higher charge density and allow better coacervation between CTS and HA, thus foster phase 

separation as well as aggregation rate during PEC formation [31, 108]. This can be seen from the 

enlargement in the pH range for effective PEC formation and the increase in suspension turbidity 

when DD of CTS is increased from 37 % to 99% in the work of Kayitmazer et al.(Figure 6C) [31]. 

Concerning the relative arrangement between two complexing polyelectrolytes, Le et al. reported 

that HA forms more stable PECs with PLL than with DEAE-D, as both HA and PLL have their 

charges distributed evenly on the polymer chains which may allow more optimal ion-pairing than 

in the case of HA/DEAE-D PECs, where DEAE-D has random charge distribution [69]. It should 

be noted that since biopolymers usually have weak charges, their ionization rate also depends on 

media pH. A change in pH may lead to an increase in ionization rate, thus higher charge density 

as well as enhance the rigidity of polymer chains and increase thus the yield or particle size of 
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resulting PECs, or vice versa [115]. The effects of pH on PECs are further described 

in Section 3.3.5. 

3.3.3. Total polyelectrolyte concentration 

The most common range of total polymer concentration (CP) for obtaining colloidal PECs 

from HA is 0.5-2 g.L-1 (Table 1). Generally, with a fixed polyanion/polycation ratio, an increase 

in CP would enhance PEC formation, i.e. larger size and higher yield of PEC particles or macro-

aggregation due to involvement of more polymer chains (Figure 7). Kayitmazer et al. observed 

higher turbidity of HA/CTS PEC suspensions when CP is increased from 0.1 to 1 g.L-1 

(Figure 6E) [31]. Umerska et al. reported an increase in particle size and turbidity for PECs from 

HA/PROT [111] (Table 1) and HA/CTS [97] when CP is increased from 1 to 2 g.L-1. Greater 

particle size and PDI are also observed when CP becomes higher in the systems of HA/PLL and 

HA/DEAE-D PECs (ref. [2] and [81] in Table 1, respectively), or other HA/CTS PECs [107, 108]. 

Logically, an increase in CP can also facilitate macro-aggregation if the polyelectrolyte MW is 

relatively high, e.g. when CP is increased from 1.25 to 1.8 g.L-1 in HA/PLL PECs with HA MW 

of 1200 kDa (ref. [2] in Table 1), or even lead to a macrogel at extremely high CP, e.g. HA/CTS 

PECs at CP of 40 g.L-1 [116]. In general, acceptable characteristics of polysaccharide-based PECs 

can be guaranteed by using dilute polymer solutions, usually corresponding to a CP under 

1 g.L-1 [115, 117].  

3.3.4. Charge ratio 

In aqueous media with a given ionic strength, the molar ratio between negative and positive 

charges (n-/n+) of two complexing polyelectrolytes decides the sign and strongly affects the 

magnitude of the net surface charge of PECs, thus influences their structure and stability. A n-/n+ 

which is far from the stoichiometric ratio (n-/n+ = 1) can lead to a great mismatch in ion-pairing 
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and generate particles with more unpaired charges, thus a greater net charge. This would result in 

looser, more expanded and more polydisperse structures of PEC particles, with a more pronounced 

and highly charged shell from uncomplexed polyelectrolyte segments [81, 95, 97]. The presence 

of such uncomplexed segments on particle shell can be evidenced through zeta potential: a negative 

zeta potential indicates uncomplexed polyanion chains on PEC surface, while a positive value 

indicates an excess of polycations [52]. When n-/n+ is closer to 1, more effective charge 

compensation would generate more compact and hydrophobic PEC particles with a lower net 

charge. This can be seen from the decrease in particle size, PDI and absolute zeta potential as n-/n+ 

is varied from 0.1 to 0.8 or from 10 to 1.25 in HA/DEAE PECs (ref. [81] - Table 1), and from 1:3 

to 1:1.25 (ref. [108] - Table 1) or from 0.2 to 0.31 (ref. [107] - Table 1) in HA/CTS PECs.  

However, when n-/n+ is sufficiently close to 1, their low net surface charge may not allow 

enough electrostatic stabilization, thus can facilitate their agglomeration to form larger particles as 

illustrated in Figure 7 and eventually precipitation [6, 97, 118-120]. This can be seen at n-/n+ = 1 

for HA/DEAE-D PECs (ref. [81] - Table 1) and n-/n+ between 0.47 and 6.6 for HA/CTS PECs 

(ref. [107] - Table 1). Meanwhile, if n-/n+ is extremely far from 1, PECs may not be formed due 

to the insignificant amount of either polycation or polyanion, as reported at n-/n+ under 0.12 for 

HA/CTS PEC in ref. [107] in Table 1. This effect can be compensated by increasing CP or 

MW [81, 109]. It is thus necessary to set an upper and lower limit for n-/n+ in order to ensure 

sufficient polyanion and polycation for PEC formation depending on polymer nature and 

preparation condition [31]. The critical n-/n+ values for effective formation of PEC particles can 

be determined with an abrupt change in transmittance or viscosity of PEC suspensions upon n-/n+ 

evolution: when the microscopic phase separation corresponding to particle formation occurs, the 

transmittance would be reduced due to the increase in size and number of particles while the 
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viscosity would also be decreased because there are less free polymer chains in the continuous 

phase [31, 84]. In some cases, the effect of n-/n+ can be important enough to outweigh the other 

factors, e.g. for HA/zein PECs where an increase in the concentration of HA with unchanged 

concentration of zein can result in PEC particles with a smaller shape despite an increase in the 

overall CP, probably because of the strong ability of HA in crosslinking zein to generate more 

compact particles [4].  

Taken together, for obtaining colloidal PECs with good colloidal stability, n-/n+ should be 

optimized to be far enough from 1 to ensure a sufficient electrostatic stabilization (namely zeta 

potential over ± 30 mV [6, 97]) and avoid large aggregates but not too far from 1 to avoid poorly 

defined particles with large size or ineffective PEC formation. It should also be remembered that 

n-/n+ can change as a function of polyelectrolyte ionization rate and thus affected by media pH 

(see Section 3.3.5). 

3.3.5. pH 

Since charges in HA as well as other biopolyelectrolytes are mostly constituted by weakly 

charged groups (i.e. carboxyl and amine groups), pH can govern their ionization rate and 

subsequently the complexation efficiency and thus phase behaviors of PEC systems [31, 121]. 

Generally, pH should remain between the pKa values of HA (pKa = 3) and polycations to ensure 

their adequate charges for complexation [31]. A pH higher than 4.5 is ideal to ensure the complete 

deprotonation of HA (Figure 6A) in order to form stable PEC particles [84]. In most cases, both 

HA and polycations are readily dissolved in deionized water and sufficiently ionized to generate 

PECs without further pH adjustment [81, 93, 95, 109], except for CTS which requires a starting 

pH under 5.5 to ensure its dissolution [122]. After PEC formation, a gradual change from acidic 

to alkaline conditions will increase the deprotonation rate of polyelectrolytes, thus increase n-/n+ 
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and reduce the zeta potential, and vice versa [47]. This can lead to the transformation in PEC 

morphology according to the effects of n-/n+ as described above in the Section 3.3.4. In other 

words, an extremely low or high pH can render the charge density of respectively HA or 

polycations inadequate for an effective charge compensation, which can lead to more expanded 

structures (i.e. larger particle size) or even disintegration of PECs, while either more compact 

particles or macroscopic aggregates can be observed when the actual n-/n+ approaches the 

stoichiometric ratio with a net surface charge closer to zero [47, 123, 124]. Particularly, a pH 

under 2 would deionize HA nearly completely and cause disintegration of PECs, which is proven 

by the change from turbid suspension to transparent solution of HA/CTS PECs when pH is 

decreased below 2 in the work of Kayitmazer et al. (Figure 6A-D) [31]. These results also show 

that the favorable pH range for efficient PEC formation depends also on other parameters, namely 

a wider range if polyelectrolytes with higher MWs are used (Figure 6B). The effect of pH is critical 

to consider when colloidal PECs are formulated for biomedical applications since particle stability 

should be maintained in the strict pH ranges corresponding to physiological conditions [26, 108], 

e.g. 7.35-7.45 in extracellular fluid (including blood plasma) [125], 4.1-5.8 on skin surface [126], 

1.0-2.5 in gastric fluid and 6.5-7.5 in the intestines [127].  

3.3.6. Counterions 

Also due to the weak nature of ionic interactions in PECs, the presence of salts, typically 

NaCl, can lead to charge screening of the polyelectrolytes by counterions and thus profoundly 

affect the formation and stability of PECs. For colloidal PECs, an increase in ionic strength can 

cause higher charge screening on particle surface, which can be seen through a reduction in the 

absolute value of zeta potential and lead to higher PEC yield due to particle aggregation or even 

macroscopic precipitation due to weakened interparticle electrostatic repulsion (weaker long-range 
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repulsive force) [31, 82]. Such effects were observed in the work of Kayitmazer et al., where the 

increase of NaCl concentration from 5 mM to 0.3 M led to a higher turbidity and a larger particle 

size of HA/CTS PECs, while the decrease in turbidity at NaCl concentration beyond 0.3 M was 

attributed to the sedimentation of macroaggregates (Figure 6E-F) [31]. In case of HA being 

complexed with proteins, a salting-out effect may also enhance hydrophobic interactions as a 

supplementary stabilization to favor the formation of PEC particles. This is suggested by Zhong 

et al. after remarking a larger particle size of PECs from HA and whey protein isolate (WPI) with 

more hydrophobic interactions within PECs when NaCl concentration is increased from 0 to 

30 mM [128]. However, an extremely high ionic strength can prevent PEC formation or cause 

PEC disintegration because the electrostatic attraction between oppositely charged 

polyelectrolytes (short-range attractive force) is also reduced as charge screening takes place at 

molecular level [48, 129]. Changes in phase behaviour as well as average particle size of colloidal 

PEC systems are thus the net result of the two contradictory effects of charge screening at particle 

and molecular levels. Therefore, particle size evolution can be non-monotonic during the increase 

of salt concentration. For instance, in the above-mentioned work regarding HA/WPI, when NaCl 

increases beyond 40 mM, PEC hydrophobicity and particle size start to decrease since WPI is more 

likely to dissociate from PECs [128]. Similarly, the particle size of HA/DEAE-D PECs was 

reported to go up when NaCl concentration increases from 1 mM to 0.1 M but then decrease 

abruptly when the salt concentration reach 1 M [81]. Such effects of ionic strength are also 

illustrated in Figure 7. As with pH, ionic strength is also an important parameter for evaluation 

when PEC systems are designed for in vivo applications since the physiological ionic strength (i.e. 

NaCl 0.9 % or 0.15 M) is usually sufficiently high to destabilize HA-based colloidal 

PECs [81, 108].  
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The effects of counterions on PECs can also depend on counterion nature and some of them 

can even stabilize PECs against physiological ionic strength. For HA/CTS PECs, compared to Na+, 

Ca2+ may have no different effect on complexation rate but can result in a more porous and swelling 

structure of PEC particles with higher water content, since the chaotropic property and larger 

hydration number of Ca2+ would not only increase the solubility and thus the hydrophilicity of 

polyelectrolytes but also make itself as well as its neighboring water molecules preferably remain 

in PECs rather than be expelled during the complexation [13]. Meanwhile, Zn(II) has been shown 

to stabilize HA/CTS PECs against physiological ionic strength [108, 130]. Wu et al. found that the 

addition of ZnCl2 or ZnSO4 at 1.5 mM before HA/CTS PEC formation (pre-stabilization) results 

in PEC NPs with good stability regrading particle size and zeta potential in PBS at both 4 °C and 

37 °C for at least one month, while NPs without Zn(II) are disintegrated immediately upon 

submersion in PBS [108]. The stabilizing effect of Zn(II) in such case is supposed to stem from its 

chelation with CTS as ligands, in which Zn(II) adopts a tetracoordinate mode with primary amines 

and hydroxyl groups of CTS [131]. Nevertheless, the coordination between Zn(II) and the oxygen-

containing donor groups of HA can also be considered as another mechanism [132]. The order of 

Zn(II) addition also affected the stability of these PECs, since NPs with Zn(II) added after the 

complexation (post-stabilized NPs) were stable in PBS at 4 °C but unstable at 37 °C. However, the 

work did not clarify the reason behind such difference between post-stabilized and pre-stabilized 

NPs, as well as between the two storage temperatures. Indeed, in the case of post-stabilization, the 

penetration of Zn(II) cations into the NP core may be limited by positive charges of the NP surface, 

as well as the increased hydrophobicity of these NPs at 37 °C since many CTS-based complexes 

can show thermoresponsiveness due to the thermo-dependent hydrophobic interactions between 

CTS chains [133, 134]. The salt form of Zn(II) had also a certain impact, as ZnCl2 showed better 
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stabilizing efficiency than ZnSO4 [108]. However, the work did not clearly describe the 

mechanism behind such results. This might be explained by the participation of sulfate in PECs as 

divalent crosslinking ions through electrostatic interactions with cationic charges of CTS, which 

can limit the exposure of these charges on particle surface and reduce their electrostatic 

stabilization [135].  

Beside Zn(II), tripolyphosphate (TPP) can also be used as an adjuvant ion to stabilize 

HA/CTS PEC NPs in physiological salines [112, 136-141]. The stabilizing effect of TPP stems 

from the crosslinking of CTS through electrostatic interactions between anionic charges of 

phosphate groups in TPP and amine groups in CTS [142]. The effects of glutamate as a counter-

anion on HA/CTS PECs have also been described. The chaotropic nature with dispersed charges 

of glutamate can increase considerably the solubility of CTS and renders glutamate less likely to 

screen the positive charges of CTS than chloride ions, allowing therefore a wider n-/n+ range for 

effective colloidal PECs formation [13]. It was also reported that glutamate would remain in PECs 

rather than be released and thus reduce the zeta potential of PEC particles through its negative 

charges [97].  

3.3.7. Mixing method 

When PECs are produced by simply mixing two polymer solutions, addition mode (rapid 

one-shot or slow dropwise addition) and addition order (HA in polycations or vice versa) can 

influence the properties of the resulting PECs [107, 143]. Dropping slowly the major 

polyelectrolyte into the other can result in large aggregates or macroscopic phase separation in the 

system, because at a certain point during such a gradual addition, the actual n-/n+ can reach the 

unity and the aggregation of neutral particles may take place at a much greater speed compared to 

that of n-/n+ evolution and thus leading to aggregation, which may be merely irreversible even 
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with a final n-/n+ far from the stoichiometric value if there is no further external 

interference [81, 113]. Accordingly, slow addition of the minor polymer in the major polymer can 

generate finer and more homogeneous PEC particles, which would give the same particle structure 

as that of one-shot dropping. Yang et al. reported a high turbidity (absorbance largely varied 

between 0.3-1.2) for PEC suspension of HA/CTS with HA:CTS ratio under 1:1 prepared by adding 

dropwise CTS to HA solution, indicating the formation of large aggregates, while the opposite 

order resulted in either absence of PEC particles or colloidal PECs having relatively small size 

(130-170 nm), making up transparent suspensions with a low absorbance which stays 

under 0.05 [107]. Concerning the one-shot method, the effect of addition order should be 

insignificant since the target n-/n+ can be immediately reached without sufficient time for particle 

aggregation to occur [81]. For instance, HA/DEAE-D PECs at n-/n+ of 0.8 have relatively small 

and similar particle size (150-200 nm) upon one-shot mixing regardless of addition order and 

dropwise addition of HA in DEAE-D solution, while dropwise addition of DEAE-D to HA leads 

to large particle size over 400 nm [81]. 

Despite being of minor importance, stirring rate, stirring time and complexation 

temperature might also have certain effects on physicochemical properties of colloidal PECs 

between HA and polycations. In an experimental design study, formation of smaller and more 

monodisperse particle size of HA/CTS PECs was reported to be favored by a middle stirring rate, 

as homogeneous distribution of both polyelectrolytes in the reaction media might not be 

guaranteed with either a low stirring rate (e.g. under 300 rpm) due to insufficient kinetic energy or 

a too high stirring rate (e.g. above 1300 rpm) which may cause bubbles and solution splashing [72]. 

Another experimental design study concerning HA/CTS PECs prepared with three different 

stirring times (10, 95 and 180 min) suggests that a longer stirring time can result in more 
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monodisperse PEC particles as shear can be offered during a sufficient time to generate rigid and 

stable particles [123]. In case of PECs from thermosensitive polymers, e.g. PECs between HA and 

elastin-like polypeptide, temperature should be sufficiently high (e.g. above 30-40 °C) to render 

their coacervation effective to generate particles [144]. Otherwise, temperature variation on a 

common range (4 to 60 °C) usually has little effect on the formation and/or the stability of colloidal 

PECs [72, 81, 107].  

Beside the classical mixing method which requires adequate stirring, colloidal PECs can 

also be produced using electrospray ionization technique. This was applied in a work of Simonson 

and co-workers, where HA solution was propelled as nanosized droplets from the outlet of an 

electrically-charged capillary into a bath containing PLL solution without agitation, followed by 

centrifugation of the resulting dispersion to obtain HA/PLL PEC NGs (Figure 8A) [93]. Such 

colloidal PECs could thus be produced rapidly by electrospray method with relatively small and 

monodisperse particle size as well as good colloidal stability (Figure 8B-C). 
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Figure 8. (A) Schematic illustration of using electrospray for preparing colloidal PECs from HA 

(yellow) and PLL (purple): drugs can be incorporated in either starting solution for their 

encapsulation in PEC particles. The obtained HA/PLL PEC suspension shows relatively 

monodisperse particle size (B) and good colloidal stability with homogeneous turbidity (C, right) 

as compared with the transparent aspect of the starting PLL solution (C, left). Reproduced with 

permission [93]. Copyright 2019, Elsevier. 

4. Applications of colloidal polyelectrolyte complexes from hyaluronic acid 

The following sections will provide a global view on various applications reported so far 

of HA-based colloidal PECs with a focus on recent advances within the last five years. These 

systems have been widely developed to deliver small molecule drugs (Section 4.1), nucleic acids 

(Section 4.2) and peptides or proteins (Section 4.3) for therapeutic purposes. Imaging agents can 
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also be delivered by colloidal HA-based PECs for bioimaging and diagnosis, possibly in 

combination with the above-mentioned therapeutic agents for theranostics (Section 4.4). Some 

nanoparticulate HA-based PECs which are not necessarily loaded with other bioactive or 

bioimaging cargo can also be employed as multifunctional platforms, e.g. carriers for HA delivery, 

emulsion stabilizers or building blocks for biomedical micro- or macro-materials (Section 4.5). 

Notably, a large number among those studies concern oncologic applications due to the rising need 

for cancer diagnosis and treatment, for which colloidal HA-based PECs can offer tremendous 

advantages as mentioned in Section 1 and Section 2.  

4.1. Small molecule drug delivery 

Colloidal HA-based PECs have been described as nanocarriers for delivering small 

molecule drugs in numerous works, which are listed in Table 2. Many of them show positive 

results in vitro and/or in vivo regarding improvement in therapeutic efficacy of the drugs of interest, 

most of which are anticancer agents since their delivery is usually problematic due to poor aqueous 

solubility, poor stability, low bioavailability and high systemic toxicity owing to lack of cellular 

selectivity and thus needs more improvement [145]. Some works did not include in vitro or in vivo 

studies on therapeutic performance but still reported good drug encapsulation and/or controlled 

release with satisfactory physicochemical stability, showing thus their potential as promising 

nanocarriers for drug delivery. It should also be mentioned that among the presented works, drug-

loaded colloidal PECs of Hsu et al. [146] and Freitas et al. [94] were further incorporated in 

secondary carriers as multifunctional platforms rather than employed directly in their colloidal 

form for their applications, for which a more detailed description will be provided in Section 4.5. 
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During the formulation and preparation steps of colloidal PECs, different factors (e.g. 

polymer concentration, mixing ratio, ionic strength, starting drug amount, addition order of drugs, 

stirring time and dialysis time) should be studied and optimized as they can affect drug 

encapsulation and release rate [96, 107, 128]. The effective encapsulation of drugs in PECs, i.e. in 

molecular or amorphous state, can be verified though differential scanning calorimetry (DSC) or 

X-ray diffraction (XRD) techniques [7, 96, 107]. For encapsulation of a positively charged drug 

like DOX, a high n-/n+ ratio which leads to negatively charged particles should allow a better 

encapsulation rate due to electrostatic attraction between particles and drug molecules [70]. For 

hydrophobic drugs, adding drugs before the complexation can offer better drug encapsulation 

when compared to incubating the fully formed particles with the drugs since the highly charged 

and hydrophilic shell around a PEC particle can inhibit the adsorption of hydrophobic molecules, 

as proven in the case of pyrene encapsulation in HA/DEAE-D PECs [81]. However, being also a 

hydrophobic drug, DOX was reported to be better encapsulated in HA/PLL PEC particles after 

their formation, since including DOX in the starting polymer solution can cause precipitation [93]. 

Yang et al. also found that adding curcumin (CUR) before the complexation between HA and CTS 

can lead to micro-scaled rather than nanosized PECs [107]. In order to limit the precipitation of 

such hydrophobic drugs and maintain their molecular state in a sufficient time during the 

complexation or the co-incubation for an effective inclusion of drug molecules in PEC particles, 

organic cosolvents like ethanol or acetone can be used, which should be thereafter removed by 

evaporation or dialysis [69, 107]. Specifically, to encapsulate hydrophobic bioactive polyphenols 

like CUR and quercetagetin in HA/zein PECs, the complexation should take place in an ethanol-

water mixture due to the low aqueous solubility of both zein and the active compounds, followed 

by ethanol evaporation in order to obtain the final drug-loaded PECs (antisolvent coprecipitation 
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method, Figure 5) [49, 50, 86, 110]. For PECs from HA and proteins, encapsulation of a 

hydrophobic drug like CUR can also be improved with an adequate NaCl concentration due to 

enhanced hydrophobic force with “salting-out” effect, as reported for colloidal PECs from HA and 

whey protein isolate [128]. Physical coating of PECs with polyethylene glycol (PEG) might also 

reduce the leakage of hydrophobic drugs and therefore enhance their encapsulation, as suggested 

by Xu et al. in their work regarding CUR encapsulation in HA/CTS PECs [150]. By using HA 

functionalized with thermosensitive amphiphilic polyethers, i.e. poly(ethylene oxide)-co-

poly(propylene oxide) (PEO-PPO), Le et al. also found that the encapsulation of CUR in PECs 

can be improved by controlling complexation temperature [69]. Covalent conjugation of drug 

molecules on parent polymers of PECs as prodrugs instead of physical entrapment method can 

also improve drug solubility and encapsulation, pharmacokinetic properties and therapeutic 

efficacy while reducing their systemic side effects, for example HA/CTS PECs with covalently 

bonded gemcitabine and platinum (IV) on HA and CTS respectively [73] or with docetaxel grafted 

on HA [72]. Another finding worth mentioning is that for HA/CTS PECs loaded with tocopherol 

(also known as vitamin E), which is a lipophilic compound, using TPP for further particle 

stabilization as mentioned in Section 3.3.6 can lead to particles having a better controlled structure 

but may reduce the encapsulation rate of tocopherol [137]. 

The stability of colloidal PECs in biological fluids, as for other nanoparticulate systems, is 

greatly affected by the high ionic strength and proteins in these fluids since the former can lead to 

PEC aggregation or disintegration as described in Section 3.3.6, while the latter can form a 

“protein corona” (opsonization) on the particle surface that would possibly modify their stability 

with undesirable effects, such as aggregation or phagocytosis by immune cells [148, 153, 154]. 

Evaluating the particle size in biological fluid can allow verifying their stability in such conditions. 
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Considering some inconveniences of DLS in observing particle stability in undiluted biofluids, 

Shariati et al. reported the use of fluorescent single-particle tracking as an alternative but more 

pertinent method to ascertain the stability of HA/PAR PEC particles in undiluted ascetic 

fluid [148]. Such good stability of HA-based colloidal PECs can be attributed to the protecting 

effect of HA against protein adsorption [10]. PEGylation, one of the most common method to 

produce “stealth” NPs in nanomedicine, can also be applied to protect colloidal PECs from 

opsonization, therefore improve their circulation time in vivo and bioavailability of the loaded 

drugs, as evidenced with PEGylated HA/CTS PECs for mitoxantrone delivery [7]. In addition, 

complementary counterions have been employed to stabilize drug-loaded PEC particles against 

physiological salines as mentioned in Section 3.3.6, e.g. Zn(II) ions for stabilizing tenofovir-

loaded HA/CTS PECs [130] or TPP for HA/CTS PECs encapsulating DOX [139]. The amphiphilic 

PEO-PPO grafts on constituent polymers can also stabilize PEC particles against physiological 

ionic strength through supplementary intraparticle hydrophobic interactions [69]. Moreover, when 

prepared from thiol-disposing polymers, e.g. HA-SH, PLL-SH or feather keratin, PEC particles 

can be further stabilized by self-crosslinking though the formation of the cleavable disulfide bonds 

as a result of redox reaction between thiol groups, either spontaneously with oxygen readily present 

in the media or more favorably upon adding an oxidizing agent like hydroxy peroxide, which may 

ultimately enhance drug encapsulation and PEC stability against high ionic strength [70, 121, 149].  

Regarding drug release, PECs can offer a controlled release which follows an initial burst 

release phase and might depend on the studied pH [4, 107]. In case of DOX, which becomes more 

positively charged and thus more hydrophilic at lower pH, a mild acidic condition as in tumor 

microenvironment (pH between 6-7) or intracellular vesicles (pH between 4.5-6.5) can trigger drug 

release from PECs, since the protonation of both polyanions and polycations can favor PEC 
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swelling for drug diffusion and the increase in positive charges can extrude drug molecules from 

PECs through electrostatic repulsion, allowing thus a pH-responsive behavior for controlling drug 

release [26, 152]. Conjugation of HIS on parent polymers was also reported to enhance PEC 

stability and encapsulation rate of DOX through hydrophobic interactions and favor drug release 

in acidic conditions owing to the pH-dependent hydrophilic-hydrophobic balance of HIS, where 

the protonation of HIS moieties at low pH can reduce their hydrophobic interaction with more 

positive charges and lead to the expulsion of DOX from the particles [71]. Moreover, self-

crosslinking though disulfide bonds in HA-based PECs can result in not only better PEC stability 

as previously mentioned but also a dual-responsive behavior for triggering drug release in tumor 

intracellular microenvironment, since the extremely high concentrations of both HAase and 

glutathione (GSH) at these locations can cause respectively HA degradation and disulfide bond 

cleavage to destabilize PECs and release the loaded drugs [70, 121, 149]. 

In terms of drug targeting, beside the CD44-targeting effect of HA, further addition of other 

ligands can improve the tumor targeting effect, e.g. LF attachment on PEC particle surface through 

electrostatic interactions with HA can offer these particles with better permeation through the 

blood-brain barrier, leading to a dual-targeting effect for treating brain tumors [151], whereas 

grafting with galactose moieties can further improve hepatoma-targeting capacity through the 

recognition of galactose receptors on hepatocytes [152]. Co-delivery of anticancer drugs with other 

therapeutic agents can also be applied for additional benefits, e.g. HA/CTS PEC NPs for attacking 

multidrug resistant breast tumor cells by co-delivering mitoxantrone, a nonspecific anticancer 

drug, and verapamil, a calcium antagonist which can effectively reverse drug resistance in order 

to enhance the cytotoxic effect of mitoxantrone [96]. Administration route can also affect the 

therapeutic efficacy of drug loaded PECs, e.g. delivering cisplatin-loaded HA/PAR PEC 



 Etude bibliographique 

 

57 

 

nanocarriers intraperitoneally by pressurized local aerosolization demonstrated a more 

homogeneous distribution of particles with a deeper drug penetration at targeted tumor sites and 

thus better antitumor efficacy compared to the classical intravenous (IV) injection [148].  

HA-based colloidal PECs have also been developed to deliver small molecule drugs for 

non-oncologic therapy. Simonson et al. suggested that HA/PLL PEC NGs are promising for 

improving the antibiotic potency of vancomycin against both Gram-negative and Gram-positive 

bacteria, as the minimum inhibitory concentration (MIC) of vancomycin delivered by such NGs 

in treating E. coli and S. aureus was respectively 4-fold and 15-fold lower when compared to free 

vancomycin [93]. The mechanism proposed by the authors for this effect is that HA can 

preferentially recruit the bacteria pathogens to the NG surface since this polysaccharide is a carbon 

source for their essential activities, while the subsequent electrostatic interactions between PLL 

and bacterial cell wall can permeabilize the latter and therefore bacterial cells are more exposed to 

the drug. Encapsulation of berberine in HA/PLL PEC NGs for wound healing with satisfactory in 

vitro results was also described by Amato et al. [2]. Meanwhile, Wu et al. reported the delivery of 

tenofovir, a HIV-1 reverse transcriptase inhibitor, by colloidal HA/CTS PECs stabilized with 

Zn(II) ions and decorated with anti-α4β7 immunoglobulin as a ligand for targeting HIV-infected 

cells [130]. The work showed good biocompatibility of such PECs and their ability to improve the 

inhibitory effect of tenofovir on HIV-1 infection, in which the contributing roles of Zn(II) ions and 

the targeting ligand were evident. HA/CTS PEC NPs were also elaborated by Akentieva et al. to 

deliver dinitrosyl iron complexes (DNICs) as a nitric oxide (NO) donor for treating cardiovascular 

diseases [147]. Their studies demonstrated the capability of HA/CTS PEC NPs to incorporate and 

stabilize DNICs, then increase and prolong NO generation from such complexes and subsequently 

improve the viability of cardiomyocytes in vitro. In another work, HA/zein PEC NPs were reported 
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for topical delivery of tetrahydrocurcumin (THC) to alleviate Ultraviolet B (UVB)-induced skin 

photoaging, since the particles can be uptaken by UVB-exposed keratinocytes through CD44-

mediated endocytosis, where the ROS produced in UVB-induced inflammation can promote the 

degradation of HA to liberate both THC and low MW HA, which can act synergistically in turn as 

scavengers of ROS to reduce oxidative damage and cell apoptosis [26]. Indeed, the protective 

effects of HA against radiation damage may stem from not only its chemical reactions with ROS 

but also a biological mechanism involving a complexity of cellular signaling pathways [27]. 

4.2. Nucleic acid delivery 

Nucleic acid (NA) delivery has been applied in gene therapy technologies as emerging 

approaches for treating genetic diseases, especially cancers [155, 156]. Classical gene therapy 

involves transporting coding DNAs into diseased cells in order that their expression can correct 

defective genes, replace absent genes or provoke antitumor reactions [155]. Gene silencing, which 

is a more recent technology for gene therapy, is done by introducing specific non-coding RNAs 

like small interfering RNAs (siRNAs) or microRNAs (miRNAs) into targeted cells so as to 

suppress the translation and thus the expression of targeted genes [156]. Numerous cationic 

polymers (e.g. PROT, CTS, PEI, PLL and PAR) have long been known as cellular transfection 

agents due to the capability to form electrostatic complexes with NAs, which can neutralize their 

strong negative charges and thus facilitate their intracellular delivery [157]. However, such binary 

complexes can exhibit insufficient compaction and low stability as well as nonspecific interactions 

with biological molecules due to extensive positive charges and high toxicity [41, 158, 159], 

leading to the need of further complexation with a biocompatible polyanion like HA to form 

ternary complexes disposing better properties [160]. As for small drugs-loaded PECs, HA can also 

contribute to the physicochemical stability of NA-loaded PECs in serum [43, 161]. Furthermore, 
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the presence of HA as a protecting shell can prevent aggregation of NA-loaded PEC particles and 

the inactivation of NAs after lyophilization and rehydration in order to ensure an unimpaired 

transfection efficiency [33]. Accordingly, high transfection efficiency was reported in multiple 

studies regarding colloidal PECs from HA for delivering different types of NAs, including siRNA, 

miRNAs, oligoRNAs and linear or plasmid DNAs (pDNAs) (Table 3). 
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During PEC formulation, the proportion of every component, i.e. HA, polycations and 

NAs, are highly important as they can affect the affinity of NAs to PECs and thus both their loading 

and release rate. A too low proportion of polycations or a too high proportion of HA might prevent 

efficient incorporation of NAs in PECs due to insufficient positive charges to form complexes with 

NAs. Accordingly, evaluating the amount of free NAs remaining in the formulation through gel 

electrophoresis can be realized to find the optimal proportion of these components [160, 161]. For 

example, Ma et al. reported that the amount of HA/PROT PECs with HA:PROT ratio of 1:1 m/m 

should be at least 20 times higher than that of siRNA in order to include all siRNA in the 

complexes [160]. Meanwhile, Kim et al. found that the optimal PEC:siRNA mass ratio is at least 

12:5 when using PECs of HA/PAR (1:10 m/m) but this should be increased to at least 24:5 when 

HA:PAR ratio is increased to 1:1 m/m [56]. However, an excessively high proportion of polycation 

may result in large aggregates, e.g. HA/PLL/miRNA PECs with N/P ratio (molar ratio of amine 

groups on PLL to phosphate groups on miRNA) of 20 were reported to show a high particle size 

of 450 nm, which is much greater than the particle size of 120 nm obtained with N/P of 10 

and 5 [98]. The MW and the proportion of HA are also important and can have various impacts on 

gene delivery efficacy. Sato et al. reported that HA has a protective effect on NA-loaded PEC NPs 

during lyophilization and rehydration, where a higher MW of HA can strengthen such effect to 

improve the transfection efficiency due to a better exposure of HA on the particle surface as 

mentioned in Section 3.3.1 and thus better interaction with CD44 receptors [34]. Meanwhile, 

although HA can improve cell targeting through CD44 receptors, a too high proportion of HA in 

PECs may increase excessively negative charges in the complexes and therefore limit NA loading 

or cellular uptake due to stronger electrostatic repulsion between PECs and NAs or cell membranes 

respectively [56, 98, 99]. In return, once uptaken by cells, HA can accelerate the expression of the 
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transported genes by enhancing transcriptional activity in the transfected cells through certain 

cellular signaling pathways [34, 163].  

In order to improve the stability of NAs in colloidal HA-based PECs, further modifications 

on PEC particles can be applied. Similar to small drug molecules, oligodeoxynucleotides (ODNs) 

can also be conjugated to HA in PECs through the cleavable disulfide bonds, which might allow 

better incorporation and stabilization of ODNs while still ensuring their intracellular release in the 

presence of GSH [74, 164]. Functional additives can also be introduced through either physical 

attachment or chemical grafting. For oral delivery, e.g. in targeting colorectal liver metastasis, the 

low oral stability of NAs can be a great challenge and might be overcome by using HA grafted 

with bile acids like taurocholic acid (TCA) in PEC nanocarriers. In a work of Hyun et al. regarding 

siRNA oral delivery for treating liver tumor, it was shown that inclusion in HA-TCA/PROT PECs 

can better protect the siRNA from gastrointestinal pH and nuclease than complexing with PROT 

alone [60]. Furthermore, these PECs were also shown to enhance intestinal absorption as well as 

increase and prolong liver biodistribution of siRNA. Such advantages may stem from the 

enterohepatic circulation of TCA as a bile acid: TCA in the gastrointestinal tract can bind to apical 

sodium bile acid transporters (ASBT) proteins in the small intestine for intestinal absorption of 

TCA, then be transported to the liver for recycling and reintroduced back into intestines with 

minimal clearance in the whole process (around only 5 %) [165]. However, the contribution of 

TCA in such improvement was not convincingly proven as these studies did not include HA/PROT 

PECs as a referent sample [60]. Another example is DOP grafted on HA for complexation with 

the biodegradable synthetic polycation PBAE and DNA to form DNA-loaded nanocomplexes in a 

work of Guo and co-workers [76], who took advantage of the bioadhesive abilities of DOP through 
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interactions with cell membrane and the high expression of DOP receptors on tumor cell surfaces 

in order to favor the tumor cellular uptake of such nanocomplexes. 

Colloidal HA-based PECs were also studied for co-delivery of NAs and chemotherapeutic 

small molecules, which may offer synergistic effects. Ma et al. developed HA/PROT PEC 

nanocarriers for co-delivery of Pt(IV) as a platinum prodrug with survivin siRNA, which can 

reduce survivin overexpression and reverse Pt resistance to improve its cytotoxic effect in drug-

resistant lung cancer cells [160]. In this work, Pt(IV) was used as a prodrug instead of Pt(II) (i.e. 

cisplatin) in order to avoid their interactions with siRNA, whereas polyglutamic acid was used not 

only as an additional anionic coating agent to increase the biocompatibility of the system but also 

as a layer of drug reservoir with covalently bonded Pt(IV), which offers a slower release of Pt(IV) 

compared to siRNA, allowing the reversal of drug resistance by siRNA to take place before the 

cytotoxic Pt(II) is produced and exerts its function. HA/PROT NGs were also described for the 

co-delivery of EGCG and siRNA [53]. EGCG is a natural compound exhibiting anticancer activity 

and NA stabilizing effect due to their noncovalent interactions, while siRNA can be useful for 

downregulation of drug resistance-related factors to allow better response to EGCG. The 

decoration of PEC NGs with tumor-homing cell-penetrating peptides was also employed in this 

work in order to improve particle accumulation in the tumors (Figure 9). In another work, 

coadministration of miRNA with DOX by TPP-stabilized HA/CTS PECs was also demonstrated 

by Deng et al [140]. Grafting cyclodextrin (CDX) on polycations in complex with HA is another 

approach which may allow not only a concurrent delivery of both NAs and hydrophobic 

chemotherapeutic compounds owing to the inclusion of the latter in CDX moieties, as reported for 

co-delivering oligoRNA and DOX with PECs from HA and CDX-grafted PLL [62], but also a 



 Etude bibliographique 

65 

 

better biocompatibility and higher transfection rate when compared to non-modified polycations, 

for which the mechanism remains undiscovered [161, 166].  

 

Figure 9. NGs from self-assembly of siRNA, PROT, EGCG, HA and tumor-homing cell-

penetrating peptides. (a) Fabrication scheme and (b) Antitumor mechanism: NGs are accumulated 

in blood vessels of tumors through specific recognition of peptide ligands on the NG surface by 

aminopeptidase P (APaseP) on tumor blood vessel wall. The NGs are then bound to CD44 

receptors on tumor cells before cell internalization, which is followed by NG degradation by 

HAase in lysosomes to liberate EGCG and siRNAs in order that EGCG can reduce the generation 

tumor necrosis factor-alpha to exert its antitumor functions while siRNA can downregulate the 

expression of connective tissue growth factor (CTGF) to reduce chemoresistance against EGCG. 

Reproduced with permission [53]. Copyright 2018, American Chemical Society. 
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Compared with oncotherapy, non-oncologic therapy has been less described for 

applications of NA delivered with colloidal HA-based PECs. An example is PEC NPs from HA 

and PEI-grafted CTS oligosaccharide (CSO) loaded with siRNA for the treatment of 

endometriosis [167]. In this work, HA/CSO-PEI/siRNA particles showed better selectivity to 

endometriosis lesion when compared to CSO-PEI/siRNA complexes, probably due to the targeting 

effect of HA through CD44 receptors on these cells. The former also exhibited no toxicity on 

reproductive organs while favoring both reduction in endometriosis lesion size and degeneration 

of ectopic endometrium in rat models. Colloidal PECs from HA and oleoyl-carboxymethyl-

chitosan were also developed to deliver pDNA as oral vaccine for fish [168], where the 

incorporation of HA was reported to enhance the cellular uptake of the nanocomplexes by Caco-2 

cells and improve the immune response in carps immunized with the DNA-loaded PECs through 

oral route, which was evidenced with a higher antigen-specific antibody titer. 

4.3. Peptide and protein delivery 

As for NAs, proteins as well as peptides are also biomacromolecules which can be 

delivered by HA-based PECs with improved stability. In contrast to NAs, which dispose strong 

negative charges, proteins can be either negatively or positively charged depending on pH and thus 

their associations in HA/polycations PECs would be mainly based on their electrostatic 

interactions with polycations or HA respectively, which can dictate the structure and properties of 

protein-loaded PECs. Umerska et al. reported that the effective inclusion of salmon calcitonin 

(sCT) in HA/PROT nanoplexes is due to electrostatic interactions between HA and positive 

charges of sCT [111]. Therefore, a higher proportion of HA can improve the loading rate of sCT 

and ultimately result in negatively charged PECs with sCT located nearer to the particle surface 

rather than the core, as the latter is rich in highly cationic PROT which may propel the protein 
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toward the particle surface. It should be noticed from this study that even though HA and sCT can 

readily form electrostatic complexes, the use of PROT as a polycation is still necessary since the 

relatively weak complexation between HA and the protein alone is not sufficient to form well-

defined and stable particles, but an excessive presence of PROT might prevent sCT loading due to 

electrostatic repulsion and destabilize the system. In coherence with its relative emplacement near 

the particle surface, sCT showed great effects of on both particle size and surface charges as well 

as a release pattern starting with an initial burst followed by a prolonged release. Similar findings 

on protein displacement and release pattern were also described for positively charged HA/CTS 

PEC NPs loaded with the negatively charged insulin [138]. On the contrary, proteins with the same 

charge sign as that of PEC shells are more likely to be compacted in the innermost core rather than 

near the surface of PEC particles, which can be evidenced through the negligible effects of protein 

loading on particle size and net surface charge in the case of insulin loaded in negative HA/CTS 

PECs [115] and green fluorescent protein (GFP) loaded in negative HA/PLL PECs [93]. This may 

lead to a very different release pattern of proteins from PECs compared to that of small molecule 

drugs, as Simonson et al. reported that the release pattern of GFP from their negative HA/PLL 

PEC NGs started with an initial slow-release phase before the rapid release in the second phase 

corresponding to the degradation of the PEC core, while it is the opposite for the release of DOX 

from the same PEC particles [93]. Despite such a difference in release manner between the two 

types of cargo, both of them were effectively delivered into the studied cancer cells by CD44 

targeting and exerted the desired effects, as evidenced by the cytotoxic assay in the case of DOX 

and intracellular fluorescence evaluation in the case of GFP. In another work, Liang et al. reported 

PEC NGs from PEI and EGCG-grafted HA loaded with lysozyme as a model protein or 

granzyme B as a cytotoxic protein with anticancer effect [3], where the role of EGCG grafting is 
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to facilitate the binding of protein cargos in PEC NGs through physical interactions and result in 

NGs with smaller size, better homogeneity and higher stability. The optimized systems showed 

promising results with a targeted cellular uptake and significant cytotoxic effect on CD44-

overexpressing colon cancer cells. Nevertheless, as lysozyme disposes positive charges and was 

thus included in PECs through its association with HA [169], an excessively high proportion of 

HA-EGCG can reduce protein release and lower the therapeutic efficacy [3]. Collectively, the 

distribution of loaded proteins inside PEC particles and also their release pattern can be different 

case by case in function of protein nature and particle design. 

Colloidal PECs from HA were also investigated in several works for oral delivery of 

proteins, which is usually challenging due to the low stability of proteins in the gastrointestinal 

tract as well as their low permeation through the mucous layer and enterocytes. Logically, most of 

these works focused on PECs from HA and CTS due to their synergistic effects in enhancing the 

mucoadhesive property of drug delivery systems [64]. In a work of Cui et al. regarding insulin oral 

delivery with HA/biotin-grafted CTS/insulin ternary nanocomplexes, HA can enhance the 

permeation of the studied systems in the mucous layer while the grafted biotin can enhance the 

uptake of insulin-loaded nanocomplexes in enterocyte though their biotin receptors, leading to an 

improvement in hypoglycemic effect in vivo, which can be optimized with a medium MW of HA 

and the highest substitution degree of biotin within the studied range [9]. Oral delivery of insulin 

with HA/CTS nanocomplexes was also reported by Sladek et al. but with a slightly different 

delivery mechanism, where the role of PECs was to protect insulin in digestive media and facilitate 

its passage through mucus but not through the epithelial wall due to scarce epithelial uptake of 

these nanocomplexes. Therefore, insulin should be released in the mucus and penetrate in its free 

form through epithelium, which can be assisted by sucrose laureate as a permeation 



 Etude bibliographique 

69 

 

enhancer [115]. The group also found that insulin in plain HA/CTS/insulin PECs is indeed more 

prone to degradation by digestive enzymes than free insulin despite the compact inclusion of 

insulin within the PEC core. Such a lower stability of insulin in PECs was attributed to insulin 

restructuring upon complexation in PECs and can be avoided by coating PECs with a specific 

commercial enteric coating polymer [115]. On the contrary, Umerska et al. reported that 

HA/PROT nanocomplexes can limit the digestive degradation of sCT even though the protein was 

found to be located near the PEC surface [111].  

HA-based nanoparticulate PECs have also been investigated for delivering antigenic 

peptides or proteins as a vaccine. Specifically, intranasal delivery of ovalbumin was reported in 

some research regarding PECs from HA/poly-L-lysine-co-polylactide [170] and 

HA-SH/trimethyl CTS-SH [65]. In the former work, the PECs of interest could effectively deliver 

ovalbumin into dendritic cells to upregulate cytokine production in vitro and enhance the 

production of IgG antibody in vivo upon intranasal administration in mouse models, which was 

attributed to the mucosal adhesion property of HA as well as its ability to enhance specific uptake 

of PECs through CD44 receptors on mucosal epithelium and immune cells. Regarding ovalbumin-

loaded HA-SH/trimethyl CTS-SH PECs, Verheul et al. reported that the presence of thiol groups 

allowed the self-crosslinking of PECs with two main advantages: (i) better physicochemical 

stability of PECs during post-particle chemical modification (PEGylation) or under physiological 

saline condition and (ii) enhancing the adjuvant effects of PECs to improve ovalbumin-induced 

immunological response [65]. However, the work also showed that PEGylation offers no 

additional benefit or even abolishes the positive effect of PEC crosslinking on immunogenicity 

when the particles are delivered intranasally, which was contradictory to many previous works and 

could be attributed to the change in particle surface charge after the PEG-grafting reaction. 
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HA/CTS as well as chondroitin sulfate/CTS PEC particles were also described in the work of 

Dacoba et al. on delivering the peptide antigen PCS5 as an anti-HIV vaccine [75], where it was 

found that the covalent conjugation of the antigen on material polymers and their coadministration 

with polyinosinic:polycytidylic acid as an immunostimulant can both improve the immunological 

response, i.e. activation of antigen-presenting cells in vitro.  

4.4. Imaging agent delivery 

Imaging agent delivery has also been reported among the applications of colloidal PECs 

from HA and polycations, especially HA/PROT PECs. Xu et al. developed PECs from PROT in 

complex with HA and HA-SYL3C aptamer conjugation for delivering fluorescent catalytic hairpin 

assemblies (CHAs) as a novel type of nanoprobe for in situ detection of living circulating tumor 

cells (CTCs) in undiluted blood [171]. The mechanism of this approach is that once the catalytic 

hairpins are uptaken and released within CTCs, miRNA-21 readily present in these cells will 

activate the amplification of CHAs, which will restore and intensify their fluorescence. As HA and 

SYL3C aptamers on the PEC surface can bind respectively to CD44 receptors and epithelial cell 

adhesion factors on CTCs, they would provide the nanoprobes with dual targeting capability in 

order to efficiently deliver the CHA systems into these cells. HA/PROT PECs were also employed 

by Xia et al. for delivering GSH-coated gold nanoclusters (AuNCs) as a theranostic agent into 

tumor cells [11]. Their results showed that the stable complexes were formed based on electrostatic 

interactions between carboxyl groups of both HA and GSH on AuNC surface and amine groups 

of PROT as well as their hydrophobic interactions. The cytotoxic activity of AuNCs is based on 

the concept of photodynamic therapy, in which AuNCs are photosensitizing agents which can be 

transformed to excited state by irradiation and then react with intracellular triplet oxygen (3O2), 

i.e. ground state oxygen, to produce cytotoxic singlet oxygen (1O2) [172, 173]. In parallel, the 
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return of AuNCs to their lower energy state can also emit fluorescence. Due to the above-

mentioned interactions among HA, PROT and GSH, the nanocomposites demonstrated enhanced 

fluorescence emission and better singlet oxygen generation when compared to plain AuNCs, 

respectively leading to better imaging results and greater cytotoxic effect on tumor cells in vitro 

after the selective cellular uptake which was favored by specific binding of HA to CD44 receptors. 

In another work, Sim et al. reported the delivery of ferumoxytol-loaded HA/PROT nanocomplexes 

(HAPF) to natural killer cells (NK cells) in order to obtained HAPF-labelled NK cells, which can 

be subsequently administered to solid tumors for adoptive cell transfer therapy (Figure 10) [8]. 

Labeling NK cells with HAPF has two advantages: (i) the possibility of exploiting magnetic 

resonance imaging (MRI) for guiding the transcatheter delivery of NK cells to tumors and (ii) 

magneto-activation of NK cells [174], which means that applying an alternating magnetic field 

can lead to mechanical movements of HAPF in NK cells and subsequently activate their cytolytic 

function through a mechanical-sensing mechanism to attack tumor cells. The efficient attachment 

of HAPF to NK cells was ascribed to the presence of both HA and PROT in HAPF, leading 

therefore to the high labelling efficiency of NK cells as observed in the study. For proof-of-

concept, the authors reported the successful transcatheter intra-arterial local delivery of HAPF-

labelled NK cells in a hepatocellular carcinoma rat model with good accumulation of NK cells at 

the tumor site and significant suppression of tumor growth. 
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Figure 10. Schematic illustration of NK cell labeling with ferumoxytol-loaded HA/PROT PECs 

for MRI-guided local transcatheter delivery of NK cells in liver tumors and NK cell magneto-

activation for antitumor effects. Reproduced with permission [8]. Copyright 2021, American 

Chemical Society. 

PECs between HA and disulfide crosslinked PEI were also utilized for theranostic 

purposes, e.g. the delivery of hausmannite (Mn3O4) and hematite (Fe3O4) NPs as MRI contrast 

agents in combination with DOX and pDNA encoding Bcl-2 shRNA as therapeutic agents [12]. 

The obtained nanoassemblies showed excellent MRI contrast by reducing artifact signals and 

significant toxicity on cancer cells by the synergistic effect of both pDNA and DOX, while the 

CD44-targeting effect of HA was necessary for the selective tumor cellular uptake of such 

nanocomplexes. In another work, near-infrared (NIR) fluorescent indocyanine green (ICG) as a 

fluorescent probe was delivered to tumor cells by using HA/PBAE PEC NGs, which could be 

effectively internalized within these cells through CD44-mediated cellular uptake and thereafter 

disassembled under the highly acidic condition of intracellular vesicles in order to liberate ICG 

from its quenched state and strongly recover its NIR fluorescence [175].  

4.5. Multifunctional platforms 

With respect to dermatologic application of HA, the research group of Tokudome reported 

the use of nanoparticulate HA-based PECs as a novel approach for effective HA delivery into the 
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skin [95, 176]. In a first approach, HA/PROT PEC NPs were investigated and showed the 

capability to effectively penetrate into the dermis layer of the skin both in vitro and in vivo while 

free HA could only reach the stratum corneum, i.e. the outermost layer of the epidermis. Such 

studies further showed that after the penetration of HA/PROT PECs into the dermis, HA could be 

liberated in its free form and diminish the transepidermal water loss caused by UV irradiation [95]. 

Following this work, the group continued the research with HA/PLL PECs in simulated skin 

environment in order to elucidate the skin penetration pathway of HA-based PEC NPs [176], where 

the obtained results suggested that the better skin penetration of such NPs compared to free HA is 

due to the less hydrophilic characteristics of the particles as compared to free HA, which facilitates 

their penetration through intercellular lipids rather than transcellular pathway, while the 

subsequent release of free HA from these particles may be the result of PEC disintegration due to 

the high ionic strength under physiological conditions. It could be seen that for such topical 

administration, the disassembly of PECs under physiological salinity was indeed beneficial and 

necessary for HA release, in contrast with many works previously mentioned where it is a problem 

to overcome. 

In regard to HA/CTS PECs, HA/CTS coacervates were shown to be promising scaffolds 

for cartilage tissue engineering since bone marrow stem cells can be encapsulated in such systems 

with long-term cell viability and well-spread cell morphology [13]. In addition to drug delivery 

capability, coacervates from HA and lactose-modified CTS can also scavenge ROS produced by 

neutrophils during inflammatory processes since both HA and CTS have been shown to possess 

ROS scavenging effect [14]. All of those results have highlighted the interest of HA/CTS 

coacervates for treating joint inflammation [14]. HA/CTS PEC NPs were also reported for the 

fabrication of polysaccharide composite films by particle casting in a work of 
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Yamazaki et al. [177], where the obtained films showed satisfactory mechanical properties with 

good adhesion to CD44-overexpressing cells and revealed therefore great potential as a material 

for biomedical and drug delivery applications.  

Some nanocomplexes from HA and cationic proteins have also been described as emulsion 

stabilizers with more interesting properties than the proteins alone, for example in studies 

regarding HA/LF PECs [46, 178]. Such complexation was reported to enhance the thermal stability 

and antioxidant property of LF, while the emulsifying capability can only be improved upon 

covalent crosslinking between HA and LF [46]. In a work of Freitas et al., anionic HA/zein PEC 

NGs were exploited as building blocks for fabricating colloidal gel assemblies though the 

electrostatic interactions between the former and cationic PEI-coated PLGA NPs (Figure 11) [94]. 

This concept was developed based on the usefulness of such a multiparticle assembly, including 

(i) moldability to generate solid implants with desired shapes and (ii) autonomous multiparticle 

shedding, i.e. spontaneous and gradual release of the constituent NPs and NGs into the adjacent 

microenvironment to exert specific functions on neighboring cells. For proof-of-concept, HA/zein 

NGs encapsulating quercetin as a model drug were used to obtain the quercetin-loaded 

multicomponent gels for delivering this drug to macrophages in vitro, which showed thereafter 

high drug loading with significant improvement in anti-inflammatory activity of macrophages. 

Hsu et al. also described the inclusion of DOX-loaded nanoparticulate PECs from HIS-grafted HA 

and HIS-grafted PEI in Gellan gum microspheres for chemoembolization [146]. 

Chemoembolization is a process widely used for treating liver tumors, in which anticancer agents 

at a high concentration are delivered into the tumors through a small catheter along an artery, 

which is then blocked off (embolized) by an embolizing agent (e.g. microparticles) in order to 

deprive the tumors from blood supply and keep a long-term high concentration of the drugs in the 
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tumors [179]. The above-mentioned studies showed that the unitary PEC NPs can facilitate DOX 

delivery into liver cancer cells, while the microspheres can serve at the same time as an effective 

embolic agent and a reservoir for releasing the PEC NPs to cause necrosis in the embolized regions 

in vivo, showing thus the potential of this system for application in transcatheter arterial 

chemoembolization to treat liver tumors. 

 

Figure 11. Bottom-up self-assembly of nanostructured colloidal gels through electrostatic 

interactions between PEI-coated PLGA NPs and HA/zein PEC NGs. Quercetin-loaded particles 

can be thereafter shed from the gel assembly and uptaken by neighboring macrophages to reduce 

their production of nitrite as a proinflammatory biomarker and increase the expression of arginase 

as an anti-inflammatory biomarker. Reproduced with permission [94]. Copyright 2020, American 

Chemical Society. 
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5. Current limitations and future perspectives 

Despite the huge biomedical potential revealed through tremendous advancements in 

research, HA-based colloidal PECs are regarded as relative new systems and receive less attention 

than their counterparts from other polysaccharides, e.g. CTS or alginate. PubMed database 

(PubMed.gov) shows only 185 articles related to HA-based PECs, while 915 and 354 articles are 

found for CTS-based and alginate-based PECs, respectively. In terms of clinical trials, according 

to ClinicalTrials.gov, there has been so far no clinical trial of HA-based colloidal PECs or even 

HA-based NPs in general, while there are at least 8 and 1 clinical trials regarding CTS-based and 

alginate-based NPs, respectively. Needless to say, due to the lack of clinical evidence, no HA-

based nanoformulation has reached the healthcare market, while commercialized HA-based 

products approved by FDA (US Food and Drug Administration) regard only HA concentrated 

solutions (e.g. Healon® and Triluron®) or HA-based films (e.g. Seprafilm®) according to FDA 

Medical Device Database. These observations show that many critical aspects regarding HA-based 

colloidal PECs remain to be thoroughly understood before they can be recognized as safe and 

efficacious for human application. One big gap in the literature for HA-based colloidal PECs 

concerns their behaviors in vivo, in terms of both therapeutic efficacy and toxicity. Namely, very 

few works on HA-based colloidal PECs for small molecule drug delivery in Table 2 (Section 4.1) 

include in vivo results, rendering their therapeutic potential less convincing since the in vitro data 

may not reflect exactly the in vivo pathological conditions. The pharmacokinetic profile and 

therapeutic efficacy in vivo of the carried drugs should be therefore assessed. Nanotoxicology is 

another important issue receiving inadequate attention, which may prevent future clinical 

applications of HA-based colloidal PECs as well as all nanoformulations in general [180]. Most 

of the biocompatibility studies for HA-based colloidal PECs have been realized through cytotoxic 
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assay on healthy cells in vitro without considering their interactions with biological barriers and 

biomacromolecules during in vivo circulation. In this context, as mentioned in the Section 3.2, the 

transport through biological fenestrations in vivo, the possibility of opsonization, the uptake by the 

mononuclear phagocytic systems and the in vivo circulation time of HA-based PEC particles as 

well as the effects of particle characteristics (namely size, surface charge and hydrophobicity) on 

these aspects are of pivotal importance and should thus be evaluated in order to verify the 

biocompatibility and optimize the in vivo stability of these nanocarriers. 

Although both CD44-targeting effect and HAase-induced degradation of HA can improve 

tumor-targeting drug delivery as mentioned in the advantages of HA-based colloidal 

PECs (Section 2), the latter effect seems to receive much less attention. HA-based colloidal PECs 

are often implied to be degradable by HAase without supporting empirical results [7, 53, 149]. 

Indeed, the degradation of HA by HAase is not always the case for HA in complex state. Le et al. 

reported that HA/PLL PEC particles with PLL in excess (n-/n+ < 1) are stable against HAase, 

which is attributed to the protective effect of PLL on the particle surface [69]. More interestingly, 

HA-based nanostructures may not only be stable against HAase but also inhibit this enzyme from 

degrading free HA, as reported by Duan et al. with micelles from HA grafted with poly(γ-benzyl-

l-glutamate) as a potential HAase inhibitor for biomedical applications [181]. Therefore, HAase-

induced degradation should not be generalized for all HA-based colloidal PECs and needs to be 

evaluated case by case, which can verify their potential as a HAase-responsive system for tumor 

targeting or a HAase-inhibiting agent. Furthermore, when HA-based colloidal PECs are 

degradable by HAase, one may doubt whether such a degradation can be catalyzed by extracellular 

HAase in tumors and liberate free HA fragments that compete with PECs for interactions with 

CD44 receptors [182]. This question is highly relevant as it can reduce the cell targeting effect of 
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PECs and should be therefore verified. Additionally, free HA has been known for its low stability 

in the presence of multiple factors, including high temperature [183], extremely acidic or alkaline 

conditions [184], UV irradiation and oxidizing species [25, 185] or ultrasound [186]. Electrostatic 

complexation with polycations may alter the stability of HA against these factors, which should 

be an essential topic of investigation and potentially leads to unprecedented applications of 

HA-based PECs. 

From several works regarding HA-based colloidal PECs mentioned in Section 4, it is 

undeniable that their most prominent potential concerns cancer treatment. However, anticancer 

applications of HA-based colloidal PECs have been mostly limited to the delivery of 

chemotherapeutic agents and nucleic acids, while depending on CD44-receptor binding and 

responsiveness to tumor microenvironment factors like acidic pH, HAase and glutathione for 

enhancing targeting effects. With the flexible utility of HA-based colloidal PECs, they should be 

applied for more advanced concepts of anticancer therapy. As can be seen in Section 4.4, the work 

of Xia et al. with intracellular delivery of gold nanoclusters (AuNCs) is seemingly the only one 

using HA-based colloidal PECs for cancer treatment through ROS generation [11]. Intracellular 

delivery of Fe3O4 [8, 12] or Mn3O4 NPs [12] by means of HA-based colloidal PECs was also 

reported but only for bioimaging. It would be therefore interesting to verify their potential to treat 

tumor through ROS production, since Fe3O4 and Mn3O4 NPs have also been known for 

applications in chemodynamic therapy based on Fenton reactions, i.e. interactions between metal-

based nanomaterials and H2O2 abundantly present in cancer cells to generate cytotoxic hydroxyl 

radicals (·OH) [172, 173, 187]. Furthermore, the recent emergence of photoresponsive [188, 189] 

and thermoresponsive [190-192] HA derivatives may allow the elaboration of much more 

intriguing HA-based colloidal PECs with multi-stimuli-responsiveness, which can be applied for 
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photo-triggered and/or thermo-triggered drug release and allow thus spatiotemporal control of drug 

delivery to target tumors [182].  

Compared with oncologic applications, vaccine delivery and bacterial infection treatment 

are also topical and prominent subjects but have been much less investigated for HA-based 

colloidal PECs. From little but encouraging results reported in the Section 4.3 on the immunologic 

adjuvant properties of colloidal PECs from HA/poly-L-lysine-co-polylactide [170], 

HA-SH/trimethyl CTS-SH [65] and HA/CTS [75], more studies should be dedicated to HA-based 

colloidal PECs as a potential vaccine adjuvant. Particularly, while the works above concern only 

peptide or protein vaccine delivery, HA-based colloidal PECs have also demonstrated their 

capacity to deliver different types of RNA and therefore can be studied for RNA-based vaccines, 

which are emerging as a new vaccine generation [193]. Those studies would not only shed more 

light on the immunological effects of HA-based colloidal PECs, which remain barely understood, 

but also be highly practical in the race to find the most safe, efficacious and economic vaccines 

against newly emerging human viruses, like SARS-CoV-2 and new Monkeypox virus variants. 

Likewise, HA-based colloidal PECs have not been widely studied for antibiotic delivery. From the 

bacterial targeting effect of HA suggested by Simonson et al. after their studies on HA/PLL 

colloidal PECs for treating E. coli and S. aureus [93] (Section 4.1) and several recent works which 

reveal remarkable interest in HA-based nanoformulations for infection treatment [194, 195], 

antimicrobial applications of HA-based colloidal PECs should be considered for more serious 

investigation, especially in the current era where more powerful therapeutic platforms are needed 

to cope with increasing antibiotic resistance.  
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6. Conclusion  

HA-based colloidal PECs can be fabricated with a simple, rapid and “green” process based 

on self-assembly of HA and polycations through electrostatic attraction. These systems combine 

several advantages from green chemistry, nanotechnology and the exceptional characteristics of 

HA, namely excellent biocompatibility, flexibility in chemical modification and specific biological 

properties including the CD44-binding capability and HAase-induced degradation. Despite a 

technically simple process of preparation, designing the structures of colloidal PECs to fit their 

intended applications and accordingly choosing the right parameters to achieve such desired 

characteristics are not straightforward. The performance of colloidal PECs should be dictated by 

their size, surface charge and hydrophobicity, while these characteristics are governed by a 

complexity of interdependent parameters, including polyelectrolyte characteristics (MW and 

charge density), formulation composition (polymer concentration, mixing ratio, pH and 

counterions) and preparation technique (addition order and addition speed). It is therefore 

necessary to optimize these parameters and find the best compromise in order to obtain PEC 

particles with satisfactory properties. Through numerous research works, colloidal HA-based 

PECs have been proven as potential materials for biomedical platforms and drug carriers with 

continuous advancements in drug and nanocarrier stabilization as well as biological selectivity. 

Nevertheless, some fundamental aspects of these structures remain to be deciphered, namely their 

in vivo fate and toxicity, as well as the stability of HA in complex state. In addition, novel HA 

derivatives with stimuli-responsive characteristics can be applied in the future to elaborate more 

high-performing PECs for targeted drug delivery. Last but not least, many potential applications 

of HA-based colloidal PECs remained insufficiently exploited and should be therefore studied 
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more closely, especially for applications in chemodynamic therapy, vaccine delivery and bacterial 

infection treatment. 
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II.1. Introduction 

Ce chapitre présente les études exploratoires sur la formation et les caractéristiques des 

PECs formés entre le HA et le diéthylaminoéthyl dextrane (DEAE-D), systèmes qui nous servira 

de référence pour les études plus approfondies dans les chapitres suivants. Les PECs de 

HA/DEAE-D ont été caractérisés physico-chimiquement, notamment par la taille (la valeur 

moyenne et la distribution du diamètre hydrodynamique) ainsi que la charge nette de surface 

(potentiel zêta) par diffusion dynamique et électrophorétique de la lumière respectivement, et par 

détermination de l’hydrophobicité relative obtenue par spectroscopie de fluorescence en 

encapsulant du pyrène comme sonde fluorescente. En faisant varier des paramètres comme le ratio 

de charge, la concentration totale en polymères, la masse molaire du HA et la concentration en 

NaCl, ainsi que le mode et l’ordre de mélange, nous avons pu évaluer les impacts de ces facteurs 

sur les caractéristiques et la stabilité des PECs formés. Comme abordé dans notre revue 

bibliographique, ces paramètres sont des facteurs clés qui peuvent influer sur les structures des 

PECs mais il n’existe pas de conditions optimales universelles pour garantir la stabilité colloïdale 

pour tous les systèmes de PECs. Les résultats présentés dans ce chapitre nous ont ainsi permis de 

trouver les meilleures conditions pour obtenir les PECs à base de HA sous forme colloïdale (i.e. 

PEC-NGs). Pour cette étude exploratoire assez vaste qui a nécessité une grande quantité 

d’expériences, nous avons choisi le DEAE-D comme polycation dans un premier temps puisqu’il 

est déjà largement utilisé pour la transfection d’ADN dans la littérature [1], avec un prix abordable 

et nous avions déjà réalisé une étude précédente qui a montré la capacité du DEAE-D de former 

des PECs colloïdaux avec un autre polyanion (i.e. le carboxyméthylpullulane) [2], alors qu’il 

n’existe pas encore de recherche dans la littérature portant sur sa complexation avec le HA.  
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Les études sur les PECs de HA/DEAE-D dans cette partie ont ainsi fait l’objet d’une 

publication dans Colloids and Surfaces A: Physicochemical and Engineering Aspects (2021), 

Vol. 629, p. 127485, qui est présentée dans la section suivante. A la suite de cela, une étude 

complémentaire concernant la stabilité de ces PECs en fonction du pH sera également présentée 

pour montrer l’impact du pH sur ces systèmes. 
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Abstract: Polyelectrolyte complexes (PECs) of hyaluronic acid (HA) and diethylaminoethyl 

dextran (DEAE-D), promising for biomedical applications, have been investigated with respect to 

physicochemical properties, mainly in terms of particle size and relative hydrophobicity as well as 

storage stability. Influences of charge ratio, polymer concentration, molar masses of HA, ionic 

strength and mixing methods have been particularly investigated. The complexation between HA 

and DEAED generally resulted in colloidal particles having mean hydrodynamic diameter of 

150-350 nm, with larger particle size observed at negative to positive charge ratio (n-/n+) further 

from the unity. Higher polymer concentration or higher molar mass of HA also led to higher 

particle size of the PECs, whereas the increasing ionic strength led to a non-monotonic evolution 

in particle size. The effects of mixing mode and mixing order on particle size were interdependent 

and depended also on n-/n+. PECs at n-/n+ ≤ 0.4 showed lack of stability, which seemed not to be 

sensitive to storage temperature but significantly improved at higher salt concentration or lower 

polymer concentration. The relative hydrophobicity of such PECs was also confirmed by the 

fluorescence spectra of pyrene incorporated in PEC particles. Such results gave a better insight to 

polysaccharides-based PECs, especially as a potential system to encapsulate hydrophobic active 

molecules for drug delivery purposes. 

Keywords: polyelectrolyte complexes; hyaluronic acid; diethylaminoethyl dextran, 

polysaccharide; pyrene fluorescence 

Graphical abstract: 
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1. Introduction 

Polyelectrolyte complexes (PECs), sometimes referred to as polyion complexes, are 

formed by self-assembly of oppositely charged polymers, i.e. polyanions and polycations. The 

formation of PECs in aqueous media is consensually regarded as an entropy-driven phenomenon, 

as the association between polyanions and polycations occurs by means of electrostatic 

interactions (Coulomb forces) with the main driving force being the increase in entropy due to the 

release of water molecules and counter-ions [1, 2]. Hydrogen bonding, hydrophobic interactions 

and van der Waals forces can also be involved in PEC formation [3, 4]. 

Different kinds of PECs can be elaborated with different possible morphologies, including 

water-soluble PECs, colloidal PECs, PEC coacervates and solid PECs or precipitates. These 

morphologies as well as their phase behaviours vary widely depending on the balance of the 

polyelectrolytes, salt ions and water within the complex, which is directly related to several factors: 

total polymer concentration (CP) and polymer molar mass, salt concentration, electrostatic 

interaction strength, charge density and charge ratio, i.e. molar ratio between negative and positive 

charges (n-/n+), which is usually related to the pH of reaction media [4-8]. Complexation of low 

molar mass polyelectrolytes having weak ionic groups and a large difference in chain lengths at a 

non-stoichiometric mixing ratio would favourably generate soluble PECs which could be 

compared to chains of block copolymer with neutralized segments as hydrophobic blocks and 

unpaired segments as hydrophilic blocks, or colloidal stable PECs, usually described as particles 

with neutral and hydrophobic cores surrounded by hydrophilic and polar shells [4, 6, 9]. On the 

contrary, high and similar molar masses, strong charge-charge interactions and stoichiometric 

mixing of the complexing polyelectrolytes usually favour aggregation, phase separation and 

precipitation of PECs [4, 9]. Also, PEC morphology is possibly influenced by preparation 
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parameters such as mode of mixing (e.g. rapid one-shot or slow dropwise addition) and order of 

addition [6, 10]. A comprehensive and in-depth understanding of these factors as well as their 

intercorrelation may therefore allow the tunability of PECs in terms of physicochemical properties 

for a wide range of applications, e.g. biomedicine, pharmaceutics, nutraceuticals, cosmetics, food 

and paper industries [9, 11, 12].  

For healthcare applications, PECs from biopolymers usually attract more interest compared 

with those of synthetic polyelectrolytes, since the formers are generally more biocompatible and 

biodegradable [13]. Accordingly, biomaterials-based PECs from polysaccharides, proteins or 

polypeptides have been extensively reported in the literature [14, 15]. Among several biopolymers 

employed so far for such applications, hyaluronic acid (HA) has attracted a great deal of attention 

due to its excellent biocompatibility, stemming from the fact that HA is naturally found in the 

human body [16]. HA has also been widely used as a ligand in drug delivery systems to target 

tumours via the relevant CD44 receptors on tumour cells [17]. Owing to the carboxylic groups of 

the D-glucuronic acid in its structure, HA would display negative charges in aqueous media at 

certain pH range and thus forms PECs upon mixing with positively charged polymers. Typically, 

PECs from HA and polycations, most commonly chitosan (CTS), have become a topic of great 

interest for clinical and biomedical applications. For instance, solid HA/CTS PECs were 

elaborated as nasal insert encapsulating vancomycin and insulin [18]. Coacervates of HA and 

lactose-modified CTS were also studied for radical-scavenging activities [19]. HA/CTS 

nanoparticles for curcuminoid delivery in glioma cells were also reported [20].  

While such studies of PECs from HA and CTS are abundant, there has been less research 

focusing on the complexation between HA and other positively charged biopolymers. Specifically, 

to the best of our knowledge, no studies so far have focused on PECs prepared from HA and 



 Chapitre II 

111 

 

diethylaminoethyl dextran (DEAE-D). DEAE-D is a polycationic derivative of dextran, a natural 

and more flexible polysaccharide than CTS. The most studied application of DEAE-D is its 

capacity to form complexes with negatively charged biomacromolecules like nucleic acids and 

proteins for nucleic acid transfection or to provide sustained-release protein delivery [21, 22]. 

DEAE-D can also be used as a coating agent for nano/microparticles in drug delivery systems due 

to its stabilizing effects [23, 24]. Furthermore, DEAE-D itself could exert therapeutic effects, 

namely inhibition of tumour growth [25, 26]. Like CTS, DEAE-D is also a low-cost 

polysaccharide with satisfactory biocompatibility and biodegradability. The advantage of 

DEAE-D over CTS lies in its good solubility in aqueous solutions at any pH which renders 

DEAE-D more favourable in certain cases, for example when a neutral or high pH is needed [23]. 

With their opposite charges in aqueous media, HA and DEAE-D must form PECs through 

ion-pairing (Figure 1). The aim of this study was to investigate the HA/DEAE-D complexation 

by evaluating the impacts of different parameters involved in the complexation process. The 

resulting systems were evaluated in terms of morphology through their visual aspect and the 

physicochemical characteristics of PEC nanoparticles, including particle size, particle 

concentration, particle net surface charge and the stability of particle size, as well as their potential 

hydrophobicity. This would allow a better insight into PEC structures and behaviours, which is 

associated with optimizing the relevant parameters for elaboration of nanocarriers encapsulating 

therapeutic agents. 
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Figure 1. Schematic illustration of the complexation between HA as polyanion (blue) and 

DEAE-D of higher molar mass as polycation (red), in case of polycation in excess (n-/n+ < 1) or 

polyanion in excess (n-/n+ > 1). The double strain segments in the primary complexes formed by 

ion-pairing could be relatively hydrophobic. The aggregation of primary complexes through 

intercomplex interactions (including electrostatic and hydrophobic interactions, van der Waals 

forces and hydrogen bonding) could finally lead to particles with relatively hydrophobic cores and 

highly hydrophilic shells. 

2. Materials and methods 

2.1. Materials 

Medium- and high-molar-mass sodium hyaluronates (HAM and HAH respectively) with 

purity over 95% were kindly provided by Givaudan (France). DEAE-D hydrochloride and 

polyethyleneimine (PEI) hydrochloride were purchased from Sigma-Aldrich (USA). The 

macromolecular characteristics of HAs and DEAE-D were obtained by size exclusion 

chromatography coupled with multi-angle light scattering, differential refractive index and 
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viscosity detectors (see Appendix). The ionization rate (α) of HA units (number of deprotonated 

carboxylic groups per D-glucuronic-N-acetylglucosamine unit) in function of pH was calculated 

from the modified Henderson-Hasselbalch (Equation 1):  

pH = pKa + log[α/(1 − α)]       (Equation 1)  

with pKa of HA equal to 2.9, obtained from HA having comparable molar mass reported in the 

literature [27]. For DEAE-D, the degree of substitution per anhydroglucose unit of quaternary 

amino groups (0.26) and of tertiary amino groups (0.29) as well as the ionization rate of 

anhydroglucose units in function of pH were reported in our previous studies [28]. All data are 

summarized in Table 1 and Figure 2. Pyrene with purity of 98% was purchased from Acros 

Organics (USA). Sodium chloride (NaCl), hydrochloric acid (HCl), sodium hydroxide (NaOH) 

and acetone were purchased from VWR (France). Water used for all experiments was purified 

with Milli-Q system (Millipore, USA).  

Table 1. Macromolecular characteristics of polyelectrolytes 

Samples Mn (g.mol-1) Mw (g.mol-1) Đ Rgw (nm) 

HAM
 210,000 270,000 1.3 53 

HAH
 670,000 830,000 1.2 115 

DEAE-D 270,000 700,000 2.6 29 

PEI(a) 12,586 - 1.3 - 

Mn: number average molar mass; Mw: weight average molar mass; Đ: dispersity; Rgw: weight average 

gyration radius; (a) Supplier data 
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Figure 2. Ionization rate of HA units (D-glucuronic-N-acetylglucosamine) 

and DEAE-D units (anhydroglucose) as a function of pH 

2.2. PEC preparation and storage 

Polyelectrolyte solutions were prepared by dissolving polymers in the aqueous solvents of 

interest under stirring at 200 rpm for one night at room temperature before complexation 

experiments. Depending on each study, the aqueous solvents used were Milli-Q water, NaCl 

solutions at various concentrations or pyrene 410-7 mol.L-1. CP was varied from 0.25 to 1 g.L-1. 

The pH of polymer solutions was measured using a pH meter equipped with a LE438 electrode 

(Mettler Toledo, Switzerland). All polyelectrolyte solutions were thereafter filtered through 

0.45 μm regenerated cellulose membrane filter units (Sartorius, Germany). The complexation was 

performed by mixing the polyanion and polycation solutions of the same CP and solvent under 

mild stirring (200 rpm) at room temperature. Unless otherwise stated, the usual mixing method 

was a rapid one-shot dropping of the polyanion in the polycation using a micropipette. The total 

stirring time from the beginning of mixing and the total volume of complexation were 30 min and 
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5 mL, respectively. The volume ratios between the two polymer solutions were varied and 

calculated from the target n-/n+ by using Equation 2:  

n −/n+= (α−V−C−Mo
+) (α+V+C+Mo

−)⁄     (Equation 2) 

with α, V, C and Mo being respectively unit ionization rate, solution volume (mL), polymer 

solution concentration (g.L-1) and unit average molar mass (g.mol-1) of the polyanion (-) and the 

polycation (+). Mo for (D-glucuronic-N-acetylglucosamine) units of HA and anhydroglucose units 

of DEAE-D were 378 and 217 g.mol-1, respectively. α values of HA and DEAE-D units at defined 

pH values were obtained from Figure 2 and were at their maxima (1 and 0.55 respectively) in 

Milli-Q water (pH = 5-6). For stability studies, PECs were stored either at 4 °C or at 25 °C 

following their first characterization for evaluation of particle size stability after 1, 3, 7 and 30 

days. All experiments were carried out at least three times.  

2.3. Particle size, particle concentration and zeta potential measurement  

Particle size, particle concentration and zeta potential (i.e. electrophoretic mobility) 

characterizations were carried out using Zetasizer Ultra instrument (Malvern Panalytical, UK) for 

visually homogeneous PEC samples without further dilution. Particle size as average 

hydrodynamic diameter (Dh), polydispersity index (PDI) and total particle concentration (TPC) 

were determined by dynamic light scattering (DLS) technique. For the measurements of Dh and 

PDI, at least 1 mL of samples was placed in a two-clear sided plastic cuvette (VWR, France) and 

back scatter was set as angle of detection. For the measurements of TPC, at least 1 mL of samples 

was placed in a four-clear sided plastic cuvette (Brand, Germany) as the process required back 

scatter, side scatter and forward scatter detections. Zeta potential (ζ) was measured by 

electrophoretic light scattering technique with samples placed in a plastic folded capillary cell 

(Malvern Panalytical, UK). For each sample, at least three measurements were performed at 25 °C 
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after 120 seconds of temperature stabilization. The measurement data were processed on ZS 

XPLORER v1.2.0.91 software. 

2.4. Pyrene fluorescence studies 

Sample preparation: A stock solution having pyrene concentration (CPy) of 10-3 mol.L-1 in 

acetone was prepared and stored at 4 °C. In order to prepare pyrene 410-7 mol.L-1 and 

810-7 mol.L-1 aqueous solutions, 10 μL and 20 μL aliquots of the stock solution were introduced 

to 50 mL volumetric flasks respectively, which were then filled with Milli-Q water after complete 

acetone evaporation and stirred for 24 h. Samples of HAM/DEAE-D PECs containing pyrene 

(HAM/DEAE-D/Py) at CPy = 410-7 mol.L-1 were then prepared for CP = 0.25 and 0.5 g.L-1 by 

either: (a) mixing the pyrene 810-7 mol.L-1 aqueous solution with the same volume of PEC 

suspensions with CP = 0.5 and 1 g.L-1 respectively or (b) complexation upon mixing 

polyelectrolyte solutions with CP = 0.25 and 0.5 g.L-1 readily prepared in pyrene 410-7 mol.L-1 

aqueous solution. All samples were stirred at 200 rpm at room temperature overnight before 

fluorescence measurements. All samples were prepared in triplicate. 

Fluorescence measurements: Fluorescence measurements were carried out at room 

temperature with a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon, France). The 

fluorescence emission spectra (λem = 350-450 nm) were obtained with the excitation wavelength 

λex = 335 nm. The ratio II/IIII was calculated as the intensity ratio between the first and third 

vibronic bands recorded respectively at 373 nm and 383 nm in the emission spectra [29, 30]. The 

fluorescence excitation spectra (λex = 300-360 nm) were also recorded at the emission wavelength 

λem = 373 nm. The ratio I335/I338 was calculated as the intensity ratio between the bands recorded 

respectively at 335 nm and 338 nm in the excitation spectra [31, 32]. Polyelectrolyte solutions 
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containing pyrene at the same concentrations were also measured as references. All measurements 

were done at least three times for each sample. 

3. Results and discussion 

3.1. Influences of different factors on PEC formation  

In this section, HA/DEAE-D PECs were evaluated in terms of suspension visual aspect, 

particle size (hydrodynamic diameter, Dh) and particle size distribution (polydispersity index, 

PDI), particle amount (total particle concentration, TPC) and net surface charge (zeta potential, ζ) 

after 30 minutes of complexation. The PECs were prepared with different varied intrinsic 

parameters including charge ratio, polymer concentration, polymer molar mass (i.e. HA molar 

mass), ionic strength and experimental parameters (i.e. mixing mode and mixing order) in order to 

study their influences on PECs.  

3.1.1. Influence of charge ratio 

The impact of n-/n+ ratio, from 0.1 to 10, was studied for HAM/DEAE-D PECs with 

CP = 0.5 g.L-1 in Milli-Q water. Before the complexation, the pH values of HA and DEAE-D 

0.5 g.L-1 solutions were 5.7  0.2 and 4.4  0.2 respectively, implying their maximal ionization 

rate (1 and 0.55 respectively) as shown in Figure 2. At the beginning of the complexation 

(polyanion in polycation), a visible turbidity was observed immediately following the mixing of 

the two polyelectrolytes, indicating an instantaneous formation of PECs. This could be attributed 

to the maximal ionization of the polyelectrolytes in the mixture. After 30 minutes of complexation, 

macroscopic phase separation was observed only for stoichiometric complexation (n-/n+ = 1), 

characterized by a coexistence of small precipitates and a clear supernatant (Figure 3). Meanwhile, 

all other n-/n+ led to the formation of visually homogeneous systems, changing from clear to turbid 

dispersions as n-/n+ was closer to the stoichiometric value. Only such homogeneous samples were 
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subjected to particle size and zeta potential measurements. As shown in Figure 4A, the 

non-stoichiometric complexation between HAM and DEAE-D formed nanoparticles with mean Dh 

in the range of 150-350 nm. As n-/n+ approached the unity, the particle sizes decreased, along with 

narrower size distributions and lower absolute values of zeta potential (Figure 4A-B).  

 

Figure 3. Visual aspect of HAM/DEAE-D PEC suspension at CP = 0.5 g.L-1 in Milli-Q water at 

different n-/n+ after 30 minutes of complexation under stirring. 

 

Figure 4. (A) Mean hydrodynamic diameter and mean zeta potential, (B) polydispersity index and 

total particle concentration (TPC) of HAM/DEAE-D PECs at CP = 0.5 g.L-1 in Milli-Q water at 

different n-/n+ after 30 minutes of complexation under stirring. Asterisks denote precipitation at 

n-/n+ = 1. Error bars represent mean  standard deviation (n ≥ 3). 
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In the literature, relatively similar tendencies in particle size (i.e. lower particle size at 

charge ratio nearer to 1) were also observed for chitosan/dextran sulfate PECs by Schatz et al. [8] 

and poly[2-(dimethylamino)ethyl methacrylate]/polyphosphate PECs by Kabanov and Zezin [33]. 

Such tendencies might be explained based on the model of PEC particles as secondary complexes 

shown in Figure 1 as followings. At non-stoichiometric mixing ratio, ion-pairing between 

polyanions and polycations would lead to the formation of primary complexes comprising neutral 

double-stranded complexed segments and polar single-stranded segments of uncomplexed 

polyelectrolytes [8, 33]. Hydrophobic interactions and self-assembly of neutralized complexed 

segments could occur due to their potential nonpolar characteristic and might be enhanced by the 

presence of ethyl groups in uncharged DEAE groups, which are also known to have a slightly 

hydrophobic property [34]. The segregation of such nonpolar segments via hydrophobic 

interactions with other interactions (i.e. van der Waals forces and hydrogen bonding) would form 

final PEC particles as secondary complexes comprising relatively hydrophobic cores surrounded 

by hydrophilic corona shells of polar uncomplexed polyelectrolyte segments [3, 4, 8, 35, 36]. 

Although the core-shell model has been widely used to describe PEC-based colloidal particles, the 

work of Raik et al. which studied PECs from HA and diethylaminoethyl chitosan by structure 

factor analysis suggested PEC particles not following this model [37]. Furthermore, Zhang and 

Shklovskii suggested other structural models for non-stoichiometric PECs, for example 

intercomplex disproportionation in which there is a coexistence of macroscopic neutral droplets 

and highly charged soluble PECs, and intracomplex disproportionation in which PECs are 

described as “tadpoles” having one end as neutral complex in the form of a condensed droplet and 

the other end as a highly charged tail [38]. However, in our work, the high zeta potential which 

decreases when n-/n+ is nearer to 1 (Figure 4) with accordingly decreased II/IIII in the pyrene 



 Chapitre II 

120 

 

fluorescence spectra (see Section 3.3) seem to suggest the copresence of a highly charged and 

hydrophilic outer shell and a relatively more hydrophobic core respectively in HA/DEAE-D 

particles. Based on this presumption, a n-/n+ ratio closer to 1 probably generates particles having 

thinner and less polar shells with more hydrophobic cores due to more efficacious charge 

neutralization, leading to a more compact structure (i.e. smaller size) of the final particles. This 

trend was also observed at other polymer concentrations (i.e. CP = 0.3 and 1 g.L-1) as mentioned 

in Section 3.1.2. 

At the stoichiometric charge ratio, the charge compensation was probably complete, as 

seen with the zeta potential (net surface charge) around zero (Figure 4A). This could favour 

aggregation and explained the observed precipitation. One should also notice that particle size of 

PECs can abruptly increase at n-/n+ very close to the unity due to particle aggregation when charge 

compensation is nearly complete [8]. However, this was not observed in the current work as n-/n+ 

at 0.8 and 1.25 might not be extremely close to 1 for such phenomenon to be visible. Despite the 

smaller particle size, the turbidity become more pronounced for these samples (Figure 3), which 

should be attributed to the increase in particle concentration (Figure 4B) as also described in the 

literature [8]. It should be noticed that high turbidity might lead to multiple light scattering which 

could affect particle size analysis [39]. However, for the systems in this work, the turbidity was 

not extremely high and the mass concentrations of the studied samples were rather low (0.3-1 g.L-1, 

which means 0.03-0.1 % m/v) in comparison with the high concentrations at which multiple light 

scattering starts showing major effects as described in the literature, for example 8 g.L-1 or 10 % 

m/v for some protein-based colloidal systems [39]. Furthermore, the Malvern Zetasizer Ultra in 

this work uses the Non-Invasive Backscatter technique allowing automatic optimization of 

measurement position to avoid the multiple light scattering effect and the attenuator index in the 
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particle size analysis results was not too low (5 to 7) with the resulting mean count rates of 

200-500 kcps (kilo counts per second), which suggest acceptable concentrations for DLS [40]. For 

these reasons, the multiple light scattering is likely to have little effect on our particle size results. 

3.1.2. Influence of total polymer concentration  

To evaluate the impact of total polymer concentration (CP), HAM/DEAE-D PECs with 

n-/n+ from 0.1 to 10 were prepared and studied at CP of 0.3, 0.5 (Section 3.1.1) and 1 g.L-1 in 

Milli-Q water. As for CP = 0.5 g.L-1, the stoichiometric mixing at CP of 0.3 and 1 g.L-1 also led to 

visible precipitation. The DLS results of PECs at other n-/n+ showed that larger particles with 

larger size distributions were formed as CP was increased from 0.3 to 1 g.L-1 (Figure 5A-B). 

However, the general trends of Dh and PDI as a function of n-/n+ are the same for all the studied 

CP, i.e. lower mean Dh and PDI at n-/n+ nearer to 1 as described in Section 3.1.1.  
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Figure 5. (A) Mean hydrodynamic diameter, (B) polydispersity index and (C) total particle 

concentration of HAM/DEAE-D PECs in Milli-Q water as a function of total polymer 

concentration at different n-/n+ ratios: 0.1 ( ), 0.2 ( ), 0.4 ( ), 0.8 ( ), 1.25 ( ), 2.5   

( ), 5 ( ), 10 ( ). Asterisks denote samples having highly heterogeneous multimodal 

particle size distribution with poor repeatability. Error bars represent mean  standard 

deviation (n ≥ 3). 

The larger PEC particles observed at higher CP for all n-/n+ were probably due to a higher 

amount of polymer associated in the particles. According to Müller et al., as final particles of PECs 

are secondary particles formed by the aggregation of primary PECs, the increase in CP would 

reduce the Debye length of the system and in turn lead to a reduction in the repulsion between 
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primary PECs, which favours the formation of bigger secondary PECs [36]. The increase range in 

particle size was less important at n-/n+ near 1, presumably due to the more compact structure of 

PECs at such charge ratios. In accordance with the increasing particle size, we observed higher 

turbidity of PEC suspensions at higher CP for the same n-/n+ (results not shown). Hence, the 

turbidity in this case seemed to be dependent on particle size, but not necessarily on particle 

number since the amounts of particles were not greatly changed (for n-/n+ ≥ 0.4) or even decreased 

(for n-/n+ of 0.1 and 0.2) with increased CP (Figure 5C). 

Furthermore, at CP = 1 g.L-1, the remarkably high mean Dh with multimodal size 

distribution and very high PDI (PDI > 0.5) at low values of n-/n+ (i.e. 0.1 and 0.2) coincided with 

significant low TPC. These results seem to indicate fewer but larger particles uncontrolled in size. 

This could be explained again from the model of PECs shown in Figure 1. In case of very low 

n-/n+, the neutral segments in primary PECs are much shorter than those at high n-/n+, which 

would consequently require a very high number of primary PECs involved to form sufficiently 

stable cores in secondary particles, leading to much fewer final particles with much larger size. 

Such large particle sizes can also be attributed to the loose structure of the core due to weaker 

hydrophobic interactions of shorter neutral complexed segments [6]. Beside the core, the particle 

size should also be greatly governed by the thickness of their shell, which is directly related to the 

chain length (contour length) of the polyelectrolyte in excess [6]. This assumption could also 

explain the larger particle size for HAM/DEAE-D PECs at very low n-/n+ compared with high 

n-/n+ since the corona shell in the former case was formed by long segments of uncomplexed 

DEAE-D, which had a higher chain length than that of HAM. Such difference in particle size 

between the two extremities of the n-/n+ range seemed to be only significant at CP = 1 g.L-1. In 

case of CP = 0.5 g.L-1, this was not observed after 30 minutes of complexation but became evident 
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after 24 h (see Section 3.2.1). This was possibly because lower CP led to weaker interchain and 

intercomplex interactions within the PEC suspension, resulting in slower kinetics of the systems 

to reach their equilibrium state. 

3.1.3. Influence of molar mass 

In order to evaluate the impact of polyelectrolyte molar mass on PEC formation, 

HAH/DEAE-D PECs were compared with HAM/DEAE-D at the same n-/n+ and CP (n-/n+ = 0.1-10 

and CP of 0.3 and 0.5 g.L-1). At CP = 0.5 g.L-1, the complexation between HAH and DEAE-D 

consistently led to precipitation in the whole studied range of n-/n+. Upon decreasing CP to 

0.3 g.L-1, the precipitation was less intense and not observed at n-/n+ of 0.1 and 10. As can be seen 

from the particle size measurements of these samples (Figure 6), complexation between DEAE-D 

and HA of higher molar mass led to PECs with higher diameter and PDI but TPC not 

significantly changed.  

 

Figure 6. (A) Mean hydrodynamic diameter, (B) polydispersity index and (C) total particle 

concentration of HAM/DEAE-D and HAH/DEAE-D PECs at CP = 0.3 g.L-1 in Milli-Q water at n-/n+ 

of 0.1 and 10. Asterisks denote samples having highly heterogeneous multimodal particle size 

distributions with poor repeatability. Error bars represent mean  standard deviation (n ≥ 3). 
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A similar observation reported by Schatz et al. also showed an increase in PEC particle 

size after increasing the molar mass of chitosan (from 0.13  105 to 3.65  105 g.mol-1) for 

complexation with dextran sulfate of fixed molar mass (5  105 g.mol-1) [8]. Müller et al. also 

reported increasing particle size of PEI/polyacrylic acid PECs resulting from the increase in molar 

mass of the two associating polyelectrolytes [36]. In the current work, while DEAE-D is a flexible 

polysaccharide with mainly (1→6) glycosidic linkages, HA is relatively stiffer with less flexible 

(1→4) and (1→3) glycosidic bonds [41, 42]. This can also be seen from the expanding coil 

structure of HA shown by its high Rg values in Table 1. As a result, a HA chain length which is 

higher and closer to that of DEAE-D would certainly lead to the formation of longer and more 

rigid neutralized segments in primary complexes compared with medium molar mass HA, which 

could favour the aggregation to form larger secondary particles and hence the macroscopic phase 

separation. In the case of n-/n+ > 1, the observed increase in particle size could also be attributed 

to the increased thickness of the particle shells due the presence of higher chain length and more 

expanding hydrodynamic coil structure of HAH compared with HAM. All these synergistic effects 

probably explain the more obvious increase in PEC size at n-/n+ = 10 than at n-/n+ = 0.1. 

Furthermore, at n-/n+ = 10, the Dh distribution of HAH/DEAE-D PECs was multimodal and 

heterogeneous. This might result from the high viscosity of the bulk phase due to the excessive 

presence and the long chain length of HAH, preventing the homogeneous distribution of DEAE-D 

to form same-sized particles. 

3.1.4. Influence of ionic strength  

The effect of ionic strength on PEC formation was studied by characterizing 

HAM/DEAE-D PECs (CP = 0.5 g.L-1) and HAH/DEAE-D PECs (CP = 0.3 g.L-1) at n-/n+ from 0.1 
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to 10 prepared at many NaCl concentrations ([NaCl] varying from 0 to 1 mol.L-1). After the 

complexation, samples showing precipitation are reported in Table 2.  

Table 2. Visual aspect of HA/DEAE-D PEC dispersions at various NaCl concentrations 

 [NaCl] 

(mol.L-1) 

n-/n+ 

0.1 0.2 0.4 0.8 1 1.25 2.5 5 10 

H
A

M
/D

E
A

E
-D

 

C
P
 =

 0
.5

 g
.L

-1
 0 - - - - + - - - - 

1  10-3 - - - - + - - - - 

1  10-2 - - - + + + - - - 

1  10-1 - - + + + + + - - 

1 - - - - - - - - - 

H
A

H
/D

E
A

E
-D

 

C
P
 =

 0
.3

 g
.L

-1
 

0 - + + + + + + + - 

5  10-4 - - - + + - - - - 

1  10-3 - - - - + - - - - 

5  10-3 - - - - + + - - - 

1 10-2 - - - + + + - - - 

1 10-1 - - + + + + - - - 

1 - - - - - - - - - 

 + : precipitation; - : homogeneous samples  

The presence of NaCl seemed to have a non-monotonic influence on PECs depending on 

its concentration: (i) reducing the formation of PECs at a low salt concentration (10-3 mol.L-1), (ii) 

favouring PECs aggregation as well as macroscopic phase separation at intermediate salt 

concentrations (10-2 -10-1 mol.L-1) and (iii) depress the complexation at a very high salt 

concentration (1 mol.L-1). For HAM/DEAE-D PECs (CP = 0.5 g.L-1), the initial n-/n+ range of 

precipitation might be too narrow for the reduction of precipitation at the low salt concentration to 

be visible. The last two effects of salt on the phase behaviour (i.e. increase followed by suppression 

of phase separation) were also described for other PEC systems [38, 43]. This may result from the 

fact that associative phase separation (caused by ion pairing) and segregative phase separation 

(caused by hydrogen bonding and hydrophobic interactions) are respectively reduced and 
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enhanced with added salt [44]. In order to clarify such effects of salt on our specific system, 

particle size characterization by DLS was conducted for the HAM/DEAE-D PECs (CP = 0.5 g.L-1) 

samples at n-/n+ = 0.2 and 5 within the studied range of salt concentration (Figure 7). 

 

Figure 7. (A) Mean hydrodynamic diameter, (B) polydispersity index and (C) total particle 

concentration of HAM/DEAE-D PECs (CP = 0.5 g.L-1) of n-/n+ = 0.2 and 5 prepared at different 

NaCl concentrations. Asterisks denote samples having highly heterogeneous multimodal particle 

size distributions with poor repeatability. Error bars represent mean  standard deviation (n ≥ 3). 

The suggested effects of ionic strength can be clearly seen from the results obtained with 

the samples having n-/n+ = 0.2. At [NaCl] = 10-3 mol.L-1, the PEC particle size became poorly 

defined with its distribution being highly heterogeneous and remarkably high TPC, probably due 
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to the formation of loosely structured PECs with some small-sized particle populations, possibly 

because the primary complexation is rendered less effective by charge screening at 

macromolecular level. However, this effect seems to be hindered for PECs of n-/n+ = 5, possibly 

due to the more stable structure of these PECs (Sections 3.1.2 and 3.2). Anyway, when [NaCl] is 

higher than 10-3 mol.L-1, effects of salt on PECs seem to be similar for both n-/n+ ratios: less 

particles were counted while the particle size distributions were narrower, but the mean Dh was 

increased to more than 500 nm as the salt concentration reached 10-1 mol.L-1, indicating the 

formation of fewer but larger particles in accordance with the observed increase in precipitation at 

other n-/n+ between 0.2 and 5. This may be due to higher aggregation of PECs because of more 

efficacious hydrophobic interactions and weaker electrostatic repulsion caused by charge 

screening at complex and particle level. Specifically, the mean Dh at n-/n+ = 0.2 at 

[NaCl] ≥ 10-2 mol.L-1 was better defined with less variation than at [NaCl] = 10-3 mol.L-1 

(Figure 7A). Therefore, an intermediate salt concentration seems to favour secondary complexation 

in compensation for the weakened primary complexation, leading to a stabilizing effect to form 

more close-packed and homogeneous PECs. These two opposing effects of salt on PEC particle 

size were also reported for sodium polystyrene sulfonate/poly(diallyldimethylammonium 

chloride) PECs by Dautzenberg et al. [45]. However, when salt concentration was extremely high 

(1 mol.L-1), the charged groups of the two polyelectrolytes were almost completely screened from 

the beginning and the complexation was almost ineffective, leading to the clear aspect of all PEC 

suspensions even at n-/n+ = 1. This was also shown by the abrupt fall of particle sizes with very 

high particle concentration (Figure 7). It should be noticed that the critical salt concentration 

needed to completely suppress the complexation may vary depending on not only the type of 

polyelectrolytes but also their concentration and pH in the system [43, 44]. 
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3.1.5. Influence of mixing order and mixing mode 

To study the influence of mixing mode and mixing order, PECs of HAM/DEAE-D in 

Milli-Q water at CP = 0.5 g.L-1 and n-/n+ of 0.1, 0.8, 1.25 and 10 were prepared by either one-shot 

addition using a micropipette or dropwise addition (0.3 mL.min-1) using a syringe pump in both 

addition orders. The impact of these two parameters on PEC formation was evaluated by 

comparing the mean particle sizes of PECs prepared by different methods (Figure 8).  

 

Figure 8. Mean hydrodynamic diameter of HAM/DEAE-D PECs in Milli-Q water at CP = 0.5 g.L-1 

prepared with different mixing orders and mixing modes. Error bars represent mean  standard 

deviation (n ≥ 3). 

As can be seen from the results, the effect of mixing order on mean particle size was 

negligible in one-shot mode but became considerable when PECs were prepared by dropwise 

mixing. At any n-/n+ ratio, remarkably large particle sizes were only observed when the 

polyelectrolyte in excess was added dropwise to the other polyelectrolyte, while the other three 

mixing methods resulted in lower and similar particle sizes. The distinct result in the former case 

could be explained based on the actual evolution of n-/n+ during the mixing, which was also 
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described by Schatz et al. [6] and Raik et al. [37]. In this case, on adding slowly excess HA to 

default DEAE-D or excess DEAE-D to default HA, the actual n-/n+ of the mixture would evolve 

from 0 to more than 1 or from +∞ to less than 1, respectively. Large aggregates could hence be 

formed due to complete charge neutralization as n-/n+ passed over 1, as the dropping speed was 

sufficiently low compared with the aggregation kinetics [37]. The large aggregates remained even 

at extreme final n-/n+ (0.1 and 10), meaning that such aggregation was apparently irreversible. In 

case of one-shot addition, such effect was hindered since the n-/n+ changed so rapidly that the 

aggregation did not have enough time to occur and hence the particle sizes were lower and did not 

show significant difference between the two orders of addition. In case of adding the default 

polyelectrolyte to the excess polyelectrolyte, the particle sizes were not considerably different 

between the two modes of mixing at whichever n-/n+, indicating the addition speed does not have 

great influence on PEC particle size in such cases.  

3.2. Stability of PECs 

3.2.1. Effect of charge ratio and storage temperature 

In order to investigate the stability of HA/DEAE-D PECs, particle size of HAM/DEAE-D 

PECs in Milli-Q water at CP = 0.5 g.L-1 and n-/n+ = 0.1-10 were revaluated after 1, 3, 7 and 30 

days of conservation at 25 °C or 4 °C. PECs at n-/n+ = 1 were not studied due the macroscopic 

phase separation from the beginning. For the other PECs, stability monitoring was ceased when 

the samples started to show highly heterogeneous particle size distribution. As can be seen from 

the obtained results (Figure 9), PECs of low n-/n+ ratios (n-/n+ = 0.1-0.2) showed increasing 

particle size with larger and heterogeneous particle size distribution after one day regardless of 

storage temperature. PECs at n-/n+ = 0.4 showed a quite similar tendency but to a lesser extent, 

whereas PECs at n-/n+ ≥ 0.8 had mean particle size and PDI minorly changed after one month.  
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Figure 9. (A) Mean hydrodynamic diameter and (B) polydispersity index of HAM/DEAE-D PECs 

(CP = 0.5 g.L-1) in Milli-Q water at different n-/n+ ratios: 0.1 ( ), 0.2 ( ), 0.4 ( ), 0.8  

( ), 1.25 (  ), 2.5 ( ), 5 ( ), 10 ( ) stored at 25 °C and 4 °C as a function of storage 

time. Asterisks denote samples having highly heterogeneous multimodal particle size distributions 

with poor repeatability. Error bars represent mean  standard deviation (n ≥ 3). 

The very high Dh and PDI of PECs at low n-/n+ after one day should not be taken as their 

precise characteristics because DLS measurements are less reliable when Dh approaches 1000 nm 

and beyond. However, such results evidenced that HAM/DEAE-D PECs were totally instable at 

such low n-/n+ and storage temperature did not have significant effect on their stability. The 

observed lack of stability can be once again explained by the weaker hydrophobic interactions of 

neutral complexed blocks in primary PECs due to their lower length. To compensate this effect, 
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the final PECs should involve more primary PECs and optimize their conformation over time to 

reach their equilibrium state, which could be even practically unreachable after one day. Such 

aggregation was also confirmed by the decrease in particle concentration after one day as shown 

in Figure 10A.  

 

Figure 10. (A) Total particle concentration of HAM/DEAE-D PECs (CP = 0.5 g.L-1) in Milli-Q 

water at different n-/n+ ratios after 30 min of complexation ( ) and one day after storage at 4 °C 

( ). Asterisks denote samples having multimodal and heterogeneous particle size distribution. 

Otherwise size distributions are adequately homogeneous and unimodal. (B) Mean hydrodynamic 

diameter of HAM/DEAE-D PECs at CP = 0.5 g.L-1 and: n-/n+ = 0.1 – [NaCl] = 0.1 mol.L-1 ( ), 

n-/n+ = 0.2 – [NaCl] = 0.01 mol.L-1 ( ), n-/n+ = 0.4 – [NaCl] = 0.01 mol.L-1 ( ); and 

CP = 0.3 g.L-1, n-/n+ = 0.1 in Milli-Q water ( ) stored at 4 °C as a function of storage time. Error 

bars represent mean  standard deviation (n ≥ 3). 

3.2.2. Effect of ionic strength and total polymer concentration 

In order to evaluate the effect of ionic strength on the stability of HAM/DEAE-D PECs at 

low n-/n+, the stability studies were also done for samples of such PECs at CP = 0.5 g.L-1 in the 

presence of salt that have homogeneous particle size and initial mean Dh < 400 nm, namely 
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samples having n-/n+ = 0.1 in NaCl 0.1 mol.L-1 and n-/n+ = 0.2-0.4 in NaCl 0.01 mol.L-1. As 

shown in Figure 10B, the stability of HAM/DEAE-D PECs at CP = 0.5 g.L-1 was obviously 

improved in NaCl 0.01-0.1 mol.L-1. Particularly, the particle size of PECs at n-/n+ = 0.1 in NaCl 

0.1 mol.L-1 increased during the first three days but the range of increase was less considerable 

than the previous results obtained in the absence of salt and the particle size distribution was always 

homogeneous. For PECs at n-/n+ of 0.2 and 0.4 in NaCl 0.01 mol.L-1, the particle sizes were 

relatively stable after 7 days. This improvement of stability could be attributed to the stabilizing 

effect of salt at intermediate concentration as described in Section 3.1.4. In order to assess the 

importance of CP in PEC stability, HAM/DEAE-D at a lower CP (CP = 0.3 g.L-1) at n-/n+ = 0.1 in 

Milli-Q water were also studied. As shown in Figure 10B, the particle size of this sample seemed 

not to significantly change after 7 days of storage, indicating a higher physicochemical stability at 

lower CP. The mechanism of this phenomenon, however, remains unclear. The only possible 

explanation should be the presence of fewer complexes leading to less intercomplex interactions 

and hence lower aggregation rate. 

3.3. Pyrene fluorescence 

In this work, the fluorescence of pyrene incorporated in HAM/DEAE-D PECs was 

characterized in order to evaluate the relative hydrophobicity of these PECs since pyrene has its 

fluorescence spectra changed according to microenvironmental polarity: the presence of more 

hydrophobic or less hydrophilic nanodomains normally lead to a lower II/IIII ratio in its emission 

spectra and a higher I335/I338 in its excitation spectra [29-32]. As presented in Figure 11A, pyrene 

in HAM/DEAE-D samples at n-/n+ closer to the unity had lower II/IIII in the emission spectra and 

higher I335/I338 in the excitation spectra, compared with reference values in Milli-Q water without 

PECs (II/IIII = 1.894  0.017 and I335/I338 = 0.370  0.012).  
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Figure 11. (A) II/IIII of the fluorescence emission spectra at λex = 335 nm and I335/I338 of the 

fluorescence excitation spectra at λem = 373 nm of HAM/DEAE-D/Py in Milli-Q water at 

CP = 0.25 g.L-1 and CPy = 410-7 mol.L-1 prepared with method (a) at different n-/n+. (B) II/IIII of 

the fluorescence emission spectra at λex = 335 nm of HAM/PEI/Py in Milli-Q water at 

CP = 0.25 g.L-1 and CPy = 410-7 mol.L-1 prepared with method (a) at different n-/n+. The values 

0 and ∞ of n-/n+ correspond respectively to the aqueous solutions of DEAE-D and HAM containing 

pyrene. (C) II/IIII of the fluorescence emission spectra at λex = 335 nm of HAM/DEAE-D/Py in 

Milli-Q water at n-/n+ = 0.8 and 1.25, CPy = 410-7 mol.L-1, CP = 0.25 and 0.5 g.L-1, prepared 

with methods (a) or (b). Error bars represent mean  standard deviation (n ≥ 3). 
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The exceptional values at n-/n+ = 1 were certainly caused by the precipitation which 

separated PECs from the bulk phase. These results suggest the formation of slightly less 

hydrophilic or more hydrophobic nanodomains in PECs following charge neutralization. However, 

the formation of such hydrophobic nanodomains might also be attributed to hydrophobic 

interactions of some DEAE groups possibly remaining deprotonated [34]. To verify this, the 

pyrene fluorescence characterization was also performed for PECs with the same CP and CPy from 

HAM and PEI, a highly hydrophilic polycation without DEAE groups. For this experiment, the pH 

values of the reacting solutions were adjusted to 2.9 with HCl or NaOH 0.1-1 mol.L-1 before their 

complexation because (i) the pH of freshly prepared PEI hydrochloride solution was readily around 

2.9 and (ii) this pH could ensure the complete protonation of PEI, otherwise at any higher pH its 

ionization rate could not be straightforward estimated as for HA [46]. For n-/n+ calculation, the α 

values of HA and PEI at pH = 2.9 were 0.5 and 1 respectively and Mo of PEI was 43 g.mol-1. As 

can be seen from Figure 11B, HAM/PEI PECs also showed decreasing II/IIII when n-/n+ 

approached 1. During this experiment, precipitation was remarked in samples at n-/n+ from 0.8 to 

1.25, which explained the unusually high II/IIII values at these charge ratios. These results 

confirmed the formation of hydrophobic core in PEC particles due to charge neutralization 

irrespective of polyelectrolyte chemical structure and that the DEAE groups did not significantly 

contribute to the hydrophobicity of HA/DEAE-D PECs. 

To further investigate the importance of CP and pyrene incorporation order, we also 

prepared HAM/DEAE-D PECs (n-/n+ = 0.8 and 1.25) containing pyrene by alternating CP (0.25 

and 0.5 g.L-1) and preparation methods: method (a) consisted in incorporating pyrene into PECs 

after their formation, while in method (b) pyrene was present during the complexation. As can be 

seen from Figure 11C, changing from method (a) to method (b) led to a considerable decrease in 
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II/IIII of pyrene fluorescence. Such results with method (b) could be attributed to the entrapment of 

pyrene in PECs during the complexation which resulted in a more effective incorporation of 

pyrene, while in method (a) the entrance of pyrene molecules into the PEC cores was disfavoured 

by the hydrophilic shells of PECs. Meanwhile, the increase from 0.25 to 0.5 g.L-1 in CP led to a 

slight decrease in II/IIII for method (a) and almost no difference in II/IIII for method (b), probably 

because the presence of numerous and large PEC particles at higher CP allowed a more efficient 

incorporation of pyrene to PECs in method (a) while the entrapment of readily present pyrene in 

PECs in the case of method (b) did not depend on this effect. In case of elaboration of PECs as a 

means for drug delivery, such results with pyrene as a model molecule could contribute to the 

optimization of encapsulation method for hydrophobic active ingredients. 

4. Conclusion 

In this work, the influences of charge ratio, total polymer concentration, polymer molar 

mass, ionic strength, mixing order and mixing mode on the formation of HA/DEAE-D PECs were 

investigated. When the n-/n+ approached the unity, PECs had more compact and relatively more 

hydrophobic structure with lower particle size, while phase separation occurred following 

stoichiometric mixing due to optimum charge neutralization. Higher polymer concentrations 

generally led to larger PEC particles. The employment of HA having higher molar mass also 

resulted in higher particle sizes. Unlike these factors, the influence of ionic strength was 

non-monotonic as a compromise between limiting effect and enhancement effect on PEC 

formation, due to charge screening at macromolecular level and particle level respectively. The 

effects of mixing order and mixing mode were interdependent and depended also on n-/n+, with 

larger PECs being formed in case of adding dropwise the polyelectrolyte in excess to the other. 

Furthermore, the physicochemical stability of HA/DEAE-D PECs during storage was proved to 
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be strongly dependent on n-/n+ and can be improved by increasing ionic strength or decreasing 

polymer concentration. The pyrene fluorescence studies also confirmed the relatively hydrophobic 

core in PECs resulting from charge neutralization. The addition of pyrene prior to polyelectrolyte 

complexation also led to a more efficacious incorporation of pyrene in PECs. In the context of 

drug delivery, such results suggested a promising conception for efficient encapsulation and 

delivery of hydrophobic active molecules. To that end, further studies are also ongoing based on 

HA/DEAE-D as a low-cost model system to understand and optimize PEC systems for 

therapeutic applications. 

Acknowledgments 

We thank the Normandy region and the European Union for their financial support. 

 

 

  



 Chapitre II 

138 

 

Appendix: Macromolecular characterization 

Average molar masses, molar mass distributions and average gyration radii of hyaluronic 

acids (HAs) and diethylaminoethyl dextran (DEAE-D) were determined at 25 °C by size exclusion 

chromatography (SEC) coupled online with three detectors: multiangle light scattering (MALS) 

apparatus DAWN Heleos-II (Wyatt Technology, USA), differential refractive index (DRI) 

detector RID-10A (Shimadzu, Japan) and a viscometer detector ViscoStar II (Wyatt Technology, 

USA). The MALS detector was equipped with a Ga-As laser (λ = 690 nm), a K5 cell of 50 μL and 

18 photodiodes (relatively normalized to the 90° detector using bovine serum albumin). The SEC 

line consisted of a degasser DGU-20A3 (Shimadzu, Japan), a pump LC10Ai (Shimadzu, Japan) 

for a flow rate of 0.5 mL.min-1 and an automatic injector SIL-20A (Shimadzu, Japan) followed by 

analytical size-exclusion columns: OHpak SB 804 and 806 HQ columns (Shodex Showa Denko 

K.K., Japan) for HA or CATSEC 100 and 1000 columns (Eprogen, USA) for DEAE-D. The 

eluents for HA and DEAE-D were LiNO3 0.1 mol.L-1 and acetate buffer 0.1 mol.L-1 (pH = 5) 

respectively. The injected sample volume for each analysis was 100 μL. The samples for analysis 

were solutions of HAs of medium and high molar masses and DEAE-D at concentrations of 1 g.L-1, 

0.1 g.L-1 and 0.5 g.L-1 respectively, prepared in the corresponding eluents by stirring overnight at 

200 rpm at room temperature and filtered through a 0.45 μm filter units (Sartorius, Germany). The 

results (Figure A1) were treated using Astra 6.1.7.16 ® software package via a data processing 

Zimm order 1 [47]. The refractive index increment (dn/dC) of 0.15 mL/g was applied for both HA 

and DEAE-D [28, 48]. For DEAE-D, molar mass distribution was fitted using 1st order 

exponential model. 
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Figure A1. Elution profiles at 25 °C of (A) hyaluronic acids having medium (blue) and high (black) molar 

masses in LiNO3 0.1 mol.L-1 and (B) DEAE-D in acetate buffer 0.1 mol.L-1
 at pH = 5. The full lines and 

dashed lines represent the responses of DRI and 90° light scattering detectors respectively. The dashdotted 

and dotted lines represent the molar mass distributions with and without 1st
 order exponential 

fitting respectively. 
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II.3. Etude complémentaire : Impact du pH sur les PECs 

Comme présenté dans l’étude bibliographique, le pH peut également exercer une influence 

importante sur la stabilité des PECs. Dans ce contexte, nous avons voulu vérifier les impacts de ce 

paramètre sur les PECs de HA/DEAE-D. Pour cela, nous avons ajouté du HCl ou du NaOH à une 

concentration de 0,1 ou 0,01 mol.L-1 dans les suspensions de PECs de HA/DEAE-D de n-/n+ = 0,8 

ou 1,25 préparés à CP = 0,5 g.L-1 pour fait varier le pH du milieu. Le comportement des phases 

ainsi que la taille et le potentiel zêta des PECs ont ensuite été évalués en fonction du 

pH (Figure II-1).  

 

Figure II-1. Dh moyen (●) et potentiel zêta (●) en fonction de pH des PECs de HA/DEAE-D 

préparé à CP = 0,5 g.L-1 et à n-/n+ de 0,8 (A) ou 1,25 (B) dans l’eau Milli-Q (n ≥ 3). 

Dans la gamme de pH étudiée (pH = 3-11), les PECs à n-/n+ = 0,8 augmentent de taille 

avec une diminution de leur potentiel zêta quand le pH approche de 6 puis précipitent quand le pH 

se trouve entre 6 et 11 (Figure II-1), alors que cette séparation de phases a été observée quand le 

pH est inférieur à 5 pour les PECs ayant n-/n+ = 1,25. Ces comportements des phases peuvent être 

expliqués par le changement du taux d’ionisation des polymères et ainsi du n-/n+ apparent lors de 

la modification du pH. Plus précisément, dans le cas des PECs préparés à n-/n+ = 0,8 (pH initial 
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de 5,3 ± 0,2), l’augmentation du pH au-delà de 6 diminue le taux d’ionisation du DEAE-D alors 

que celui du HA reste inchangé (Figure 2 dans Section II.2), conduisant alors à une augmentation 

du n-/n+ des PECs vers 1 qui favorise l’agrégation à cause d’un affaiblissement de la stabilisation 

électrostatique (diminution du potentiel zêta). Quand le pH est encore augmenté, le n-/n+ peut 

dépasser 1 et la stabilisation électrostatique peut se rétablir, ce qui peut faciliter une désintégration 

partielle des agrégats et donc la disparition des précipités comme observé à pH 11, bien que la 

taille des PECs reste encore importante (700-1300 nm). Il faut noter que le résultat obtenu à un pH 

si extrême peut être également affecté par la force ionique très élevée en raison de la quantité 

importante de NaOH ajoutée à ce point, qui peut soit favoriser soit empêcher la désagrégation par 

deux effets contradictoires de l’écrantage électrostatique au niveau macromoléculaire ou 

particulaire comme discuté dans la Section II.2. En revanche, une diminution de pH vers 3 peut 

conduire à un n-/n+ inférieure à 0,8 et ainsi à des PEC-NGs globalement plus chargés et donc 

légèrement plus gonflés comme constaté dans la Section II.2, alors que l’augmentation du 

potentiel zêta n’est pas évidente (Figure II-1A), probablement à cause de l’augmentation de la 

force ionique. Logiquement, le même mécanisme peut être appliqué pour les PECs à n-/n+ = 1,25 

(pH initial de 6,1 ± 0,2), où la diminution du pH peut conduire à un potentiel zêta moins négatif et 

peut ainsi favoriser la précipitation, alors que la taille des PECs montre une augmentation quand 

le pH devient plus élevé (Figure II-1B). Ces résultats ont donc montré que les PECs de 

HA/DEAE-D sont très sensibles au pH, comme pour les autres systèmes de PECs à base de HA 

dans la littérature [1-3]. 
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II.4. Conclusion et perspectives 

Dans ce chapitre, nous avons trouvé les conditions extrinsèques et intrinsèques les plus 

favorables pour former des PECs colloïdaux à partir de HA et de DEAE-D, avec des tailles 

submicroniques dont la moyenne varie entre 150-350 nm avec un PDI entre 0,1-0,4. Des 

macroséparations de phases ont été constatées dans les conditions défavorables que sont (i) une 

MW ou une concentration importante des polymères, (ii) un ratio de n-/n+ très proche de 1, (iii) 

une force ionique élevée, (iv) un changement inapproprié du pH et (v) un ajout lent du polymère 

en excès pendant la préparation. Toutefois, dans le cadre de notre projet, il est apparu que les PECs 

colloïdaux obtenus dans ce chapitre peuvent également être désignés comme nanogels de PECs 

(PEC-NGs) mais ne sont pas encore satisfaisants pour le piégeage et la délivrance des SAs peu 

hydrosolubles à cause de leur faible stabilité en milieu salin physiologique (i.e. concentration en 

NaCl d’environ 0,15 mol.L-1) et de leur faible hydrophobicité. Pour surmonter ces limitations, dans 

le chapitre suivant, nous allons reconceptualiser ces PEC-NGs avec des greffons amphiphiles à 
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nature thermosensible (i.e. Jeffamine® M-2005) sur le HA et le remplacement du DEAE-D par un 

polycation potentiellement moins hydrophile (i.e. poly-L-lysine), en gardant la méthode de 

préparation qui paraît la plus favorable pour obtenir des PECs colloïdaux, i.e. ajout one-shot du 

HA de MW intermédiaire (MW = 2,7 × 105 g.mol-1) dans la solution de polycation dans l’eau 

Milli-Q à CP = 0,5 g.L-1. 
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Chapitre III: 

Préparation et caractérisation des nanogels 

de l’acide hyaluronique greffé Jeffamine® M-2005 
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III.1. Introduction 

Ce chapitre présente les PEC-NGs préparés avec du HA greffé Jeffamine® M-2005 

(HA-M2005) en complexe avec deux polycations de structures chimiques bien différentes : le 

DEAE-D ou la poly-L-lysine (PLL). La Jeffamine® M-2005 (M2005) est un copolymère 

thermosensible de type LCST à structure de poly(oxyde d’éthylène)-co-poly(oxyde de propylène) 

à terminaison amine (Section III.2). La méthode de synthèse du HA-M2005 a été développée dans 

le cadre de la thèse de Mathieu MADAU [1] et la caractérisation rhéologique a montré une gélation 

favorisée par interactions hydrophobes entre les greffons M2005 quand la température est 

augmentée [2]. La PLL, quant à elle, a été utilisée comme polycation pour la complexation avec 

le HA dans certains travaux [3, 4]. Elle peut avoir une hydrophobicité plus élevée à l’état neutralisé 

[3, 5] et peut présenter aussi des interactions biologiques favorables pour l’internalisation cellulaire 

des nanovéhicules [6]. Nous avons ainsi voulu exploiter ces deux polymères pour développer des 

PEC-NGs qui présenteraient probablement des caractéristiques intéressantes, notamment une 

hydrophobicité plus élevée, une meilleure résistance à la salinité et une thermosensibilité. Ces 

aspects ont été vérifiés à travers plusieurs caractérisations comme l’évaluation de la taille des 

PEC-NGs par diffusion dynamique de la lumière (DLS) et de leur hydrophobicité relative par 

fluorescence du pyrène incorporé dans leur structure, ainsi que leur stabilité dans des conditions 

variées (i.e. salinité et température). De plus, l’amélioration de l’hydrophobicité et l’apparition de 

la thermosensibilité ont été également évaluées avec des études d’encapsulation de la curcumine 

en tant que SA hydrophobe dans les PEC-NGs. La curcumine a été choisie puisqu’elle est souvent 

utilisée comme une SA modèle classique dans plusieurs travaux de la littérature sur la 

nanoencapsulation [7-9], où ses propriétés et les méthodes pour sa quantification ont été décrites. 

De plus, sa couleur jaune très vive facilite l’évaluation de l’aspect visuel des échantillons. Outre 
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la thermosensibilité, nous avons également vérifié la sensibilité des PEC-NGs à la hyaluronidase 

(HAase), qui est souvent surexprimée dans les tumeurs et peut probablement alors servir comme 

un facteur qui favorise la dégradation des PECs pour activer la libérations des SAs [10]. 

L’ensemble de ces travaux a été publié dans Carbohydrate Polymers (2022), Vol. 292, p. 119711 

dont le contenu est présenté ci-dessous. Seront ensuite présentés des résultats complémentaires 

concernant l’étalonnage de la quantification de la curcumine, l’évolution de la taille des PEC-NGs 

thermosensibles en fonction de température, ainsi que la libération in vitro de la curcumine à partir 

de ces PEC-NGs et la possibilité de moduler cette libération par contrôle de la température. De ce 

fait, nous allons montrer la sensibilité simultanée des PEC-NGs à deux stimuli (température et 

HAase), qui pourrait être prometteuse pour la délivrance ciblée des SAs, notamment avec le 

déclenchement de la libération des agents anticancéreux en appliquant une hyperthermie locale au 

niveau des tumeurs et en profitant de la surexpression de la HAase au sein de ces cellules.  
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III.2. Publication : Thermoresponsive nanogels based on polyelectrolyte complexes between 

polycations and functionalized hyaluronic acid 
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Abstract: A novel kind of thermoresponsive polyelectrolyte complex-based nanogels (PEC-NGs) 

was elaborated by mixing hyaluronic acid (HA) functionalized with Jeffamine® M-2005 (M2005, 

a thermoresponsive amine-terminated polyether) and diethylaminoethyl dextran (DEAE-D) or 

poly-L-lysine (PLL) in water. The presence of M2005 grafts led to PEC-NGs with larger particle 

size, lower net surface charge and thermoresponsiveness, namely shrinkage with increasing 

hydrophobicity at higher temperature. Both M2005 grafts and replacing DEAE-D with PLL as 

polycation allowed PEC-NGs to have higher stability against salinity and better encapsulation of 

curcumin, most probably through intraparticle hydrophobic interactions, whereas interparticle 

hydrophobic interactions may facilitate particle aggregation over time. Curcumin encapsulation 

can be optimized by applying higher temperature during the complexation. Enzymatic 

degradability of PEC-NGs was also verified through particle size evolution in the presence of 

hyaluronidase. These results provide new insights into the physicochemical aspect of such systems 

as promising nanocarriers for drug delivery. 

Keywords: nanogels; polyelectrolyte complexes; thermoresponsive; hyaluronic acid; 

Jeffamine® M-2005 

Graphical abstract: 
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1. Introduction 

Nanogels (NGs) based on polyelectrolyte complexes (PECs) can be formed spontaneously 

through ion pairing between polyanions and polycations upon simple mixing in aqueous media 

(Bonaccorso et al., 2021). Particularly, PEC-based NGs (PEC-NGs) from polysaccharides have 

attracted a great deal of interest as drug delivery systems (DDS) due to their biocompatibility and 

simple preparation requiring neither high energy nor organic solvents (Debele, Mekuria, 

& Tsai, 2016).  

Thermoresponsive nanocarriers have received increasing attention as robust DDS (Bordat, 

Boissenot, Nicolas, & Tsapis, 2019). They can be elaborated from thermoresponsive copolymers, 

which display a temperature-dependent hydrophilic-hydrophobic balance due to the difference in 

solvation status between component monomers at different temperatures (Bordat et al., 2019; 

Gandhi, Paul, Sen, & Sen, 2015). Among them, polymers disposing lower critical solution 

temperature (LCST), which are water-soluble below a critical temperature but become insoluble 

at a higher temperature due to higher hydrophobicity, have been extensively studied and employed 

in DDS (Karimi et al., 2016). Nanoparticles from these polymers can show shrinkage along with 

higher hydrophobicity at higher temperature, leading to applications in either triggered-release or 

sustained-release of drugs (Karimi et al., 2016; Kim et al., 2019). Accordingly, employing 

thermoresponsive derivatives of polysaccharides (i.e. polysaccharides grafted with suitable LCST 

groups) in DDS has also become an emerging topic of research since they can improve the 

encapsulation and release of hydrophobic drugs while conserving the advantages of precursor 

biopolymers (Graham, Marina, & Blencowe, 2019).  

From such perspectives, systems combining both the abovementioned aspects, i.e. 

PEC-NGs from thermoresponsive polysaccharide derivatives, would be of high interest as DDS, 
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yet have not been reported in the literature to the best of our knowledge. In this context, our work 

aimed to elaborate and characterize such a novel kind of DDS from readily available materials, 

namely HA-M2005 which is hyaluronic acid (HA) functionalized with Jeffamine® M-2005 

(M2005) and diethylaminoethyl dextran (DEAE-D) or poly-L-lysine (PLL) (Figure 1).  

 

Figure 1. Scheme of PEC-NG formation from polyanions (blue) (HA: hyaluronic acid or 

HA-M2005: hyaluronic acid functionalized with Jeffamine® M-2005 (green)) electrostatically 

complexed with polycations (red) (DEAE-D: diethylaminoethyl dextran or PLL: poly-L-lysine) 

and their chemical structures.  
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HA is an anionic polysaccharide extensively employed in DDS development due to its 

excellent biocompatibility and biodegradability (Necas, Bartosikova, Brauner, & Kolar, 2008). 

CD44 receptors, which are natural receptors of HA, and hyaluronidase (HAase), which is a family 

of enzymes catalyzing HA degradation, are both overexpressed in many cancer cells, e.g. in breast 

and brain tumors (Stern, 2008; Xu, Niu, Yuan, Wu, & Liu, 2020). This renders HA-based 

nano-DDS particularly interesting for drug targeting since they can be specifically uptaken and 

degraded to release drugs inside these cells (Yang, Zhang, Chen, Chen, & Liu, 2016). M2005 is a 

commercial diblock copolyether monoamine made up of amine-terminated poly(propylene oxide) 

(PPO) and poly(ethylene oxide) (PEO), constituting a thermoresponsive copolymer with LCST 

temperature of 14-30 °C (Agut, Brûlet, Taton, & Lecommandoux, 2007; Dulong, Mocanu, Picton, 

& Le Cerf, 2012; Niang et al., 2016). In our previous work, M2005 was successfully grafted on 

HA to obtain HA-M2005 as a thermoresponsive HA derivative with a sol-gel transition depending 

on temperature (Madau, Le Cerf, Dulong, & Picton, 2021). DEAE-D is a polycation with cationic 

DEAE groups grafted on dextran, a natural polysaccharide extracted from plants or microbial 

fermentations (Díaz-Montes, 2021; Gulick, 1997). It is mainly used as a means for nucleic acids 

transfection or proteins delivery with good biocompatibility and high solubility (Gulick, 1997; 

Huguet, Neufeld, & Dellacherie, 1996; Manosroi & Manosroi, 1997). PLL is a biocompatible and 

biodegradable cationic polyaminoacid, which is largely used as a coating agent for cell adhesion 

promotion (Huguet et al., 1996). PLL coating can also increase cell uptake of nanoparticles, which 

would improve therapeutic efficacy in targeted nanomedicine (Siow et al., 2018).  

Previously, our work has shown that mixing of HA and DEAE-D solutions can lead to the 

formation of HA/DEAE-D PEC-NGs having mean size of 150-350 nm with relatively 

hydrophobic cores surrounded by hydrophilic corona shells from polar uncomplexed 
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polyelectrolyte segments (Le, Dulong, Picton, & Le Cerf, 2021). They can have good shelf stability 

in water but generally poor stability against salt and slight hydrophobicity (Le et al., 2021). Our 

hypothesis is that PEC-NGs prepared with HA-M2005 should present more interesting properties, 

such as dual-responsiveness (thermoresponsiveness beside enzymatic-induced degradation), than 

with non-modified HA. In this work, the effects of M2005 grafts and polycation structure on 

HA-based PEC-NGs were elucidated after their preparation and characterization in terms of 

morphology, particle size, zeta potential (ζ) and hydrophobicity with varying parameters, including 

constituent polymers (Figure 1), temperature, salinity and storage time. Encapsulation of 

curcumin as a model drug was realized to evaluate the potential of these systems as nanocarriers 

for delivering poorly water-soluble drugs. Enzymatic degradation of such PEC-NGs was also 

investigated and confirmed by observing particle size in the presence of HAase. 

2. Materials and methods 

2.1. Materials 

HA and Jeffamine® M-2005 were kindly provided by Givaudan (France) and Huntsman 

(USA) respectively. DEAE-D hydrochloride and α-PLL hydrobromide were purchased from 

Sigma-Aldrich (USA). HA-M2005 was obtained by grafting Jeffamine® M-2005 to HA (degree 

of substitution of 3.6 %) through EDC/NHS coupling reaction (Supplementary Information SI-1) 

as reported in our earlier study (Madau et al., 2021). Table 1 summarizes macromolecular 

characteristics of the polyelectrolytes (Supplementary Information SI-2), with those of HA and 

DEAE-D retrieved from our previous work (Le et al., 2021). Pyrene was purchased from Acros 

Organics (USA). Curcumin, phosphate-buffered saline (PBS) tablets and HAase from sheep testes 

(400 IU.mg-1) were purchased from Sigma-Aldrich (USA). Water purified by Milli-Q system 

(Millipore, USA) was used for all experiments.  
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Table 1. Characteristics of polyelectrolytes 

Polyelectrolyte Mn (g.mol-1) Mw (g.mol-1) Đ 

HA 210,000 270,000 1.3 

DEAE-D 270,000 700,000 2.6 

PLL 200,000 490,000 2.5 

HA-M2005 180,000 240,000 1.3 

Mn: number average molecular weight; Mw: weight average molecular weight; Đ: dispersity 

2.2. Preparation of PEC-NGs 

PEC-NGs were prepared following the same method as our previous work (Le et al., 2021). 

Polyelectrolyte solutions at defined total polymer concentrations (Cp, excluding counterions) were 

prepared beforehand by dissolving polyelectrolytes in Milli-Q water under stirring overnight at 

room temperature and afterwards filtered through regenerated cellulose 0.45 μm membrane filter 

units (Sartorius, Germany). Each PEC-NG suspension at a definite CP and n-/n+ (molar ratio of 

negative to positive charges on component polyelectrolytes) was obtained by one-shot addition of 

polyanion to polycation solutions of the same CP with the volume ratio deduced from n-/n+ 

(Supplementary Information SI-3), followed by 30 min of stirring at room temperature. At least 

three batches were prepared for each formulation.  

For preparing curcumin-loaded NGs, before polycation addition, there was an additional 

step of dropping an amount of curcumin 5 g.L-1 stock solution in acetone to the polyanion solution. 

The ratio of curcumin to polyelectrolytes was fixed at 2/5 m/m. After 30 min of stirring at studied 

temperatures (25 °C, 50 °C or 70 °C), all samples were left at room temperature over 12 h for 

acetone evaporation. The precipitated non-encapsulated curcumin was then removed by 

centrifugation at 3,000g for 15 min and the supernatant was filtered through polyvinylidene 

difluoride (PVDF) 0.45 μm membrane filter units (Millipore, Germany) to obtain the filtrate as 
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PEC-NG suspensions. Samples without polymers were also prepared as reference. All samples 

were protected from light to avoid curcumin degradation. 

2.3. Particle size, zeta potential and morphology analyses 

Particle size and zeta potential (ζ) were characterized only for visually homogeneous NG 

suspensions without further dilution using Zetasizer Ultra (Malvern Panalytical, UK). Mean 

hydrodynamic diameter (Dh) and polydispersity index (PDI) were determined by dynamic light 

scattering (DLS) with back-scatter mode. ζ was measured by electrophoretic light scattering. Every 

sample was measured at least in triplicate after stabilization for 120 s at 25 °C or 300 s at 37 °C 

or 50 °C. 

The morphologies of PEC-NGs were examined using a transmission electron microscope 

(TEM) FEI Tecnai 12 BioTwin (Philips, The Netherlands) operating at 80 kV. For specimen 

preparation, 10 μL of a PEC-NG suspension was placed on a formvar and carbon coated copper 

grid for 15 min for adhesion of PEC-NGs on the grid and the excess suspension was then removed 

by filter paper. 10 μL of phosphotungstic acid 1 % solution was thereafter deposited on the grid 

for contrast enhancement and wicked away after 30 s, followed by air-drying of the grid 

before observation. 

2.4. Pyrene fluorescence 

Samples for pyrene fluorescence analyses were prepared as previously described (Le et al., 

2021). 1 mL of pyrene 8  10-7 mol.L-1 aqueous solution was mixed with an equal volume of 

PEC-NG suspensions (CP = 0.5 g.L-1) under stirring overnight. Fluorescence emission spectra of 

samples upon excitation at 335 nm wavelength were recorded at certain temperatures (25 °C, 

37 °C or 50 °C) using a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon, France). The ratio 
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II/IIII was calculated as intensity ratio of the first to the third vibronic bands recorded respectively 

at 373 and 383 nm. All measurements were done at least in triplicate. 

2.5. Stability studies 

Stability of PEC-NGs in Milli-Q water and physiological salines (NaCl 0.9% eq. 

0.154 mol.L-1 and PBS) was evaluated (Dioury et al., 2021). To reach NG suspensions having final 

salinity of NaCl 0.9% or PBS 1X, 80 μL NaCl 4 mol.L-1 or 52 μL PBS 40X was added to 2 mL 

PEC-NG suspension (CP variation assumed to be inconsiderable). All samples were then vortexed 

and left for 30 min before DLS analysis at 25 °C, then stored at 4 or 25 °C for revaluation by DLS 

after 1, 3, 7 and 30 days. pH measurements for certain samples were done using a pH 

meter (Mettler Toledo, Switzerland).  

2.6. Enzymatic degradation studies 

NG degradation was studied through particle size evolution in the presence of HAase 

(Yang et al., 2016). Firstly, HAase 30 and 3 mg.mL-1 solutions were prepared by dissolving HAase 

in Milli-Q water. 10 μL of these solutions was then vortexed with 1 mL of PEC-NG suspensions 

of interest to reach final HAase concentrations of 0.3 or 0.03 mg.mL-1. All samples, including 

samples without HAase as reference, were then analyzed by DLS at predetermined time points 

during their incubation at 37 °C. 

2.7. Curcumin quantification 

Curcumin quantification method was adapted from other studies with some modifications 

(Gómez-Mascaraque, Sipoli, de La Torre, & López-Rubio, 2017; Sarika & James, 2016). Briefly, 

200 mL of PEC-NG suspension was vortexed with 20 mL of HCl 1 N to protonate HA and facilitate 

PEC disintegration (Kayitmazer, Koksal, & Iyilik, 2015). The mixture was then vortexed with 

1.1 mL (880 mg) of ethanol for curcumin solubilization. The precipitated polymer was then 
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separated by centrifugation at 3,000g for 15 min. The curcumin concentration C in the 

supernatants (μg.mL-1) was determined by UV–visible spectrophotometer Cary 100 (Agilent 

Technology, USA) with a standard curve of absorbance at 420 nm (A420) as a function of curcumin 

concentration between 0.05-10 μg.mL-1 in water/HCl 1N/EtOH 10/1/55 v/v (A420 = 0.1407C – 

0.0022 with R2 = 0.9999). Curcumin concentrations in the starting PEC-NG suspensions 

(CCUR/SUS) were accordingly deduced, with densities of PEC-NG suspensions and the supernatant 

(EtOH/aqueous phase 5/1 v/v or 4/1 m/m) at room temperature being 1 and 0.84 g.mL-1 

respectively (Rumble, 2021). The loading capacity (LC) and encapsulation efficiency (EE) were 

calculated as followed: 

LC = (CCUR/SUS – CCUR/WATER)/CP 100 (%)   (Equation 1) 

EE = (CCUR/SUS – CCUR/WATER)/CCUR0 100 (%)  (Equation 2) 

with CCUR/WATER as curcumin concentration of reference sample, which contained solely water 

saturated in curcumin, CP as polymer concentration and CCUR0 as the concentration of added 

curcumin with respect to the aqueous phase during the preparation. 

3. Results and discussion  

3.1. PEC-NG initial characterization  

PEC-NGs were generated by simply mixing polyanion with polycation solutions, which 

was spontaneous via electrostatic interactions since no chemical reaction was observed from their 

FT-IR spectra (Figure S3). Such preparation process is thus simple and rapid, requiring no organic 

solvent, chemical agent or high energy. For clarifying the effect of M2005 grafting, Figure 2 

shows particle properties of HA-M2005/DEAE-D PEC-NGs at CP = 0.5 g.L-1 after 30 min of 
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complexation, compared to those of HA/DEAE-D PEC-NGs from our previous 

study (Le et al., 2021).  

 

Figure 2. Mean Dh (A), PDI (B) and mean ζ (C) measured at 25 °C of HA/DEAE-D and 

HA-M2005/DEAE-D PEC-NGs (CP = 0.5 g.L-1 in Milli-Q water) after 30 min of complexation. 

Asterisk represents n-/n+ = 1, at which precipitation was observed for HA/DEAE-D PEC-NGs. 

Data are presented as mean  standard deviation (n ≥ 3). 

As seen from Figure 2A-B, homogeneous HA-M2005/DEAE-D PEC-NGs samples have 

mean Dh of 200-600 nm and PDI of 0.1-0.4. However, such Dh is always larger than that of 

HA/DEAE-D PEC-NGs at the same n-/n+ (Figure 2A). This may stem from steric effects of the 

bulky M2005 grafts inside PEC-NGs. It should also be noticed that for the same n-/n+, the mass 
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ratio of polyanion to polycation in HA-M2005/DEAE-D PECs was higher than in HA/DEAE-D 

PECs to compensate the loss of negative charges after M2005 grafting, which may also contribute 

to the difference in their particle sizes. Furthermore, the difference in Dh and PDI between the two 

kinds of PEC-NGs is more obvious at n-/n+ < 0.8, where DEAE-D exceeds HA (Figure 2A-B). 

As discussed in our previous work, at n-/n+ < 0.8, PECs from intermediate molecular weight HA 

and high molecular weight DEAE-D showed rapid aggregation continuing after 30 min of 

complexation, being ascribed to hydrophobic segregation of unstable short double-stranded PEC 

segments (Le et al., 2021). With M2005 grafts, this effect may be enhanced due to higher 

hydrophobicity of such segments and hence generate much larger secondary PECs. Regarding net 

surface charge, HA-M2005/DEAE-D and HA/DEAE-D PEC-NGs show quite a similar curve of 

mean ζ as a function of n-/n+ (Figure 2C), except the less negative ζ observed at n-/n+ ≥ 1 for 

PECs possessing M2005 grafts. This could be attributed to shrinkage of HA backbone towards 

particle interior due to hydrophobic interactions of M2005 on HA and therefore its negative 

charges are less accessible on NG surface. Mean ζ of PECs of n-/n+ = 1 is hence deviated away 

from zero when HA-M2005 replaces HA (Figure 2C), rendering precipitation absent at the 

stoichiometric n-/n+ as observed but assumedly present between n-/n+ of 1 and 1.25.  

For preparing HA/PLL PEC-NGs, we also used intermediate molecular weight HA with 

PLL of higher molecular weight. Such PEC-NGs also present physicochemical parameters 

(Figure 3A-C) following the same trends as a function of n-/n+ as HA/DEAE-D 

PEC-NGs (Figure 2A-C). 
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Figure 3. Mean Dh, PDI and mean ζ of HA/PLL PEC-NGs (A, B, C respectively) and of 

HA-M2005/PLL PEC-NGs in comparison with HA/PLL PEC-NGs (D, E, F respectively) at 

CP = 0.5 g.L-1 in Milli-Q water after 30 min of complexation. Asterisk represents precipitation at 

n-/n+ = 1 (DLS not performed). Data are presented as mean  standard deviation (n ≥ 3). 
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HA/PLL PEC-NGs at n-/n+ > 1 exhibited consistent characteristics with mean Dh between 

100-300 nm and PDI < 0.4. In contrast, at n-/n+ < 0.8, unusually large Dh (1000-10,000 nm) and 

PDI higher than 0.5 were remarked (Figure 3A-B). These results approach the upper limit of 

reliability for DLS and should not be considered as accurate characteristics but rather a relative 

indication of large aggregates uncontrolled in size. PEC-NGs at n-/n+ of 0.8, despite their more 

relevant Dh (around 200 nm), still showed low batch-to-batch consistency in PDI (Figure 3B). 

Large aggregates were also reported for HA/PLL PECs of n-/n+ < 1 with increasing particle size 

over time, from 400 to 800-1000 nm after 8 h (Pan et al., 2019). Such aggregation is probably 

caused by stronger intercomplex hydrophobic interactions between PECs containing mainly PLL, 

which has been known to be considerably hydrophobic upon charge neutralization due to the four 

succeeding methylene groups in lysine units (Dyson, Wright, & Scheraga, 2006; Pan et al., 2019).  

Considering the results of HA/PLL PEC-NGs, for HA-M2005/PLL PEC-NGs, we focused 

only on n-/n+ > 1 due to their more consistent and measurable properties. However, for n-/n+ of 

1.25, precipitation was observed and DLS characterization was not performed. For the other n-/n+, 

M2005 grafts seem to display the same impact as in HA/DEAE-D PECs (Figure 3D-F vs. 

Figure 2A-C), i.e. increasing Dh and reducing ζ. Accordingly, this may explain the observed 

precipitation at n-/n+ of 1.25 since the readily low net surface charge at such n-/n+ can be further 

reduced and thus facilitate aggregation. 

For further characterization of PEC-NGs, the morphologies of all the four types of 

PEC-NGs at n-/n+ = 2.5 and CP = 0.5 g.L-1 were also examined by TEM (Figure 4), which 

verified the formation of PEC-NGs as particles having generally spherical shape and particle size 

in coherence with DLS results. Particle morphologies seem to be distinct depending on the 

constituent polycation, while M2005 grafts led to no visible difference in this aspect. At higher 
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magnification, some particles can clearly show their structure comprising a dense core surrounded 

by a corona shell (Figure 4E), which confirms the suggested core-shell structure of PEC-NGs. 

 

Figure 4. TEM images of PEC-NGs from HA/DEAE-D (A), HA-M2005/DEAE-D (B), HA/PLL 

(C and E) and HA-M2005/PLL (D) at n-/n+ = 2.5 and CP = 0.5 g.L-1. 

3.2. Stability studies 

Particle sizes of different PEC-NGs at CP = 0.5 g.L-1 were monitored during one month in 

different conditions (i.e. storage temperature, saline and buffered media) to evaluate the influence 

of M2005 grafts and polycation nature on their stability. The stability of mean Dh is shown in 

Figure 5 and their PDIs with the same trend can be consulted from Figure S4.  
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Figure 5. Mean Dh of PEC-NGs (CP = 0.5 g.L-1
 in Milli-Q water) as a function of time: (A) 

HA-M2005/DEAE-D PEC-NGs stored at 4 °C, (B) HA-M2005/DEAE-D PEC-NGs stored at 

25 °C, (C) HA-M2005/PLL and HA/PLL PEC-NGs stored at 4 °C. Data are presented as mean  

standard deviation (n ≥ 3). Asterisks represent samples having large particle sizes 

(mean Dh > 700 nm) with inconsistently large distribution. 

As shown in Figure 5A, when stored at 4 °C, HA-M2005/DEAE-D PEC-NGs of 

n-/n+ ≥ 0.8 were stable but those of n-/n+ < 0.8 showed particle size increased after one day. 

Stability evaluations were ceased when their mean particle sizes became too high (over 700 nm) 

with largely varying PDIs. This is similar to HA/DEAE-D PEC-NGs in our previous work and 

could be explained by the same hypothetical mechanism, that neutral double-stranded segments in 

these PECs would be very short and hence unstable, favoring their segregation over time to reach 

a more stable state (Le et al., 2021). 
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In a second time, HA-M2005/DEAE-D PEC-NGs having good stability at 4 °C were 

subjected to stability evaluation at 25 °C. Interestingly, higher storage temperature seems to render 

such PEC-NGs less stable, evidenced by increasing Dh at n-/n+ ≥ 2.5 (Figure 5B). This was not 

observed with PEC-NGs without M2005 (Le et al., 2021) and therefore can be interpreted as 

particle aggregation due to enhanced hydrophobic interactions between M2005 grafts on PEC-NG 

surfaces at higher temperature. Meanwhile, HA-M2005/PLL PEC-NGs at the same n-/n+ showed 

Dh increasing over time despite being stored at low temperature (4 °C), in contrast to HA/PLL 

PEC-NGs which were stable (Figure 5C). This suggests that replacing DEAE-D with PLL renders 

PEC-NGs containing M2005 more susceptible to agglomeration, probably because of stronger 

interparticle hydrophobic interactions contributed by PLL as mentioned in Section 3.1 beside 

that of M2005. 

In order to study the stability of PEC-NGs against physiological saline conditions, different 

PEC-NG formulations were subjected to saline solutions (NaCl 0.9 % and PBS) and stored at 4 °C 

for stability monitoring. However, the suspensions of HA/DEAE and HA-M2005/DEAE-D 

PEC-NGs (CP = 0.5 g.L-1) showed precipitation after 30 min in NaCl 0.9 % or PBS (results not 

shown) and were thus not suitable for DLS analysis. This is in accordance with the low stability 

of HA/DEAE-D PECs upon increasing ionic strength in our previous work (Le et al., 2021) and 

confirms that such PECs are still highly sensitive to ionic strength even with M20005 grafts. 

Interestingly, replacing DEAE-D with PLL led to very different behaviors of PECs, which 

displayed no precipitation and were therefore satisfactory for DLS characterization (Figure 6). 
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Figure 6. (A) Mean Dh and (B) PDI of different PEC-NGs (CP = 0.5 g.L-1) stored at 4 °C in 

different media. Data are presented as mean  standard deviation (n ≥ 3). 

Following NaCl or PBS addition, HA/PLL PEC-NGs showed significantly increased Dh 

with an abrupt fall in PDI. This is most probably due to particle aggregation when electrostatic 

repulsion between particles is weakened by counterions through charge screening. As PDI 

represents the relation between the absolute distribution width and the mean value of particle size, 

the fall of PDI during the aggregation can be interpreted as the absolute distribution width 

remaining the same or changing to a lesser extent than the increase of the mean particle size. 

Nevertheless, in NaCl 0.9 %, the Dh continued to increase after seven days but decreased 

after one month, coinciding with a significant increase in PDI to more than 1. This can be explained 

by the appearance of another particle population having a smaller size, which was around 

10-100 nm (Figure S5). As discussed in our previous work (Le et al., 2021), charge screening by 

salt ions can take place not only at particle level to cause particle aggregation but also at 

macromolecular level, which may cause PEC decomplexation into smaller fragments. In the 

current case, the latter effect seems to take place much later than the former. This could be 
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explained by a longer time required for infiltration of salt ions into the interior of PEC-NGs to 

interfere with ion pairing. This was also the case in PBS, as shown by the increase in PDI after one 

month, but seemingly to a lesser extent than in NaCl 0.9 % since the mean particle size did not 

obviously decrease. Such difference could hardly be explained by the difference between their 

initial pH, which were measured as 6.28  0.18 and 7.40  0.04 in NaCl 0.9 % and PBS 

respectively and thus cause no considerable difference in ionization rate and actual n-/n+ of PECs 

(Supplementary Information SI-3). Such a better stability of PEC-NGs in PBS may be due to the 

long-term pH stability in this buffer. More interestingly, HA-M2005/PLL PEC-NGs showed 

relatively stable particle size after PBS addition (Figure 6A). However, a minor increase in 

particle size over one month was still observed but to a smaller extent than in Milli-Q water at the 

same condition (Figure 5C) and their PDI was gradually decreased over time. Such results 

evidence that the presence of salt does not deteriorate but indeed improve the stability of PEC-NGs 

having M2005 grafts. This finding is especially interesting since PECs from polyelectrolytes 

disposing weak charges are generally known to be highly unstable under physiological ionic 

strength (Wu & Delair, 2015). The exact mechanism of such stabilizing effect remains unclear but 

may be related to salting-out effect of salt, which can reinforce intraparticle hydrophobic 

interactions between PPO blocks of M2005 grafts (Dulong et al., 2012; Gupta et al., 2015; Niang 

et al., 2016) and therefore stabilize PEC structure.  

Collectively, such results prove that PEC-NGs with PLL as polycation are more resistant 

against ionic strength than with DEAE-D. As an explanation, regular charge distribution on both 

PLL and HA (Figure 1) may contribute to more close-knit ion pairing and hence their stronger 

association. On the contrary, arbitrary distribution of positive charges on DEAE-D may lead to 

nonoptimal charge compensation with HA and thus more loosely and unstable structures of PECs. 
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3.3. Thermoresponsiveness studies 

Thermoresponsive properties of nanocarriers possessing LCST pendant groups, i.e. 

shrinkage and increase in hydrophobicity at higher temperature, have been known to be the 

mechanism and hence the prerequisite for their interesting drug delivery applications, namely 

triggering and/or controlling the drug release spatiotemporally in vivo by applying local 

hyperthermia (Molina et al., 2015). To verify the thermoresponsiveness of PEC-NGs from 

HA-M2005, we evaluated at different temperatures their hydrophobicity by fluorescence 

spectroscopy with pyrene probe and their particle sizes by DLS. The principle of the former 

technique is that a decrease in intensity ratio of the first to the third peaks (II/IIII) in the emission 

spectra upon excitation at 335 nm of pyrene incorporated in the systems indicates the presence of 

more hydrophobic nanodomains (Burdíková, Mravec, & Pekař, 2016). Compared to the previous 

II/IIII results of HA/DEAE-D PEC-NGs incorporating pyrene (HA/DEAE-D/Py) at 25 °C (Le et 

al., 2021), those of HA-M2005/DEAE-D/Py PEC-NGs were not significantly different and suggest 

that M2005 grafts do not significantly enhance the hydrophobicity of PEC-NGs at 

25 °C (Figure S6A). However, whereas the former system showed unchanged II/IIII upon 

heating (Figure S6B), HA-M2005/DEAE-D/Py PEC-NGs exhibited lower II/IIII when the 

temperature was increased from 25 °C to 37 °C and 50 °C, more significantly at n-/n+ > 1 than at 

n-/n+ < 1 (Figure 7A). These results prove an increase in hydrophobicity upon heating, probably 

due to stronger hydrophobic association of the thermosensitive M2005 grafts. This tendency was 

the same for HA-M2005/PLL/Py PEC-NGs (Figure 7C). Furthermore, this effect seems to be 

more important when n-/n+ is nearer to 1 regardless of component polycation (Figure 7A and C). 

This may be attributed to PEC structure being readily more compact at such n-/n+ (Le et al., 2021), 
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rendering M2005 chains already located in close proximity and hence favoring their approximation 

to form more hydrophobic clusters. 

 

Figure 7. II/IIII in pyrene fluorescence and particle sizes at different temperatures of 

HA-M2005/DEAE-D PEC-NGs (A-B respectively) and HA-M2005/PLL PEC-NGs (C-D 

respectively) in Milli-Q water. CP = 0.5 g.L-1 for particle size analyses and 0.25 g.L-1 for pyrene 

fluorescence studies due to dilution. The values 0 and ∞ represent solutions containing solely 

polycations and polyanions respectively. Data are presented as mean  standard deviation (n ≥ 3). 

For characterizing the thermal dependence of particle size, we also focused on PEC-NGs 

with n-/n+ > 1 since these systems showed more consistent results of initial particle 

size (Section 3.1). Upon heating, HA-M2005/DEAE-D PEC-NGs showed a decrease in 

Dh (Figure 7B) and the same for their PDI (Figure S7A). For HA-M2005/PLL PEC-NGs, except 

for those at n-/n+ = 1.25 which could not be characterized by DLS because of 
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precipitation (Section 3.1), PEC-NGs at n-/n+ ≥ 2.5 also displayed lower Dh (Figure 7D) and 

PDI (Figure S7B) at higher temperature. Such decrease in particle size takes place within only 

200-300 s of heating before reaching an equilibrium (Figure S7D). In contrast, PECs without 

M2005 grafts did not show such change upon heating (Figure S7C). Together with the earlier 

results on hydrophobicity, these results suggest that the LCST property of M2005 grafts on HA 

contributes to a quasi-instantaneous series of thermoresponsive behaviors of our PEC-NGs, 

namely compaction of intraparticle hydrophobic clusters which leads to rapid particle shrinkage. 

However, different from the increase in hydrophobicity, the shrinkage is less obvious when n-/n+ 

is nearer to 1 and even unobservable at n-/n+ = 1.25 for HA-M2005/DEAE-D PEC-NGs, 

presumably because the readily compact structure of PEC-NGs at n-/n+ nearer to 1 is less 

susceptible to shrinkage than the highly porous structure at other n-/n+. Furthermore, after one 

hour of cooling at room temperature, their Dh resurged but slightly surpassed the initial 

values (Figure 7B and D) and less clearly for PDI (Figure S7A-B). This suggests a completely 

reversible thermoresponsive behavior but which may accompany a slight rearrangement within the 

PEC-NG structure. This experiment was repeated up to three cycles of heating-cooling and such 

reversibility was still conserved during the whole process (Figure S7E). 

3.4. Curcumin encapsulation 

Curcumin was used as a model compound to verify the potential of our system in 

encapsulating poorly water-soluble drugs. Our previous study reported that pyrene is encapsulated 

more efficiently in PECs if it is added before the complexation (Le et al., 2021). Thus, the 

preparation of PEC-NGs encapsulating curcumin in the current work was performed by adding 

polycation to polyanion solutions readily mixed with curcumin. From the pyrene fluorescence 

studies (Figure 7), PEC-NGs having n-/n+ of 1.25-2.5 seem to be the most potential for 
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encapsulating hydrophobic molecules. However, our preliminary curcumin encapsulation trials 

with PEC-NGs of n-/n+ = 1.25 showed inconsistent results, namely large batch-to-batch variation 

in visual aspect and curcumin concentration of the samples (results not shown). This possibly 

stems from the weak net surface charge of PEC-NGs at this n-/n+, which facilitate their 

precipitation and sedimentation along with the insoluble curcumin in excess. PEC-NGs having 

n-/n+ of 2.5, displaying more consistent results (Table 2), were thus chosen as the main subjects 

for these studies. As shown in Table 2, curcumin concentration in HA/DEAE-D/Cur PEC-NGs is 

higher than in curcumin-saturated water, proving the encapsulation of curcumin inside such 

PEC-NGs. Furthermore, the encapsulation was improved with PEC-NGs having M2005 grafts, 

most probably due to M2005 hydrophobic clusters in the NGs. 

Table 2. Curcumin quantification results in different formulations 

Formulation parameters Curcumin quantification results c 

System Tprep CCUR (μg.mL-1) LC (%) EE (%) 

Milli-Q/Cur a 25 °C 0.30  0.05 - - 

HA/DEAE-D/Cur b 25 °C  1.11  0.05 0.16  0.01 0.40  0.03 

HA-M2005/DEAE-D/Cur b 25 °C 1.70  0.13 0.28  0.03 0.70  0.06 

HA/DEAE-D/Cur b 50 °C 1.15  0.13 0.17  0.03 0.43  0.06 

HA-M2005/DEAE-D/Cur b 50 °C 3.55  0.41 0.65  0.08 1.63  0.20 

HA-M2005/DEAE-D/Cur b 70 °C 3.61  0.18 0.66  0.04 1.65  0.09 

HA-M2005/PLL/Cur b 50 °C 5.06  0.25 0.94  0.05 2.38  0.12 

Tprep: preparation temperature, CCUR: curcumin concentration, LC: loading capacity, EE: encapsulation efficiency 
a Milli-Q water saturated in curcumin, b CP = 0.5 g.L-1 and n-/n+ = 2.5, c mean  standard deviation (n ≥ 3) 

To optimize the encapsulation, we carried out the complexation at a higher temperature 

(50 °C or 70 °C), hypothesizing that this approach would lead to more hydrophobic clusters of 

M2005 and incorporate more curcumin, which is then protected from leakage upon cooling by the 
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hydrophilic shell of PEC-NGs. As expected, HA-M2005/DEAE-D/Cur PEC-NGs prepared at 

50 °C displayed remarkably higher curcumin content than those prepared at 25 °C, which was not 

observed for PEC-NGs without M2005 grafts (Table 2). This is in coherence with pyrene 

fluorescence studies and confirms the role of the temperature-dependent hydrophobic interactions 

of M2005 grafts in encapsulating hydrophobic molecules. However, increasing the complexation 

temperature from 50 °C to 70 °C did not further improve the encapsulation rate (Table 2), 

suggesting that the hydrophobic interactions of M2005 grafts are already optimal at 50 °C. In 

addition, replacing DEAE-D with PLL also significantly improved the encapsulation (Table 2), 

confirming the more hydrophobic nature of PLL compared with DEAE-D as suggested in 

Section 3.1. Furthermore, PEC-NGs encapsulating curcumin prepared at 50 °C presented 

comparable mean Dh and ζ (Table S1) to those of PEC-NGs without curcumin prepared at room 

temperature (Section 3.1), suggesting that the encapsulated curcumin and the preparation 

temperature have no considerable effect on the ultimate state of PEC-NGs. The modest 

EE (Table 2) may be ascribed to the excessively large amount of starting curcumin during the 

preparation and the highly hydrophobic nature of this compound with respect to our PEC-NGs 

which are still globally hydrophilic. Formulation and process optimization is thus still in need 

before further characterizations like drug release studies or bioassays. Anyway, these results 

evidence that such PEC-NGs can increase the aqueous solubility of curcumin with the possibility 

of encapsulation tuning and optimization through temperature control, showing therefore the 

potential for encapsulating other hydrophobic drugs. 

3.5. Enzymatic degradation 

The current PEC-NGs, as other HA-based nanocarriers, are potential for target drug 

delivery towards cancer cells since they are supposed to be degraded by HAase overexpressed 



 Chapitre III 

181 

 

specifically inside these cells and exhibit therefore more efficient intracellular drug release than in 

normal cells (Yang et al., 2016). From this perspective, it is of high interest to verify and 

understand HAase-induced degradation of our PEC-NGs. To this aim, we investigated the 

evolution of their particle size in the presence of HAase 0.03 g.L-1 (12 IU.mL-1) during 24 h at 

37 °C. Such evolution of Dh is reported in Figure 8A, with PDI following relatively similar 

trends in Figure S8.  

 

Figure 8. (A) Temporal evolution of mean Dh of different PEC-NGs in the presence of HAase 

0.03 g.L-1 (12 IU.mL-1) during 24 h at 37 °C. (B) Volume-weighted particle size distribution of 

HA-M2005/PLL PEC-NGs (n-/n+ = 2.5, CP = 0.5 g.L-1) in NaCl 0.9% before and after being 

treated with HAase at different enzyme concentrations and time points. Data were obtained from 

one experiment, results of replicated experiments showed similar trends. 



 Chapitre III 

182 

 

Whereas PEC-NGs displayed no significant change in Dh over time in the absence of 

HAase (results not shown), HA-M2005/PLL and HA-M2005/DEAE-D PEC-NGs of n-/n+ = 2.5 

in Milli-Q water showed Dh changed after HAase addition, including a decrease in the first one 

hour followed by a sudden increase to reach a maximum after 5-6 h. For HA/PLL PEC-NGs of the 

same n-/n+, such phenomenon evolved much more slowly as their Dh only started to gradually 

increase after 12 h of slight diminution since HAase addition (Figure 8A) and then showed a mean 

Dh of nearly 2000 nm with PDI of 0.88 after 3 days (results not shown). Such change in particle 

size may be because HAase preferentially degrades uncomplexed HA on the corona shell of 

PEC-NGs, leading to reduction of particle size at the beginning but also loss of surface charge and 

steric effect, which would in turn reduce interparticle electrostatic repulsion and cause 

hydrophobic aggregation. The speediness of such evolution for PEC-NGs containing M2005 

probably stems from their weaker net surface charge and more hydrophobic structure brought 

about by M2005 grafts (see Section 3.1). Meanwhile, HA-M2005/PLL PEC-NGs in NaCl 0.9 % 

showed an immediate increase in particle size after HAase addition, probably because of two 

synergistic effects of salt: (i) charge screening to restrict non-specific complexation between HA 

and HAase, thus enhancing enzyme activity (Astériou, Vincent, Tranchepain, & Deschrevel, 2006) 

and (ii) reducing electrostatic repulsion between PEC-NGs while reinforcing hydrophobic 

interactions of M2005 to enhance particle aggregation (see Section 3.2). However, after reaching 

the maxima, the particle sizes started to decrease (Figure 8A), which can be interpreted by PEC 

deterioration following HA degradation. This was more considerable with DEAE-D than with PLL 

as polycation, presumably due to the more fragile PEC structure between HA and DEAE-D as 

described in Section 3.2. Meanwhile, HA/PLL PEC-NGs at n-/n+ = 0.8 presented no change in Dh 
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in the presence of HAase (Figure 8A), suggesting a protective effect of PLL shell on HA inside 

PEC-NGs against the enzyme.  

Regarding Dh distribution (Figure 8B), HA-M2005/PLL PEC-NGs of n-/n+ = 2.5 treated 

with HAase 0.03 g.L-1 in NaCl 0.9 % over 24 h had a population of low Dh (20-50 nm) beside few 

large aggregates (500-1000 nm). The former population was further accentuated with 

disappearance of the aggregates after 7 days, confirming the degradation of PEC-NGs by HAase. 

For the same treatment time, a higher enzyme concentration of 0.3 g.L-1 led to PEC-NGs being 

broken down into much smaller fragments (2-20 nm). These results further confirm that PEC-NG 

degradation by HAase is dependent on treatment time and enzyme concentration. 

4. Conclusion 

In this work, mixing the solutions of HA or HA-M2005 with DEAE-D or PLL allowed the 

spontaneous formation of PEC-NGs through electrostatic interactions, which is a rapid and simple 

elaboration process. The M2005 grafts on HA can prompt inter- and intraparticle hydrophobic 

interactions while also rendering PEC-NGs thermoresponsive, which is applicable in optimizing 

drug encapsulation. Compared with DEAE-D, PLL can offer additional hydrophobicity and better 

stabilization of PEC-NGs. A synergistic combination between HA-M2005 and PLL can therefore 

generate PEC-NGs showing good stability under physiological ionic strength and the highest 

encapsulation capacity. With HA-M2005 as the main component, these PEC-NGs are not only 

thermosensitive but also degradable in the presence of HAase, thus promising as a dual-responsive 

system for targeted delivery of poorly water-soluble drugs. This should be especially advantageous 

for targeting tumors, where the overexpression of CD44 receptors and HAase should lead to 

enhanced cellular uptake and degradation of our NGs for drug release, while the 

thermoresponsiveness of the system may allow controlling not only encapsulation of anticancer 
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drugs, which usually have low aqueous solubility, but also their spatiotemporal delivery in vivo by 

applying local hyperthermia. However, further studies, namely formulation and conservation 

optimization by freeze-drying and drug release studies, remain to be done before biological in vitro 

and in vivo evaluations. 
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Supplementary information 

SI-1. Synthesis of HA-M2005 

M2005 was grafted on HA through amidation reaction by N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) as coupling reagents (Figure S1A), 

following to the protocol reported by Madau et al. (Madau, Le Cerf, Dulong, & Picton, 2021). 

Briefly, HA (500 mg, eq. 1.25 mol of HA unit) and M2005 (2.47 g, eq. 1.25 mol) were respectively 

dissolved in 85 mL and 10 mL Milli-Q water by stirring overnight at 4 °C. The pH of M2005 

solution was then adjusted to 4.7 with HCl and NaOH 1 N or 0.1 N. The resulting solution was 

added to the HA solution (2 mL Milli-Q water used for rinsing). After 30 min of stirring at 4 °C, 

the pH of the resulting mixture was again adjusted to 4.7 with HCl and NaOH 1 N or 0.1 N. 239 mg 

of EDC (1.25 mol) and 5.7 mg of NHS (0.05 mol) were dissolved together in 2 mL of Milli-Q 

water and the obtained EDC/NHS solution was all added to the earlier mixture of HA and M2005 

(with 1 mL Milli-Q water for rinsing). The reaction was left under stirring for 24 h at 4°C. The 

mixture was then subjected to dialysis in different media following this order: NaOH 0.1 N (1 h), 

Milli-Q water (1 day), HCl 0.1 N (1 h), Milli-Q water (1 day), NaOH 0.1 N (1 h), Milli-Q water 

(1 day), EtOH/water 1/2 v/v (2 days) and Milli-Q water (2 days). HA-M2005 was then recuperated 

by freeze-drying, followed by washing in acetone and vacuum drying. The degree of substitution 

(DS) was determined by 1H NMR spectroscopy, which gave a result of DS = 3.6 % (Figure S1B). 

For further details on the synthesis and characterization of HA-M2005, readers are invited to 

consult the work of Madau et al. (Madau et al., 2021).  
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Figure S1. (A) Reaction scheme of grafting M2005 on HA, adapted from the reference (Madau et 

al., 2021). (B) 1H NMR spectrum of HA-M2005 (CP = 5 g.L-1 in D2O containing NaOD 0.1 N), 

DS was calculated from integrations of peaks a and b.  
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SI-2. Macromolecular characterization 

As for HA and DEAE-D characterizations reported in our previous work (Le, Dulong, 

Picton, & Le Cerf, 2021), average molecular weights and molecular weight distributions of 

HA-M2005 and PLL in the present work were also determined at 25 °C by size exclusion 

chromatography (SEC) coupled on-line with a DAWN Heleos-II multi-angle light scattering 

systems (MALS) (Wyatt Technology, USA), a ViscoStar II viscometer (Wyatt Technology, USA) 

and a RID-10A differential refractive index (DRI) detector (Shimadzu, Japan). The MALS system 

consisted of a 50 μL K5 cell, a Ga-As laser (wavelength of 690 nm) and 18 photodiodes, which 

were relatively normalized to the 90° detector with bovine serum albumin. The SEC line included 

a DGU-20A3 degasser (Shimadzu, Japan), a LC10Ai pump (Shimadzu, Japan) and a SIL-20A 

automatic injector (Shimadzu, Japan) with analytical size-exclusion columns: CATSEC 100 and 

1000 columns (Eprogen, USA) for PLL or OHpak SB 804-806 HQ columns (Shodex Showa 

Denko K.K., Japan) for HA-M2005. The eluents were LiNO3 0.1 mol.L-1 and acetate buffer 

0.1 mol.L-1 (pH = 5) for HA-M2005 and PLL respectively. For SEC analysis, solutions of HA-

M2005 or PLL of CP = 1 g.L-1 were prepared in the corresponding eluents and filtered through 

regenerated cellulose membrane 0.45 μm filter units (Sartorius, Germany). 100 μL of sample was 

injected for each analysis and the flow rate was 0.5 mL.min-1. The refractive index increment 

(dn/dC) of 0.15 mL.g-1 was applied for both HA-M2005 and PLL (Lai & Van Zanten, 2001; Madau 

et al., 2021). The data were analyzed with Astra 6.1.7.16 ® software using Zimm order 1. The 

elution profiles of HA-M2005 and PLL are shown in Figure S2. 
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Figure S2. SEC elution profiles at 25 °C of HA-M2005 (A) and PLL (B). The full and dashed 

lines represent the responses of DRI and 90° light scattering detectors respectively. The dotted and 

dashdotted lines represent respectively unfitted and 1st order exponentially fitted molecular 

weight distributions. 

SI-3. Calculation of volume ratio for complexation  

Firstly, the ionization rate α in function of pH of the studied polymers were determined. 

Those of HA and DEAE-D were readily obtained in our previous work (Le et al., 2021). For HA-

M2005, α is the number of deprotonated carboxylic groups per D-glucuronic-N-acetylglucosamine 

unit (either non-modified or grafted with M2005) and can be estimated in function of pH by using 

the modified Henderson-Hasselbalch equation for acids: 

pH = pKa + log[kα/(1 – kα)]    (Equation S1) 

with pKa of HA equal to 2.9 (Kayitmazer, Koksal, & Iyilik, 2015) and k is the ratio of total units 

to the units having carboxylic groups, which is equal to 1/0.964 for M2005 grafting with 

DS = 3.6 %. For PLL, α as the number of protonated amine per lysine unit can be calculated from 

the modified Henderson-Hasselbalch equation for bases (Equation S2) with pKa of PLL 

being 10.5 (Schwaighofer, Alcaráz, Araman, Goicoechea, & Lendl, 2016):  
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      pH = pKa + log[(1 – α)/α]    (Equation S2) 

The volume ratios between two reacting polymer solutions were calculated from targeted n-/n+ by 

using Equation S3:  

n-/n+ = (α-
V-

C-
Mo

+)/(α+
V+

C+
Mo

-)             (Equation S3) 

where α, V, C and Mo are respectively ionization rate, solution volume, solution 

concentration (m/v) and unit average molecular weight of the polyanions (-) and polycations (+). 

Mo of HA (D-glucuronic-N-acetylglucosamine units), DEAE-D (anhydroglucose units) and PLL 

(lysine units) are respectively 378, 217  and 128 g.mol−1. Mo of HA-M2005 is 449 g.mol−1 taking 

account of DS = 3.6 % and M2005 molecular weight being 1979 g.mol-1. According to Equations 

S1 and S2, α values of the polymers in Milli-Q water (pH = 5–7) were at their maxima (1, 0.964, 

0.55 and 1 for HA, HA-M2005, DEAE-D and PLL respectively).  
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SI-4. PEC-NG initial characterization 

The IR spectra (Figure S3) were obtained using a Nicolet IS50 FT-IR spectrometer 

(Thermo Scientific, USA). There were no different peaks between the spectra of PEC-NGs and 

their corresponding polymer mixtures, proving the absence of significant chemical reactions 

between component polymers in PEC-NGs. 

 

Figure S3. FT-IR spectra of material polymers, freeze-dried PEC-NGs (n-/n+ = 2.5) and polymer 

physical mixtures in the same mass ratio for systems comprising (A) HA or HA-M2005 and 

DEAE-D or (B) HA or HA-M2005 and PLL.  
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SI-5. Storage stability of PEC-NGs  

 

Figure S4. PDI of PEC-NGs (CP = 0.5 g.L-1
 in Milli-Q water) as a function of time: (A) HA-

M2005/DEAE-D PEC-NGs stored at 4 °C, (B) HA-M2005/DEAE-D PEC-NGs stored at 25 °C 

and (C) HA-M2005/PLL and HA/PLL PEC-NGs stored at 4 °C. Asterisks represent samples 

having high particle sizes (mean Dh > 700 nm) with inconsistently large and heterogeneous 

distributions. Data are presented as mean  standard deviation (n ≥ 3).  
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Figure S5. Intensity-weighted particle size distribution of HA/PLL PEC-NGs (n-/n+ = 2.5 and 

CP = 0.5 g.L-1) after seven days (A) and one month (B) in NaCl 0.9 % (analysis on one batch). 

SI-6. Thermoresponsiveness of PEC-NGs  

 

Figure S6. II/IIII in pyrene fluorescence of (A) HA-M2005/DEAE-D at 25 °C in comparison with 

HA/DEAE-D PEC-NGs in the previous work (Le et al., 2021) and (B) HA/DEAE-D PEC-NGs at 

different temperatures. The values 0 and ∞ represent solutions containing solely polycations and 

polyanions respectively. All results were obtained at CP = 0.25 g.L-1. Data are presented as mean 

 standard deviation (n ≥ 3). 
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Figure S7. A-B: PDI of HA-M2005/DEAE-D and HA-M2005/PLL PEC-NGs respectively 

(CP = 0.5 g.L-1) at different temperatures. C: Mean Dh of HA/DEAE-D and HA/PLL PEC-NGs 

(n-/n+ = 10 and CP = 0.5 g.L-1) at 25 and 50 °C. D: Mean Dh of HA-M2005/DEAE-D and HA-

M2005/PLL PEC-NGs (n-/n+ = 5 and CP = 0.5 g.L-1) as a function of time after temperature 

elevation to 50 °C. E: Mean Dh of HA-M2005/DEAE-D and HA-M2005/PLL PEC-NGs 

(n-/n+ = 5 and CP = 0.5 g.L-1) during three cycles of heating-cooling. Data in subfigures A, B, C 

and E are presented as mean  standard deviation (n ≥ 3). 

2.5 5 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

n-/n+

P
D

I

25 C

50 C

25 C after cooling

1.25 2.5 5 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

n-/n+

P
D

I

25 C

37 C

50 C

25 C after cooling

0 100 200 300 400 500

150

200

250

300

350

400

Time (s)

M
e

a
n

 D
h

(n
m

) HA-M2005/PLL

HA-M20005/DEAE-D

HA/DEAE-D HA/PLL

0

100

200

300

400

500

M
e

a
n

 D
h

(n
m

)

25 C
50 C

D

A B

C

HA-M2005/DEAE-D HA-M2005/PLL

0

100

200

300

400

500

M
e

a
n

 D
h

(n
m

)

25 C

50 C (cycle 1)

25 C (cycle 1)

50 C (cycle 2)

25 C (cycle 2)

50 C (cycle 3)

25 C (cycle 3)

E



 Chapitre III 

194 

 

SI-7. Curcumin encapsulation  

Table S1. Physico-chemical characteristics of PEC-NGs encapsulating curcumin  

Sample* 
Physicochemical characteristics ** 

Mean Dh (nm) PDI Mean ζ (mV) 

HA-M2005/DEAE-D/Cur 266  18 0.281  0.075 -33.3  3.8 

HA-M2005/PLL/Cur 287  26 0.276  0.043 -42.7  1.4 

* CP = 0.5 g.L-1, n-/n+ = 2.5, complexation at 50 °C  

** Data presented as mean  standard deviation (n ≥ 3) 

SI-8. Enzymatic degradation  

 

Figure S8. Temporal evolution of PDI of different PEC-NGs in the presence of HAase 0.03 g.L-1 

(12 IU.mL-1) during 24 h at 37 °C. Data were obtained from one experiment, results of replicated 

experiments showed similar trends.  
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III.3. Etudes complémentaires 

III.3.1. Etalonnage de la quantification de la curcumine  

Pour préparer la gamme étalon de curcumine à 0,05-10 µg.mL-1 dans eau/HCl 1M/EtOH 

10/1/55 v/v (Section III.2), 100 µL de solution mère de curcumine à 5 mg.mL-1 dans l’acétone 

sont d’abord ajoutés dans une fiole jaugée de 50 mL et laissés au repos pendant 30 min pour 

l’évaporation de l’acétone. La fiole est ensuite remplie avec de l’eau/HCl 1M/EtOH 10/1/55 v/v 

et la solution est agitée pendant 1 h pour obtenir la solution étalon à 10 µg.mL-1
 en curcumine. Elle 

est ensuite diluée pour obtenir les solutions étalons aux concentrations de 5, 1, 0,5, 0,1 et 

0,05 µg.mL-1 en curcumine. L’absorbance à λ = 420 nm (A420) de ces solutions est ensuite mesurée 

et la courbe d’étalonnage est ainsi obtenue (Figure III-1). 

 

Figure III-1. Absorbance à λ = 420 nm (A420) en fonction de concentration de curcumine [Cur] 

dans eau/HCl 1M/EtOH 10/1/55 v/v (n = 1) 
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III.3.2. Evolution de la taille des PEC-NGs thermosensibles en fonction de température 

Nous avons examiné l’évolution de la taille des PEC-NGs de HA-M2005/PLL 

(CP = 0,5 g.L-1, n-/n+ = 2,5) lors d’une augmentation de température de 25 à 60 °C pour déterminer 

la température à laquelle la contraction des PEC-NGs est maximale. Comme présenté dans 

la Figure III-2, il apparait que la taille moyenne de ces PEC-NGs ne diminue plus quand la 

température dépasse 45 °C mais atteint un plateau. Par conséquent, les tailles des PEC-NGs 

à 50 °C présentées dans la Section III.2 peuvent être considérées comme leur état le plus 

contracté lors de l’augmentation de la température dans les conditions normales (i.e. à 

pression atmosphérique). 

 

Figure III-2. Dh moyen des PEC-NGs de HA-M2005/PLL (CP = 0,5 g.L-1, n-/n+ = 2,5)  

en fonction de température (n = 3) 
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III.3.3. Libération in vitro de la curcumine 

Pour vérifier la capacité de libérer des substances actives (SAs) de manière contrôlée des 

PEC-NGs, nous avons réalisé une étude de libération de la curcumine par la méthode de dialyse 

pour les PEC-NGs avec le taux d’encapsulation le plus élevée parmi les systèmes précédemment 

étudiés, soit les PEC-NGs de HA-M2005/PLL/Cur à n-/n+ = 2,5 et CP = 0,5 g.L-1 préparés à la 

température de complexation de 50 °C. En principe, pour ce type d’étude, les formulations 

d’intérêt sont souvent mises en dialyse contre un volume important de solvant aqueux 

correspondant à la condition sink (e.g. au moins 3 à 10 fois le volume de saturation pour la quantité 

totale de la SA dans la formulation d’intérêt [1]) pour simuler le milieu physiologique, avant la 

quantification de la fraction libérée des molécules d’intérêt dans le milieu de dialyse au cours du 

temps. Cependant, dans notre cas, la concentration peu élevée en curcumine encapsulée dans les 

PEC-NGs pourrait entrainer des difficultés en termes d’exactitude pour sa quantification pendant 

la libération. Pour contourner ce problème, deux stratégies sont envisageables : (i) augmentation 

de la concentration en curcumine dans les formulations d’intérêt par lyophilisation et reconstitution 

de manière à atteindre un volume moins élevé que celui de départ, ou (ii) utilisation de moins de 

solvant de dialyse en ajoutant un tensioactif pour augmenter la capacité de solubilisation pour 

maintenir la condition sink. La première approche nécessite tout un travail en amont afin de 

pouvoir redisperser les PEC-NGs à l’état colloïdal après lyophilisation. Ce travail sera présenté 

dans le dernier chapitre. Nous avons ici privilégié la deuxième approche en utilisant le monolaurate 

de polyoxyéthylène sorbitane (i.e. Tween 20) comme tensioactif [2]. Le protocole a été adapté des 

méthodes décrites dans la littérature [2, 3]. Plus précisément, 3 mL de suspension de PEC-NGs et 

75 µL de PBS 40X sont introduits dans un tube de dialyse à seuil de coupure de 

12-14 kDa (Millipore, Allemagne) et dialysés contre 21 mL de tampon PBS 1X (pH 7,4) avec une 
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concentration globale de 0,5 % (w/v) en Tween 20 (Sigma-Aldrich, Allemagne) et de 0,5 mmol.L-1 

en acide ascorbique (Acros Organics, États-Unis), qui permet d’éviter l’oxydation et donc la 

dégradation de la curcumine [3]. La dialyse est effectuée sous agitation (100 rpm) à 37 °C. Pour 

quantifier la fraction cumulative de la curcumine libérée, 700 µL de milieu de dialyse sont prélevés 

à des moments prédéterminés pour réaliser les mesures d’absorbance à 420 nm (A420) (Agilent 

Technology, États-Unis) et sont remplacés par un même volume de solvant de dialyse pour 

maintenir la condition sink. La courbe d’étalonnage de A420 du solvant de dialyse pour une gamme 

de concentration en curcumine [Cur] de 0,01-1 µg.L-1 est présentée dans la Figure III-3. Afin 

d’étudier l’impact de la température sur la cinétique de libération, les mêmes expériences sont 

également réalisées à 42 °C, soit la température maximale applicable pour une hyperthermie locale 

en clinique [4, 5]. Les expériences sont répétées sur trois lots de PEC-NGs.  

 

Figure III-3. Courbe d’étalonnage pour la quantification de la curcumine dans le tampon PBS 

à pH = 7,4 avec 0,5 % (m/v) en Tween 20 et 0,5 mmol.L-1 en acide ascorbique par mesure 

d’absorbance à 420 nm. 
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Les résultats de cinétique de libération sont illustrés dans la Figure III-4. Selon 

la Figure III-4A, la cinétique de libération à 37 °C commence avec une libération rapide dans les 

premières heures et s’avère progressivement plus lente par la suite pour atteindre une fraction 

cumulative de curcumine libérée d’environ 90 % après 96 h.  

 

Figure III-4. (A) Libération cumulative in vitro de la curcumine encapsulée dans les PEC-NGs de 

HA-M2005/PLL (n-/n+ = 2,5, CP = 0,5 g.L-1) par dialyse dans du tampon PBS 10 mM à pH 7,4 

avec 0,5 % (m/v) en Tween 20 et 0,5 mmol.L-1 en acide ascorbique à 37 °C (bleu) et 

à 42 °C (rouge). (B), (C), (D), (E) : Données de libération cumulative ajustées selon quatre 

modèles respectivement : ordre zéro, premier ordre, Higuchi et Korsmeyer-Peppas.  
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La libération rapide du début est souvent appelée effet burst dans la littérature. Elle est due 

à la libération des molécules de curcumine situées au voisinage de la couche externe très 

hydrophile des PEC-NGs, alors que la libération lente par la suite est probablement liée à la sortie 

de la curcumine séquestrée dans le cœur des particules, qui a une hydrophobicité importante avec 

une forte affinité avec la curcumine et ralentit ainsi sa libération. Par rapport à la libération à 37 °C, 

celle à 42 °C présente plus clairement les deux phases avec une libération significativement plus 

rapide que celle à 37 °C dans la première phase, en accord avec les résultats précédents qui 

montraient la contraction des NGs avec l’augmentation de la température. Logiquement, ce dernier 

phénomène peut conduire à l’expulsion de l’eau et de la curcumine et donc une libération plus 

rapide [4]. Des résultats similaires ont également été observés dans plusieurs études précédentes 

sur des systèmes thermosensibles de type LCST, e.g. la libération du méthotrexate des micelles 

polymères de poly(N-isopropylacrylamide-co-acrylamide)-b-poly(n-butylmethacrylate) 

(P(NIPAAm-co-AAm)-b-PBMA) [5] ou de la curcumine et de la doxorubicine des nanoparticules 

de Fe3O4 enduites du poly(N-isopropylacrylamide) (PNIPAM) [6]. Dans leur ensemble, ces 

résultats ont une fois encore confirmé l’application potentielle de nos NGs pour une libération 

contrôlée des SAs activable par hyperthermie locale.  

Concernant le mécanisme de libération, celle-ci peut être contrôlée par une complexité de 

différents facteurs, comme la diffusion simple ou/et le gonflement et la dégradation/désintégration 

des NGs, ou même par les stimuli externes comme le changement de température dans le cas des 

NGs thermosensibles [7]. Afin de mieux comprendre les mécanismes principaux de la libération 

de manière prédictive, les données de la cinétiques de libération peuvent être tracées selon les 

modèles mathématiques, dont les plus classiques sont ceux d’ordre zéro (régression linéaire entre 

la quantité de SA libéré et le temps), de premier ordre (régression linéaire entre le logarithme de 
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la quantité de SA restant dans la formulation et le temps), de Higuchi (régression linéaire entre la 

quantité de SA libéré et la racine carrée du temps) et de Korsmeyer-Peppas (régression linéaire 

entre le logarithme de la quantité de SA libéré et celui du temps pour le premier 60 % de SA 

libérée). Les équations de ces différents modèles sont largement utilisées dans la littérature [7, 8]. 

En appliquant ces démarches sur la libération de la curcumine de nos PEC-NGs (Figure III-4B-E) 

et en comparant les coefficients de régression (R2) obtenus, il semble que le modèle de premier 

ordre montre le meilleur ajustement à la libération à 37 °C (R2 = 0,9969), ce qui démontre que la 

vitesse de libération de la curcumine n’est pas constante mais dépend de sa concentration au sein 

des NGs au cours du temps [8]. Par contre, l’ajustement du profil de libération à 42 °C avec ce 

même modèle n’est pas aussi bon (R2 = 0,9120) car les points expérimentaux sur les temps longs 

semblent s’écarter de la première linéarité. En général, en présentant deux phases strictement 

distinctes, la libération à 42 °C semble impliquer des mécanismes différents selon les phases et 

ainsi plus compliqués que ceux de la libération à 37 °C. En regardant les valeurs R2
 du l’ajustement 

des modèles pour la libération à 42 °C, il semble qu’aucun modèle parmi les modèles classiques 

examinés n’est capable d’expliquer parfaitement les mécanismes de libération dans ce cas. En 

conséquence, des études plus approfondies, notamment au niveau de la modélisation, seraient 

nécessaires pour une compréhension précise des propres mécanismes de libération des SAs à partir 

des PEC-NGs de HA-M2005/PLL à cette température. 

Références 

[1]  D.D. Sun, H. Wen, L.S. Taylor, Non-sink dissolution conditions for predicting product 

quality and in vivo performance of supersaturating drug delivery systems, Journal of 

Pharmaceutical Sciences, 105 (2016) 2477-2488. 

https://doi.org/10.1016/j.xphs.2016.03.024. 



 Chapitre III 

207 

 

[2]  A. Puiggalí‐Jou, P. Micheletti, F. Estrany, L.J. Del Valle, C. Alemán, Electrostimulated 

release of neutral drugs from Polythiophene nanoparticles: smart regulation of drug–

polymer interactions, Advanced Healthcare Materials, 6 (2017) 1700453. 

https://doi.org/10.1002/adhm.201700453. 

[3]  J.-M. Rabanel, J. Faivre, G.D. Paka, C. Ramassamy, P. Hildgen, X. Banquy, Effect of 

polymer architecture on curcumin encapsulation and release from PEGylated polymer 

nanoparticles: Toward a drug delivery nano-platform to the CNS, European Journal of 

Pharmaceutics and Biopharmaceutics, 96 (2015) 409-420. 

https://doi.org/10.1016/j.ejpb.2015.09.004. 

[4]  A. Bordat, T. Boissenot, J. Nicolas, N. Tsapis, Thermoresponsive polymer nanocarriers for 

biomedical applications, Advanced Drug Delivery Reviews, 138 (2019) 167-192. 

https://doi.org/10.1016/j.addr.2018.10.005. 

[5]  F. Sun, Y. Wang, Y. Wei, G. Cheng, G. Ma, Thermo-triggered drug delivery from 

polymeric micelles of poly (N-isopropylacrylamide-co-acrylamide)-b-poly (n-butyl 

methacrylate) for tumor targeting, Journal of Bioactive and Compatible Polymers, 29 

(2014) 301-317. https://doi.org/10.1177/0883911514535288. 

[6]  K. Asghar, M. Qasim, G. Dharmapuri, D. Das, Investigation on a smart nanocarrier with a 

mesoporous magnetic core and thermo-responsive shell for co-delivery of doxorubicin and 

curcumin: a new approach towards combination therapy of cancer, RSC Advances, 7 

(2017) 28802-28818. https://doi.org/10.1039/c7ra03735j. 

[7]  J.H. Lee, Y. Yeo, Controlled drug release from pharmaceutical nanocarriers, Chemical 

Engineering Science, 125 (2015) 75-84. https://doi.org/10.1016/j.ces.2014.08.046. 



 Chapitre III 

208 

 

[8]  M.L. Bruschi, 5 - Mathematical models of drug release, in: M.L. Bruschi (Ed.), Strategies 

to Modify the Drug Release from Pharmaceutical Systems, Woodhead Publishing, 2015, 

pp. 63-86. https://doi.org/10.1016/B978-0-08-100092-2.00005-9. 

III.4. Conclusion et perspectives 

A travers les résultats de ce chapitre, nous avons vu que l’incorporation des greffons 

M2005 sur le HA et le remplacement du DEAE-D par la PLL permettent d’élaborer des PEC-NGs 

plus hydrophobes pour encapsuler la curcumine et plus stables vis-à-vis de la salinité 

physiologique par rapport aux PECs de HA/DEAE-D discutés dans le chapitre précédent. De plus, 

la thermosensibilité apportée aux PEC-NGs par les greffons M2005 peut permettre d’améliorer le 

taux d’encapsulation des SAs et d’accélérer leur libération par augmentation de la température. La 

dégradation de ces PEC-NGs peut également être provoquée par la HAase, qui pourra 

probablement faciliter la libération des SAs. L’ensemble de ces aspects constituera un système 

prometteur pour l’administration des SAs hydrophobes dans les tumeurs, où la HAase est présente 

en grande quantité, et l’application d’une hyperthermie locale est possible pour synergétiquement 

susciter la libération des SAs. Toutefois, vue l’augmentation lente de la taille des PEC-NGs 

conservés en milieu aqueux, il est probable qu’une conservation à long terme conduira à des 

changements plus significatifs. De plus, comme discuté ci-dessus, la concentration en SAs 

encapsulées peut être trop faible pour certaines applications. Par conséquent, il est nécessaire 

d’optimiser davantage les formulations en matière de stabilité et de teneur en SAs, ce qui sera 

abordé dans le chapitre suivant avec l’utilisation de la lyophilisation et de l’autoclave. 
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IV.1. Introduction 

Ce chapitre porte sur l’application de la lyophilisation et de l’autoclave sur nos 

formulations de PEC-NGs, avec un intérêt plus particulier pour ceux à nature thermosensible. En 

effet, il s’agit deux procédés assez classiques couramment utilisés pour les produits 

pharmaceutiques et biomédicaux, soit pour la suppression d’eau (lyophilisation) afin d’une 

conservation à long terme soit pour leur stérilisation (autoclave). Malgré ces intérêts classiques, 

peu de travail dans la littérature porte sur l’application de ces deux procédés pour optimiser la 

formulation des PEC-NGs. Dans ces perspectives, nous avons étudié le traitement de nos 

PEC-NGs par ces techniques en vue de vérifier leur applicabilité pour optimiser la formulation, la 

conservation et la stabilité de nos formulations. Dans chacune des sections suivantes, le contexte 

scientifique ainsi que les objectifs pour les études sur chaque procédé seront abordés en détail 

avant la présentation des résultats obtenus. 
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IV.2. Lyophilisation des PEC-NGs 

IV.2.1. Intérêts de la lyophilisation des PEC-NGs 

La lyophilisation est un procédé de déshydratation par sublimation de l’eau congelée sous 

vide [1]. Elle est largement appliquée pour la conservation à sec et l’amélioration de la stabilité à 

long terme des produits pharmaceutiques et biopharmaceutiques, notamment les vaccins, les 

protéines, les probiotiques ou les nanovéhicules comme les liposomes ou les nanoparticules 

polymères [2]. Dans le cadre de notre travail sur les PEC-NGs, la lyophilisation présente deux 

intérêts principaux concernant les aspects de conservation et de formulation. Premièrement, la 

conservation des PEC-NGs à l’état sec pourrait maintenir leur stabilité physico-chimique à plus 

long terme par rapport à l’état de dispersion en milieu aqueux [3]. Comme présenté dans le chapitre 

précédent, la taille des PEC-NGs à base de HA-M2005 à l’état de suspension augmente après un 

mois de conservation. Bien que cette augmentation reste peu importante à moyen terme, une 

conservation à plus long terme en suspension peut probablement conduire à une augmentation plus 

considérable de la taille des PEC-NGs. De plus, la présence d’eau pourrait augmenter le risque de 

contamination microbiologique, qui peut entrainer la dégradation du HA par des enzymes 

bactériennes [4]. La thermosensibilité des PEC-NGs en milieu aqueux peut également les rendre 

sensible à la variation de la température de l’environnement lors de leur conservation et de leur 

transport [1]. Comme pour toutes les autres formes pharmaceutiques, la lyophilisation peut 

également permettre de réduire le volume et la masse des formulations pour faciliter leur stockage 

et leur manipulation [1, 2]. L’état sec peut également éviter la dégradation et la fuite précoce des 

SAs encapsulées dans les nanoformulations [5]. A côté de l’aspect de stabilité, la formulation peut 

être modifiée et optimisée à la suite de sa lyophilisation. Comme proposé dans le chapitre 

précédent, après lyophilisation, les PEC-NGs pourraient être redispersés dans un volume approprié 



 Chapitre IV  

213 

 

de milieu aqueux pour atteindre la concentration souhaitée en polymère ainsi qu’en SA [6]. Outre 

la possibilité d’ajuster le volume, le type de milieu dispersant, cette fois-ci, peut être modifié, e.g. 

avec des tampons à différentes valeurs de pH pour s’adapter aux études ou aux applications visées. 

Malgré ces avantages, le procédé de lyophilisation puis de réhydratation des nanoformulations 

peut s’accompagner de modifications de microstructures, notamment l’augmentation de la taille 

des particules par l’agrégation à cause des stress présents lors de la congélation comme la 

formation des cristaux de glace, la cryoconcentration et la déshydratation [7, 8]. Pour arriver à une 

lyophilisation optimale de ces nanoobjets, il est souvent incontournable d’utiliser des 

cryoprotecteurs qui sont des agents à ajouter pour stabiliser et protéger la microstructure des 

produits pendant la congélation [2]. Malgré ces aspects complexes à côté des avantages énormes 

de la lyophilisation, il existe jusqu’à ce jour peu de travail de recherche décrivant en détail 

l’optimisation de la lyophilisation des PEC-NGs, surtout pour ceux à base de HA. Le travail le 

plus complet de ce type est vraisemblablement celui d’Umerska et al. [9], qui ont étudié les effets 

de la composition des PECs et du choix de cryoprotecteur sur des nano-PECs à base de chitosane 

(CTS) ou de protamine (PROT) en complexe avec du HA ou du sulfate de chondroïtine, pour 

lesquels le PEG et le tréhalose ont été utilisés comme cryoprotecteurs. Egalement, Gheran et al. 

ont lyophilisé des NGs à base de HA en complexe avec le CTS en utilisant du glucose pour la 

cryoprotection de ceux-ci [10]. En effet, il n’existe pas de type ni de concentration universelle de 

cryoprotecteur pour toutes les nanoformulations, exigeant alors des études préalables pour adapter 

la méthode de lyophilisation à des systèmes de structures différentes [8]. Dans ce contexte, il est 

nécessaire de réaliser des études exploratoires sur l’influence des différents paramètres de 

formulation et des cryoprotecteurs en vue de trouver la bonne stratégie pour la lyophilisation des 

différents PEC-NGs étudiés. 
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IV.2.2. Méthode d’étude 

Dans le cadre de ce travail, nous avons évalué les propriétés des PEC-NGs après la 

lyophilisation et la réhydratation pour estimer l’efficacité de la préservation de leur structure 

colloïdale lors de ce procédé. Nous avons commencé l’étude sur des PEC-NGs de HA/DEAE-D 

pour mettre en évidence les principales tendances. Ensuite, nous reproduirons les conditions 

optimales sur des PEC-NGs avec de la PLL et/ou avec les greffons M2005, car les PEC-NGs de 

HA-M2005/PLL constituent le système le plus satisfaisant selon le chapitre précédent. Cela nous 

permettra également de voir les effets du choix du polycation et des greffons sur le changement de 

la structure des NGs après lyophilisation. En outre, les effets des autres paramètres sur l’aspect de 

formulation seront aussi étudiés, notamment le choix et la concentration du cryoprotecteur et les 

paramètres de préparation qui reflètent la structure des PEC-NGs comme le ratio de charge (qui 

reflète la charge de surface des PEC-NGs et la concentration initiale en polymères (qui gouverne 

la taille initiale des PEC-NGs).  

Concernant le protocole de lyophilisation et de reconstitution, une quantité déterminée en 

cryoprotecteurs est ajoutée et dissoute par agitation au vortex pendant 30 s dans les suspensions 

de PEC-NGs d’intérêt. Un volume défini de suspensions obtenues, sans ou avec des 

cryoprotecteurs (concentration variable), est congelé à -20 °C dans un congélateur pendant une 

nuit. Les échantillons congelés sont ensuite lyophilisés à l’aide d’un lyophilisateur à paillasse 

Alpha 1-2 LD plus (Martin Christ, Allemagne) en mode de dessication primaire pendant 24 h avec 

une pression inférieure à 0,1 mbar et la température du condenseur de -60 °C. Pour la reconstitution 

des suspensions de PEC-NGs, à moins d’indications contraires, les PEC-NGs lyophilisés sont 

dispersés dans le même volume d’eau Milli-Q comme avant la lyophilisation et ensuite agités au 

vortex pendant 60 s avant leur caractérisation. Nous avons réalisé une évaluation de l’homogénéité 
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visuelle après redispersion et, pour les suspensions homogènes, des mesures de la taille (diamètre 

hydrodynamique – Dh), de la distribution de la taille (indice de polydispersité – PDI) et du potentiel 

zêta (ζ) des PEC-NGs. L’ensemble des techniques utilisées ont déjà fait l’objet d’un descriptif dans 

les publications dans les Chapitres II et III. Pour certaines expériences, un autre volume ou un 

autre type de solvant (i.e. tampon PBS) peut être appliqué lors de la réhydratation selon l’objectif 

de l’étude. En présence de curcumine, nous avons réutilisé les mêmes méthodes de la Section III.2 

du chapitre précédent pour son encapsulation et sa quantification. 

IV.2.3. Impact du ratio de charge 

Dans un premier temps, pour comprendre l’impact de la charge de surface des PEC-NGs 

sur l’efficacité de la préservation de leur taille lors de la lyophilisation, nous avons effectué la 

lyophilisation et la reconstitution sur 1 mL de suspension des PEC-NGs de HA/DEAE-D à n-/n+ 

de trois valeurs différentes (1,25, 2,5 et 5) à une CP fixée à 0,5 g.L-1 sans cryoprotecteur. En effet, 

nous nous sommes focalisés sur les PEC-NGs à n-/n+ > 1 car ceux sont les systèmes les plus 

satisfaisants et les plus prometteurs selon les études présentées dans le chapitre précédent. 

Toutefois, après leur lyophilisation, seulement les PEC-NGs à n-/n+ = 5 ont pu être redispersés de 

manière homogène pour reconstituer une suspension translucide, alors que les lyophilisats des 

PEC-NGs à n-/n+ = 1,25 et 2,5 ont formé des macro-agrégats visibles dans l’eau. Ainsi, nous avons 

réalisé à nouveau les expériences sur ces deux derniers systèmes avec du tréhalose comme 

cryoprotecteur à différentes concentrations, croissantes à des intervalles de 1 % jusqu’à l’obtention 

d’une redispersibilité satisfaisante après lyophilisation. Le tréhalose est préalablement choisi car 

il s’avère le plus utilisé parmi les cryoprotecteurs selon la littérature [9, 11, 12], alors que l’étude 

plus précise sur le choix du cryoprotecteur sera détaillée dans la section suivante. Les 

concentrations les plus faibles en tréhalose permettant la dispersion homogène des lyophilisats, les 
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tailles moyennes des PEC-NGs et leurs PDIs dans les suspensions reconstituées, aussi bien que les 

rapports R entre ces valeurs et celles avant lyophilisation, sont présentés dans le Tableau IV-1. 

Tableau IV-1. Caractéristiques des suspensions de PEC-NGs reconstituées aux concentrations les 

plus faibles en tréhalose permettant la dispersion homogène (n ≥ 3) 

n-/n+ 
Caractéristiques des suspensions reconstituées 

C*TRE (% m/v) Dh moyen (nm) R-Dh PDI R-PDI 

1,25 8 182 ± 6 1,07 ± 0,02 0,09 ± 0,01 0,84 ± 0,12 

2,5 1 315 ± 15 1,39 ± 0,06 0,21 ± 0,01 0,85 ± 0,03 

5 0 264 ± 37 1,04 ± 0,11 0,30 ± 0,01 0,94 ± 0,06 

C*TRE : concentration la plus faible en tréhalose pour la dispersion homogène après lyophilisation et reconstitution 

R-Dh : rapport entre le Dh moyen après reconstitution et le Dh initial 

R-PDI : rapport entre le PDI après reconstitution et le PDI initial 

Comme présenté dans le Tableau IV-1, plus le n-/n+ est éloigné de l’unité, moins de 

tréhalose est nécessaire lors de lyophilisation pour garantir une reconstitution homogène, qui se 

traduit par des tailles de PEC-NGs restant dans la gamme sous-micrométrique et des distributions 

monodisperses de celles-ci. Ces résultats montrent que les caractéristiques colloïdales des 

PEC-NGs sont mieux préservées pour des PEC-NGs à charge nette de surface plus élevée. 

Effectivement, la réduction en volume de la phase liquide lors de formation de glace pendant la 

congélation peut conduire à l’augmentation de la densité locale des PEC-NGs et de la 

concentration des contre-ions [8]. Par conséquent, cela présente un stress qui favorise 

respectivement le rapprochement des particules et la réduction de la stabilisation électrostatique 

suite à l’abaissement du potentiel zêta, qui peut ainsi favoriser leur agrégation [8, 13]. Lors de la 

réhydratation, ces interactions ne peuvent être retrouvées que partiellement et donc des particules 

de taille plus importante sont observées [14]. Logiquement, une répulsion plus importante entre 

les PEC-NGs en raison d’un potentiel zêta plus élevé peut limiter cet effet aussi bien que favoriser 
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leur désassemblement à partir des agglomérats lors de redispersion dans l’eau, comme constaté 

dans les travaux d’ Umerska et al. [9] et d’Eliyahu et al. [15]. Pourtant, bien que presque toutes 

les caractéristiques granulométriques des PEC-NGs soient bien préservées par rapport aux valeurs 

initiales lors de lyophilisation en utilisant du tréhalose, la taille des PEC-NGs à n-/n+ = 2,5 

démontre une augmentation visible de presque 40 % (Tableau IV-1). Comme le système à ce ratio 

de charge est le plus intéressant en matière d’encapsulation des SAs hydrophobes comme indiqué 

dans le chapitre précédent, nous allons chercher à optimiser leur lyophilisation en étudiant les 

effets du type et de la concentration des cryoprotecteurs dans la section suivante. 

IV.2.4. Impact de la nature et de la concentration du cryoprotecteur 

Pour étudier l’efficacité de différents types de cryoprotecteur en matière de préservation 

de la structure des PEC-NGs lors de la lyophilisation et de la reconstitution, nous avons évalué les 

propriétés des PEC-NGs de HA/DEAE-D à CP = 0,5 g.L-1 et à n-/n+ = 2,5 après leur lyophilisation 

et reconstitution à 1 % (m/v) en cryoprotecteur de quatre types différents, i.e. le tréhalose, le 

sucrose, le glucose et les PEGs à masse molaire (MW) moyenne de 2, 10 ou 20 kDa. Ces différents 

agents se retrouvent comme cryoprotecteurs largement étudiés pour les nanoformulations dans la 

littérature [16, 17]. Dans notre cas, l’ajout des PEGs dans les suspensions de PEC-NGs a entrainé 

des agrégats largement visibles après la reconstitution (PEG à MW de 20 kDa) ou même avant la 

lyophilisation (PEGs à MW de 2 ou 10 kDa). Au contraire, l’ajout de tréhalose, de sucrose ou de 

glucose comme cryoprotecteur n’a pas conduit à ces problèmes ni au changement de la taille des 

PEC-NGs (Tableau IV-2) et les suspensions obtenues peuvent être lyophilisées et reconstituées 

de manière homogène, permettant leurs caractérisations par DLS. L’aspect visuel des lyophilisats 

et les rapports R sur ces échantillons sont présentés dans la Figure IV-1.  
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Tableau IV-2. Rapport (Ri) entre la valeur après l’ajout du cryoprotecteur (1% m/v) et la valeur 

initiale du Dh et du PDI des PEC-NGs de HA/DEAE-D (CP = 0,5 g.L-1 et n-/n+ = 2,5) (n ≥ 3) 

Cryoprotecteur Ri-Dh Ri-PDI 

Tréhalose 1,01 ± 0,02 0,97 ± 0,04 

Sucrose 0,98 ± 0,02 1,02 ± 0,02 

Glucose 1,00 ± 0,02 0,99 ± 0,04 

 

 

Figure IV-1. Lyophilisation des PEC-NGs de HA/DEAE-D (CP = 0,5 g.L-1 et n-/n+ = 2,5) : (A) 

Aspects visuels des lyophilisats des PEC-NGs sans cryoprotecteur (1) ou avec 1% (m/v) en 

tréhalose (2), en sucrose (3) ou en glucose (4) ; (B-C) Rapports (R) des valeurs caractéristiques 

des PEC-NGs après reconstitution par rapport aux valeurs avant lyophilisation avec différents 

cryoprotecteurs à une concentration de 1 % (m/v) (B) ou avec du tréhalose à différentes 

concentrations CTRE (C) (n ≥ 3). 
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Concernant l’aspect visuel, les cryoprotecteurs de type disaccharide permettent de former 

des lyophilisats bien poreux comme celui sans cryoprotecteurs, alors que l’utilisation du glucose 

conduit à un effondrement macroscopique du lyophilisat. Par conséquent, à une concentration 

fixée de 1 % (m/v), le glucose s’avère le moins efficace alors que le tréhalose semble le plus 

efficace pour préserver la taille des PEC-NGs, bien qu’une augmentation de la taille des PEC-NGs 

est toujours constatée avec les trois sucres à cette même concentration de 1 %. En augmentant la 

concentration en tréhalose à partir de 2 % (m/v), la taille des PEC-NGs est parfaitement préservée. 

Cependant, le PDI et le ζ ne présentent pas de changement significatif lors de la lyophilisation et 

de la reconstitution en présence de cryoprotecteurs. Effectivement, l’effet protecteur des 

cryoprotecteurs sur les NGs peut s’expliquer par trois théories de mécanisme selon la littérature : 

la vitrification, le remplacement d’eau et la séquestration d’eau (Figure IV-2).  

 

Figure IV-2. Mécanismes de cryoprotection par tréhalose (modifiée de [18]) 
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Concernant la vitrification, lors de la séparation entre la phase solide de l’eau congelée et 

la phase liquide hautement concentrée en soluté et en NGs, la concentration élevée en 

cryoprotecteur peut rendre cette dernière phase très visqueuse et éventuellement vitreuse quand 

l’eau est presque totalement éliminée du système. Ce fait peut rendre les NGs peu mobiles et 

empêcher leur rapprochement pour éviter leur fusion ou leur agrégation, et finalement constitue 

une matrice solide vitreuse assez stable pour maintenir tout le système à sec [2]. Dans cet aspect, 

la température de transition vitreuse (Tg) des cryoprotecteurs est un paramètre permettant 

d’envisager leur effet protecteur car une Tg plus élevée devrait constituer une matrice plus 

stable [8]. Par conséquent, les disaccharides sont souvent préférés aux monosaccharides comme 

cryoprotecteur car les premiers présentent souvent des Tg plus élevées [8]. Pour les trois sucres 

étudiés dans ce travail, les résultats obtenus concernant leur efficacité dans le maintien des tailles 

des PEC-NGs s’accordent bien avec l’ordre de leurs Tg trouvées dans la littérature : 

Tg du glucose < Tg du sucrose < Tg du tréhalose (30 °C, 58 °C et 108 °C, respectivement) [19]. 

La faible Tg du glucose conduit également à une faible Tg’ (Tg de la solution cryo-concentrée au 

maximum en soluté) par rapport aux disaccharides et explique ainsi l’effondrement du lyophilisat 

obtenu [8]. Bien que ce phénomène n’affecte pas forcément la stabilité des produits à conserver, 

il représente un défaut esthétique pour ceux-ci et exige souvent un temps plus long pour la 

lyophilisation et pour la reconstitution à cause de l’insuffisance de porosité [20, 21]. Cependant, 

dans le mécanisme de remplacement d’eau, quand les molécules d’eau sont séparées de la phase 

liquide lors de formation des cristaux de glace et ensuite enlevées par sublimation, les 

cryoprotecteurs peuvent remplacer ces molécules pour former des liaisons hydrogène avec les NGs 

et constituer ainsi un état « pseudo-hydraté » pour éviter des perturbations dans leurs 

microstructures [22, 23]. A côté de ces deux mécanismes de cryoprotection largement abordés, il 
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existe également un troisième mécanisme moins rencontré concernant le phénomène d’exclusion 

préférentielle et parfois appelé « séquestration d’eau », qui est proposé le plus souvent pour la 

cryoprotection des protéines [24]. Selon cette hypothèse, les molécules de tréhalose peuvent 

structurer et séquestrer les molécules d’eau pour que ces dernières s’écartent des protéines. De 

cette façon, il y a moins d’eau présente autour des protéines alors que celles-ci sont plus 

compactées, ce qui peut stabiliser les protéines et limiter les dégâts de la formation de glace sur 

leurs structures [25]. Bien que le sucrose et le tréhalose sont des disaccharides d’une même 

structure chimique, ils présentent des structures géométriques différentes à partir desquelles 

certaines recherches suggèrent que le sucrose peut présenter des liaisons hydrogène 

intramoléculaires, réduisant ainsi sa capacité de former les liaisons hydrogène avec l’eau ou avec 

les produits à conserver par rapport au tréhalose et conduisant à un effet cryoprotecteur 

moins efficace [26, 27]. 

Quant aux PEGs, malgré leurs effets cryoprotecteurs bien décrits pour certains systèmes, 

leur ajout peut alors, dans certains cas, faciliter l’agglomération ou l’agrégation [17]. En 

particulier, le PEG est bien connu pour être incompatible avec le dextrane et le mélange de ces 

deux polymères peut présenter une séparation de phases (aqueous two-phase system) [8, 28], ce 

qui peut probablement expliquer les macro-agrégats formés après l’ajout des PEGs dans les 

suspensions de PEG-NGs de HA/DEAE-D. De plus, il est constaté que la présence du PEG comme 

agent d’encombrement dans la phase continue peut renforcer la complexation entre le HA et la 

ε-PLL et peut ainsi faciliter la séparation de phases [29]. En outre, dans les nanoformulations, les 

polymères comme le PEG peuvent parfois se présenter comme des polymères de collage qui 

favorisent le rapprochement des particules et peuvent ainsi provoquer leur agglomération (polymer 

bridging flocculation) [2, 30]. Dans le cas particulier du PEG à MW de 20 kDa, la viscosité très 
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élevée obtenue peut être également un facteur qui empêche la dispersion homogène des PEC-NGs 

pendant la réhydratation.  

En général, concernant le choix du cryoprotecteur pour les PEC-NGs dans ce travail, les 

PEGs semblent beaucoup moins efficaces que les trois sucres étudiés, alors que le tréhalose s’avère 

comme le cryoprotecteur le plus pertinent. Cette efficacité marquée de la cryoprotection par le 

tréhalose est en accord avec les résultats obtenus pour d’autres systèmes comme des NPs à base 

de CTS et de HA [17], des NPs de HA conjugué au cisplatine [31] et des nanocomposites sous 

forme de NGs micellaires à base de HA [32]. Concernant la concentration en cryoprotecteur, selon 

les mécanismes de cryoprotection susmentionnés, une amélioration de l’effet cryoprotecteur peut 

être réalisée quand la concentration en cryoprotecteur est augmentée pour atteindre une 

concentration suffisamment élevée où cet effet est optimal, comme 2 % en tréhalose dans 

la Figure IV-1. A la vue de ces résultats, le tréhalose a été retenu comme cryoprotecteur avec une 

gamme de concentration d’intérêt de 0 à 2 % pour les études ultérieures. 

IV.2.5. Impact du greffage de la M2005 et de la nature du polycation 

Dans cette étude, pour évaluer la préservation de la taille des PEC-NGs ayant des greffons 

de M2005 en fonction du polycation utilisé lors de lyophilisation et de reconstitution, nous avons 

effectué ce procédé sur les PEC-NGs de HA-M2005/DEAE-D et de HA-M2005/PLL à 

CP = 0,5 g.L-1 et à n-/n+ = 2,5 sans ou avec du tréhalose à CTRE de 1 ou 2 % (m/v). Comme avec 

les PEC-NGs de HA/DEAE-D aux mêmes conditions, les PEC-NGs de HA-M2005/DEAE-D et 

de HA-M2005/PLL n’ont pas pu être complètement redispersés dans l’eau après lyophilisation en 

absence de tréhalose, alors qu’une concentration en tréhalose d’au moins 1 % permet une 

redispersion homogène et ainsi l’évaluation des tailles des PEC-NGs réhydratés (Figure IV-3).  
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Figure IV-3. Caractéristiques avant et après lyophilisation et reconstitution (L-R) des PEC-NGs 

de HA-M2005/DEAE-D (A) et de HA-M2005/PLL (B) à CP = 0,5 g.L-1 et n-/n+ = 2,5 à différentes 

concentrations en tréhalose (CTRE, m/v) comme cryoprotecteur (n ≥ 3). 

En particulier, pour les PEC-NGs de HA-M2005/DEAE-D, une concentration de 1 % en 

tréhalose est suffisante pour bien préserver leur taille (Figure IV-3A), démontrant une 

préservation plus efficace que celle des PEC-NGs de HA/DEAE-D, pour lesquels une 

concentration d’au moins 2 % en tréhalose est nécessaire (Section IV.2.4). Cette amélioration peut 

être due à l’effet stabilisant des greffons M2005 comme proposé dans le chapitre précédent. Les 

résultats sont moins encourageants pour les PEC-NGs de HA-M2005/PLL car, même à 2 % en 

tréhalose, il n’est pas possible d’éviter une augmentation importante de taille (facteur 

d’environ 1,5) après la redispersion du lyophilisat. Cela conduit à un Dh moyen de presque 

400 nm (Figure IV-3B). Ce fait peut s’expliquer par la nature plus hydrophobe des PEC-NGs de 

HA-M2005/PLL qui facilite leur agrégation sous les stress de congélation. Nous avons également 

essayé d’augmenter la CTRE à 4 % mais cette concentration élevée en tréhalose semble déstabiliser 

les PEC-NGs à base de HA-M2005, car elle a entrainé la formation d’aggrégats visibles pour les 
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PEC-NGs de HA-M2005/DEAE-D et une augmentation significative de la taille des PEC-NGs de 

HA-M2005/PLL (de 262 ± 24 nm à 377 ± 29 nm) dans les conditions étudiées (CP = 0,5 g.L-1 et 

n-/n+ = 2,5 dans l’eau Milli-Q). Effectivement, il est important de noter que le dépassement de la 

concentration optimale en cryoprotecteur peut parfois entrainer la déstabilisation des systèmes à 

conserver à travers un ensemble complexe d’interactions sans que leurs mécanismes précis soient 

toujours clairement expliqués [2, 3, 33, 34]. Dans le cas de ces PEC-NGs plus ou moins 

hydrophobes en présence des greffons M2005, le phénomène d’exclusion préférentielle, autrement 

dit la séquestration d’eau par le tréhalose comme discuté dans la section précédente, peut être la 

cause de leur agrégation avec un effet très similaire à celui de type « salting-out » des sels. De 

toute manière, la CTRE de 2 % s’avère la plus optimale dans la condition expérimentale de ce travail 

pour la lyophilisation des PEC-NGs de HA-M2005/PLL à CP = 0,5 g.L-1 et à n-/n+ = 2,5, soit le 

système le plus intéressant parmi ceux étudiés selon le chapitre précédent, bien que l’efficacité en 

matière de préservation de leur taille reste insatisfaisante. 

IV.2.6. Impact de la concentration initiale en polymère  

Dans l’objectif d’obtenir des PEC-NGs de HA-M2005/PLL à n-/n+ = 2,5 après 

lyophilisation et reconstitution avec une taille granulométrique pas trop élevée (i.e. Dh moyen aux 

alentours de 250-350 nm avec un PDI inférieur à 0,3), nous avons appliqué une nouvelle stratégie 

en partant de suspensions peu concentrées en polymère avant lyophilisation, soit à une 

CP = 0,2 g.L-1, qui peuvent ensuite être réhydratées dans un plus petit volume afin d’atteindre la 

concentration souhaitée. Cette stratégie part de notre hypothèse selon qu’une taille plus faible des 

PEC-NGs au départ permettrait une taille finale moins élevée après reconstitution. Cette fois-ci, 

nous avons également essayé d’utiliser le tampon PBS comme milieu de réhydratation pour des 

applications éventuelles de ces suspensions, notamment pour des études biologiques in vitro et 
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in vivo. Dans un premier temps, nous avons utilisé un volume de reconstitution de 40 % du volume 

initial pour avoir une CP finale de 0,5 g.L-1. Il est constaté que les PEC-NGs reconstitués dans ce 

cas peuvent être bien redispersés même sans tréhalose mais montrent une taille assez élevée (i.e. 

environ 400 nm), traduisant une augmentation par un facteur de 2,6 à partir de la taille initiale 

d’environ 150 nm à CP = 0,2 g.L-1 (Figure IV-4). Par contre, nous avons pu obtenir des PEC-NGs 

de taille satisfaisante, i.e. d’environ 250 nm, en reprenant ces études avec du tréhalose à une 

concentration de 1 ou 2 % avant lyophilisation (i.e. CTRE de 2,5 ou 5 % après réhydratation), sans 

différence significative entre ces deux CTRE en matière d’efficacité de la préservation de la taille 

des PEC-NGs (Figure IV-4). Par conséquent, pour une même CP finale, le fait de partir avec des 

suspensions moins concentrées avant la lyophilisation s’avère efficace pour obtenir une taille 

finale des PEC-NGs qui se trouve dans la gamme souhaitée.  

 

Figure IV-4. Caratéristiques des PEC-NGs de HA-M2005/PLL à n-/n+ = 2,5 avant et après 

lyophilisation et reconstitution (L-R) à différentes concentrations en tréhalose (CTRE) à partir des 

PEC-NGs fabriqués à CP = 0,2 g.L-1 (n ≥ 3). 

Après ces observations, nous avons essayé d’obtenir des suspensions encore plus 

concentrées en réduisant le volume de PBS pour la réhydratation, i.e. un volume de 20 % par 

rapport à celui au départ pour obtenir une CP finale de 1 g.L-1, avec une CTRE initiale de 0,2 ou 
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0,5 %. Une telle réduction en volume de réhydration semble augmenter légèrement la taille finale 

des PEC-NGs par rapport aux précédentes expériences mais cette taille reste acceptable comme 

elle est toujours proche de 300 nm et un PDI faible autour de 0,2 est toujours 

préservé (Figure IV-4). En conséquence, il serait possible d’appliquer cette méthode de 

lyophilisation pour préparer les suspensions concentrées en SA encapsulée. 

A la suite de ces résultats, nous avons également essayé de diminuer la concentration 

initiale à CP = 0,1 g.L-1 en vue de réduire encore la taille des PEC-NGs après reconstitution. 

Cette-fois ci, il semble que cette approche ne conduit pas à une amélioration considérable en 

matière de taille finale des PEC-NGs puisqu’elle reste toujours un peu près de 300 nm avec un 

PDI autour de 0,2, sans différence significative entre les CTRE initiales de 0,1 et 0,2 % (i.e. CTRE 

après reconstitution de 1 et 2 % respectivement) (Figure IV-5).  

 

Figure IV-5. Caratéristiques des PEC-NGs de HA-M2005/PLL à n-/n+ = 2,5 avant et après 

lyophilisation et reconstitution (L-R) à différentes concentrations en tréhalose (CTRE) à partir des 

PEC-NGs fabriqués à CP = 0,1 g.L-1 (n ≥ 3). 

Pour vérifier l’application potentielle comme système de séquestration de SAs 

hydrophobes, nous avons repris les PEC-NGs de HA-M2005/PLL (n-/n+ = 2,5) chargés en 
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curcumine et évalué la concentration en curcumine dans les suspensions à CP = 1 g.L-1 

reconstituées après la lyophilisation des suspensions à CP = 0,1 ou 0,2 g.L-1 avec du tréhalose 

comme cryoprotecteur. Pour rappel, nous avons repris le protocole décrit dans le chapitre 

précédent avec une température de complexation de 50 °C pour préparer les PEC-NGs chargés en 

curcumine à CP = 0,1 ou 0,2 g.L-1. Comme présenté dans Figure IV-6A, en se référant à la 

suspension de même type fraîchement préparée à CP = 0,5 g.L-1, la suspension reconstituée à 

CP = 1 g.L-1 en partant de la lyophilisation à CP initiale de 0,2 g.L-1 présente un aspect homogène 

avec une couleur jaune plus soutenue sans précipitation de la curcumine, qui indique à priori une 

augmentation effective de sa concentration. Après quantification, les teneurs en curcumine dans 

les suspensions avant lyophilisation et après reconstitution sont toutes en accord avec celle de la 

suspension référente à CP = 0,5 g.L-1, traduisant le même taux d’encapsulation des PEC-NGs 

préparés dans cette gamme de CP (Figure IV-6B). Toutefois, les PEC-NGs préparés à CP de 

0,1 g.L-1 montrent un taux d’encapsulation plus faible qu’à CP de 0,2 g.L-1, conduisant ainsi à des 

suspensions moins concentrées en curcumine après la constitution malgré la même CP finale de 

1 g.L-1 (Figure IV-6B). En effet, la faible capacité d’encapsulation des PEC-NGs à CP de 0,1 g.L-1 

est vraisemblablement due à leur structure plus poreuse et lâche, comme les tailles des PEC-NGs 

élaborés à CP de 0,1 et de 0,2 g.L-1 sont comparables (Figure IV-5 vs. Figure IV-4) malgré la 

masse beaucoup plus faible en polymères pour les premiers. Il est ainsi possible de conclure que 

la lyophilisation des suspensions à la CP de 0,2 g.L-1 avec CTRE = 0,2 % est la méthode la plus 

pertinente pour la lyophilisation des PEC-NGs de HA-M2005/PLL à n-/n+ = 2,5 en raison de la 

possibilité de concentrer efficacement des SAs encapsulées à l’étape de reconstitution sans 

entrainer des tailles trop élevées des NGs. 
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Figure IV-6. (A) Aspect visuel et (B) concentration en curcumine (CCUR) et taux d’encapsulation 

de curcumine (LC) des suspensions de PEC-NGs (n-/n+ = 2,5) fraîchement préparées ou après 

lyophilisation et reconstitution (L-R) à CTRE initiale à 0,2 % (m/v) (n ≥ 3). Les échantillons (x) et 

(a) obtenus dans les études précédentes sont présentés comme référence. 

IV.3. Renforcement des interactions hydrophobes par traitement autoclave 

IV.3.1. Intérêts du traitement autoclave pour les nanoformulations 

Le traitement autoclave, par définition, est le traitement des matériels sous température et 

pression élevées en utilisant la vapeur d’eau saturée dans un récipient hermétique (autoclave). Ce 

procédé est couramment utilisé comme une méthode très classique pour la stérilisation.  

Récemment, l’équipe de Matricardi et al. a montré qu’un traitement autoclave peut 

permettre de fabriquer des NGs à partir de dérivés amphiphiles de polysaccharides [35-39]. En 

particulier, le traitement d’une solution de HA greffé par du cholestérol (HA-CH) de MW moyenne 

d’environ 1,5 × 105 g.mol-1 à CP de 1 g.L-1 par un cycle d’autoclave classique (121 °C, 20 min) a 
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permis la formation des NGs de taille aux alentours de 350 nm, stables pendant au moins un mois 

avec une conservation à 4 °C [38]. Des NGs stables ont également été préparés de la même manière 

à partir de Gellane greffé par du cholestérol [38] ou de HA fonctionnalisé par du tétrabutyrate de 

riboflavine [40]. Le mécanisme proposé pour cette élaboration sous traitement autoclave est le 

déclenchement et le renforcement des interactions hydrophobes entre les greffons hydrophobes, 

qui favorise ainsi l’autoassemblage stable des chaines de polymère sous forme de NGs [38]. Ce 

traitement peut s’accompagner d’un abaissement de MW des polymères par rupture de lien 

glycosidique pendant le traitement autoclave. De plus, des SAs thermostables de nature hydrophile 

(e.g. tobramycine) aussi bien qu’hydrophobe (e.g. dexaméthasone et piroxicam) peuvent être 

encapsulées dans les NGs pendant ce traitement, alors que les principes actifs thermosensibles (e.g. 

enzymes, antioxydants comme la curcumine, l’astaxanthine, le resvératrol ou des composés 

thérapeutiques comme le diclofénac) peuvent être incorporées au sein des NGs à température 

ambiante après leur formation [35, 37, 39]. Evidemment, cette méthode permet non seulement de 

fabriquer des NGs chargés en SAs de manière assez simple et rapide sans agents chimiques, 

tensioactifs ni solvants organiques mais également de les stériliser dans un même procédé. Cela 

présente un aspect assez utile et pratique car la stérilisation des nanoformulations à base de 

polysaccharides avec les méthodes classiques est souvent compliquée et parfois infaisable à grande 

échelle à cause de plusieurs obstacles, notamment la perte de matières à cause de l’obstruction de 

filtre (stérilisation par filtration) ou la dégradation des matières polymères à cause de la 

température extrême (stérilisation par autoclave) ou des rayonnements (stérilisation par 

rayonnement) [41]. A la vue des applications intéressantes susmentionnées de l’autoclave, nous 

avons essayé ce traitement sur des PEC-NGs à base de HA-M2005 en posant l’hypothèse que la 

température et la pression élevées pendant ce traitement pourraient accentuer les interactions 
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hydrophobes intraparticulaires pour stabiliser les PEC-NGs. Pour cela, nous avons appliqué la 

même méthode de traitement autoclave décrite par Montanari et al., i.e. un cycle d’autoclave 

standard à 121 °C pendant 20 min avec une pression d’environ 1,1 bar [38], sur 2 mL de suspension 

de PEC-NGs à CP = 0,5 g.L-1 mis dans un flacon en verre. Après ce traitement, les échantillons 

sont laissés au repos à température ambiante pendant 1 h avant les mesures de taille en DLS avec 

toujours le même protocole de détermination. Ces échantillons sont ensuite conservés à 4 °C pour 

l’évaluation de leur stabilité à long terme par des mesures en DLS au cours des 12 mois suivants. 

IV.3.2. Résultats et discussion 

Après le traitement par autoclave des suspensions de PEC-NGs à base de HA non-modifié, 

leurs caractéristiques ne présentent aucun changement important (Figure IV-7). Par contre, les 

PEC-NGs de HA-M2005/DEAE-D ou de HA-M2005/PLL à n-/n+ de 2,5 ou 10 présentent une 

diminution importante (i.e. de 40-50 %) de la taille avec un abaissement aussi significatif (i.e. de 

50-60 %) de leur PDI (Figure IV-8). 

 

Figure IV-7. Dh moyen (A) et PDI (B) des PEC-NGs à base de HA non-modifié à CP = 0,5 g.L-1 

avant et après traitement autoclave (n ≥ 3). 



 Chapitre IV  

231 

 

 

Figure IV-8. Dh moyen (A) et PDI (B) des PEC-NGs à base de HA-M2005 à CP = 0,5 g.L-1 avant 

et après traitement autoclave (n ≥ 3). 
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La diminution importante de la taille des PEC-NGs à base de HA-M2005 après le 

traitement autoclave est probablement la conséquence d’une forte contraction de leur structure 

quand les interactions hydrophobes entre les greffons de M2005 sont fortement accentuées sous 

les conditions critiques dans l’autoclave. La taille de ces NGs obtenus par autoclave ne présente 

qu’une très faible augmentation de manière progressive au cours des 12 mois de conservation à 

4 °C, prouvant que la contraction des PEC-NGs à cause du traitement autoclave est assez forte et 

stable pour avoir un effet stabilisant à long terme. Cependant, en contrepartie de cette stabilisation, 

il est logique que ces PEC-NGs nouvellement obtenus à l’état très compact perdent leur capacité 

de contraction puis regonflement en fonction de température, comme le montrent les très faibles 

changements de taille lors de variation de température (Figure IV-9).  

 

Figure IV-9. Dh moyen (A) et PDI (B) à différentes températures des PEC-NGs (CP = 0,5 g.L-1) 

12 mois après l’autoclave (n ≥ 3).  



 Chapitre IV  

233 

 

Nous avons également effectué une analyse par SEC/MALS sur les solutions de HA avant 

et après traitement par autoclave, qui montre un changement négligeable de la MW du HA pendant 

ce traitement (Figure IV-10). Ces résultats montrent que le HA n’est pas significativement 

dégradé dans les conditions étudiées du traitement autoclave. 

 

Figure IV-10. Profil d’élution dans LiNO3 (0,1 mol.L-1) à 25 °C du HA (CP = 1 g.L-1) avant (bleu) 

et après (rouge) traitement autoclave : réponses des détecteurs (trait plein pour indice de réfraction 

et trait discontinu pour diffusion de la lumière à 90°) avec la distribution des masses molaires 

(trait pointillé). 

En général, tous ces résultats préliminaires ont révélé une application très prometteuse de 

l’autoclave comme une méthode assez simple pour obtenir les nanoparticules polymères 

hautement stables et stérilisés à base de PECs thermosensibles. La poursuite de ces études pourra 

être envisagée avec d’autres études plus approfondies, notamment la possibilité d’encapsulation 

des SAs dans les PEC-NGs pendant ou après traitement autoclave ainsi que la réévaluation de leur 

cinétique de libération. 
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IV.4. Conclusion et perspectives 

Ce chapitre a montré la possibilité d’optimiser et/ou de reformuler les PEC-NGs à base de 

HA-M2005 en utilisant la lyophilisation ou le traitement autoclave. Pour ces PEC-NGs, les 

avantages présentés par les procédés susmentionnés vont au-delà de leurs utilités classiques, i.e. la 

conservation à sec (lyophilisation) et la stérilisation (autoclave).  

Concernant la lyophilisation, avec la méthode la plus optimale que nous avons obtenue, 

soit la lyophilisation des PEC-NGs préparés à CP = 0,2 g.L-1
 et CTRE = 0,2 %, associée à la 

conservation à long terme, l’augmentation de la concentration des PEC-NGs est aussi possible 

sans entrainer des tailles trop élevées de ceux-ci lors de redispersion. De cette manière, des 

suspensions à des concentrations élevées en SAs peuvent être préparées pour les études qui les 

exigent, notamment les études de libération ou les études sur l’effet thérapeutique in vitro ou in 

vivo. Cependant, préalablement aux applications in vivo, il serait nécessaire de vérifier l’osmolalité 

des formulations après la reconstitution, car la présence des cryoprotecteurs peut probablement 

augmenter l’osmolalité et rendre ces formulations hypertoniques et ainsi peu compatibles avec le 

milieu physiologique in vivo, notamment le plasma dont l’osmolalité est d’environ 

285-290 mOsmol.kg-1 [42].  

L’autoclave, quant à lui, peut être utilisé pour non seulement stériliser mais également 

stabiliser les PEC-NGs à base de HA-M2005 en profitant de leur amphiphilicité et 

thermosensibilité, en leur conférant des structures plus compactes et très stables mais en perdant 

leurs comportements thermosensibles. Dans les cas où cette thermosensibilité n’est pas souhaitée 

dans l’application, le traitement autoclave est ainsi une technique prometteuse pour fabriquer des 

nanoparticules stables à base de PECs. Dans cette perspective, il serait intéressant d’étudier la 

capacité de ces nanoparticules d’encapsuler les SAs pendant ou après leur formation par autoclave. 
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Dans un contexte de recherche sur des matériaux innovants pour les applications 

biomédicales, notamment la délivrance ciblée et contrôlable de médicaments, les nanogels de 

complexes polyélectrolytes (PEC-NGs) à base de HA font l’objet d’une attention accrue ces 

dernières années. Ces systèmes sont très prometteurs avec des avantages indéniables. Dans notre 

étude bibliographique (Chapitre I), le mérite des PEC-NGs à base de HA provient d'une 

combinaison de plusieurs aspects : la nanomédecine, la chimie verte et les propriétés remarquables 

du HA, notamment la biodégradabilité, le ciblage biologique et une structure chimiquement 

modifiable. Nous avons ainsi sélectionné de nombreux articles scientifiques pour discuter de la 

formation des PEC-NGs en s’attardant sur les différents facteurs intrinsèques et extrinsèques 

pouvant gouverner les structures obtenues, puis nous avons présenté de nombreuses applications, 

notamment l'administration contrôlée et ciblée des agents thérapeutiques à petites molécules ou 

macromoléculaires ainsi que les agents de contraste pour le diagnostic ou la théranostique, ou la 

construction des matériaux multifonctionnels en vue des finalités biomédicales très diverses. 

Dans ce contexte-là, l’objectif de notre projet est l'élaboration de nouveaux PEC-NGs à 

base de HA pour des applications en encapsulation et en libération contrôlée de SAs peu 

hydrosolubles, avec une attention particulière pour les systèmes thermosensibles impliquant du 

HA fonctionnalisé par de la Jeffamine® M-2005 (HA-M2005), qui a été récemment développé par 

notre équipe. Pour atteindre ces objectifs, notre travail s'articule autour de trois axes principaux : 

(i) L’élaboration et la caractérisation de PEC-NGs à base de HA natif et de diéthylaminoéthyl 

dextrane (DEAE-D) et l’évaluation des impacts des différents facteurs sur leurs caractéristiques ; 

(ii) L’élaboration et la caractérisation de PEC-NGs à base de HA-M2005 en complexe avec la 

poly-L-lysine (PLL) au lieu du DEAE-D, avec l’encapsulation et la libération contrôlée de la 

curcumine comme SA hydrophobe modèle ; 
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(iii) L’optimisation de la formulation, de la conservation et de la stabilité des PEC-NGs par 

lyophilisation et par autoclave. 

Dans le premier axe, qui a fait l’objet du Chapitre II, nous avons élaboré des PECs de 

HA/DEAE-D et évalué leurs caractéristiques physico-chimiques comme leur taille et la 

distribution de celle-ci, leur potentiel zêta et leur hydrophobicité dans des conditions différentes. 

Nous avons pu comprendre les propriétés et les comportements de ces systèmes, à partir desquels 

nous avons proposé une structure de type cœur-coquille (core-shell) pour les PECs obtenus sous 

forme colloïdale. De plus, nous avons également vérifié les rôles des paramètres intrinsèques et 

extrinsèques lors de la préparation et de la conservation de ces PECs. Ces paramètres concernent 

les aspects du polymère de départ (i.e. la masse molaire du HA), de la formulation (i.e. le ratio de 

charge n-/n+, la concentration totale en polymère CP, la force ionique et le pH) et de la technique 

de préparation (i.e. l’ordre et la vitesse d’ajout). Il a été constaté que ces PECs ne peuvent se former 

sous forme colloïdale (Dh moyen de 150-350 nm et PDI entre 0,1-0,4) que sous certaines 

conditions. En effet, une déstabilisation et/ou une macro-agrégation des PECs peuvent apparaitre 

quand un des facteurs ci-dessus devient défavorable, notamment une masse molaire importante du 

HA, un ratio n-/n+ proche de 1, une concentration élevée en polymère ou en contre-ions, un pH 

faible ou élevé, ou un ajout lent du polymère en excès. Nous avons ainsi établi une méthode de 

préparation pour obtenir des PECs sous forme colloïdale qui consiste à un ajout rapide (one-shot) 

de la solution de HA à masse molaire intermédiaire à celle du polycation pour une CP de 0,5 g.L-1 

dans l’eau Milli-Q. Toutefois, bien que ces PECs colloïdaux, également appelés PEC-NGs, 

puissent être préparés en contrôlant les paramètres susmentionnés, ils présentent encore deux 

limitations pour les applications visées : (i) une hydrophobicité insuffisamment élevée qui peut 

empêcher l’encapsulation effective des SAs hydrophobes et (ii) une structure possiblement 
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déstabilisée par les conditions physiologiques, notamment une concentration en NaCl d’environ 

0,15 mol.L-1 en cas d’application in vivo.  

Nous avons ensuite continué nos recherches avec le deuxième axe (Chapitre III), où nous 

avons fonctionnalisé le HA avec des greffons thermosensibles de M2005 et ensuite remplacé le 

DEAE-D par la PLL comme polycation pour obtenir des PEC-NGs ayant des propriétés 

progressivement plus pertinentes, notamment une hydrophobicité plus élevée, une meilleure 

stabilité vis-à-vis la salinité physiologique et la thermosensibilité. Les améliorations apportées sur 

l’hydrophobicité et sur la stabilité sont la conséquence des interactions hydrophobes 

intraparticulaires exercées par les greffons de M2005 et la PLL à l’état neutralisé. Les effets 

synergiques de ces deux éléments ont pu permettre aux PEC-NGs de HA-M2005/PLL d’avoir la 

stabilité requise et la capacité d’encapsulation de la curcumine la plus satisfaisante parmi les 

systèmes étudiés. De plus, la thermosensibilité, apportée par les greffons de M2005, peut conférer 

aux PEC-NGs une capacité d’encapsulation et de libération de la curcumine de manière contrôlable 

par un effet de température. Plus précisément, il est vraisemblable que l’augmentation de la 

température lors de la complexation des polymères conduit à des assemblages avec des interactions 

hydrophobes renforcées par les greffons M2005 pour encapsuler une quantité plus importante de 

curcumine à l’intérieur des PEC-NGs. La présence de la couche externe hydrophile de la structure 

à noyau/enveloppe des PEC-NGs, visible par de la microscopie électronique à transmission, sert 

probablement comme une barrière hydrophile pour séquestrer la curcumine et empêcher sa fuite 

quand le système retrouve la température ambiante. Cependant, quand le système est soumis à une 

dilution importante pour la libération de la SA en condition sink, un chauffage peut entrainer la 

contraction des PEC-NGs et ainsi l’expulsion de l’eau pour accélérer la sortie de la SA. En 

possédant ces caractéristiques très spécifiques avec une structure dégradable par la HAase associée 
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à un ciblage possible du HA vis-à-vis des récepteurs CD44, ces PEC-NGs seront probablement 

utiles pour l’administration des SAs hydrophobes de manière ciblée et efficace au niveau des 

tumeurs avec une hyperthermie locale qui est réalisable en clinique. Il sera ainsi intéressant 

d’effectuer des études plus approfondies pour confirmer cette applicabilité, i.e. avec des études 

biologiques in vitro sur des cellules cancéreuses et in vivo sur un modèle animal. Cependant, il 

nous reste encore des limitations à régler dans les propriétés de ces systèmes avant de poursuivre 

ces études complémentaires : (i) la stabilité des PEC-NGs probablement réduite lors de la 

conservation en milieu aqueux à long terme et (ii) la concentration en SA possiblement insuffisante 

pour les études in vitro ou in vivo. 

Dans le troisième axe (Chapitre IV), pour résoudre les limitations précédemment 

évoquées, nous avons cherché à optimiser la formulation, la conservation et la stabilité des 

différents PEC-NGs élaborés en appliquant une étape de lyophilisation/reconstitution ou un 

traitement autoclave, avec une priorité sur ceux à base de HA-M2005. Concernant la 

lyophilisation, à travers des études portant sur les effets de différents paramètres de formulation, 

nous avons pu trouver une approche pertinente pour redisperser facilement à l’état colloïdal les 

PEC-NGs après lyophilisation. Celle-ci consiste à la lyophilisation en présence de tréhalose (0,2 % 

m/v) sur des suspensions de PEC-NGs préparés à une faible concentration en polymère (i.e. 

CP = 0,2 g.L-1), que l’on reconstitue ensuite à un volume plus faible pour obtenir des suspensions 

plus concentrées en SAs avec des tailles des PEC-NGs pas trop élevées, notamment au-dessous de 

350 nm. Quant au traitement par autoclave, nos études préliminaires montrent des PEC-NGs à base 

de HA-M2005 plus compactes et stables à long terme en milieu aqueux. Bien que ce traitement 

conduit à une perte significative du comportement thermosensible des PEC-NGs, il est une 
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méthode intéressante et qui mérite d’être exploré de façon plus importante pour la préparation des 

nanoparticules stables et stériles à partir des PECs.  

Dans la continuité de ce travail, de nombreuses perspectives s’ouvrent pour la poursuite de 

nos recherches : 

(i) Perspectives à court terme : Pour les PEC-NGs à base de HA-M2005 obtenus après traitement 

par autoclave, il sera intéressant de vérifier la possibilité d’encapsuler des SAs dans ces PEC-NGs 

pendant ou après ce traitement. La lyophilisation de ces PEC-NGs sera également étudiée. Ces 

études sont envisageables dans le cadre d’un contrat ATER pour les neuf prochains mois. 

(ii) Perspectives à moyen terme : La biocompatibilité des PEC-NGs peut être vérifiée par les études 

in vitro sur les cellules normales, alors que les études sur des cellules cancéreuses pour l’évaluation 

des effets thérapeutiques sont envisageables pour les PEC-NGs chargés en SAs, soit la curcumine 

soit un autre agent cytotoxique. Avec les PEC-NGs chargés en curcumine, il sera également 

possible de vérifier le ciblage des cellules cancéreuses par microscopie confocale en exploitant la 

fluorescence de la curcumine. Dans le cas de résultats positifs, les études in vivo sur un modèle 

animal seront également nécessaires pour confirmer les effets antitumoraux. Avec ces études, il 

serait aussi possible de vérifier l’amélioration des effets antitumoraux par l’accélération de la 

libération des SAs par des PEC-NGs thermosensibles en appliquant une hyperthermie locale, 

notamment à l’aide des rayonnements électromagnétiques [1] ou d’ultrasons [2]. 

(iii) Perspectives à long terme : avec les résultats positifs obtenus avec le HA-M2005 lors de cette 

thèse, il serait intéressant d’essayer d’élaborer des PEC-NGs avec un autre dérivé thermosensible 

du HA, notamment du HA fonctionnalisé avec des copolymères de poly(2-isopropyl-2-oxazoline)-

co-poly(2-n-butyl-2-oxazoline), qui a été élaboré dans la thèse de Mathieu MADAU au sein de 
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notre équipe [3-5]. Avec ces greffons, dont la LCST peut être contrôlée à travers la proportion des 

monomères, l’hydrophobicité et la thermosensibilité des PEC-NGs seraient ainsi plus modulables 

pour une gamme plus vaste d’applications.  
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Νanοgels à base d'acide hyaluronique fonctionnalisé, application à la séquestration  

et la libération contrôlée de composés hydrophobes 

Résumé : Les nanogels à base de complexes polyélectrolytes (PEC-NGs) d’acide hyaluronique (HA) reçoivent 

actuellement une attention croissante dans le domaine biomédical, surtout pour la délivrance d’agents 

anticancéreux avec les avantages de la nanomédecine, de la chimie verte et les propriétés spécifiques du HA. 

Dans ce contexte, cette étude cherche à élaborer des PEC-NGs innovants à base de HA pour l’encapsulation et 

la libération contrôlée des substances actives (SAs) peu hydrosolubles, avec une attention particulière pour les 

PEC-NGs thermosensibles à partir de HA fonctionnalisé par de la Jeffamine® M-2005 (HA-M2005). Les études 

exploratoires sur les PECs entre le HA natif et le diéthylaminoéthyl dextrane (DEAE-D) ont permis une 

compréhension fondamentale des PECs et ainsi la détermination des conditions les plus appropriées pour leur 

préparation sous forme colloïdale. Le remplacement du HA par le HA-M2005 ou/et du DEAE-D par la 

poly-L-lysine (PLL) peut améliorer la stabilité des PEC-NGs en milieu salin ainsi que leur hydrophobicité pour 

une meilleure encapsulation de la curcumine comme SA modèle. Avec la thermosensibilité des PEC-NGs, une 

température élevée peut être appliquée pour optimiser l’encapsulation et stimuler la libération de la curcumine. 

La dégradation des PEC-NGs par la hyaluronidase a été confirmée, phénomène avantageux pour la délivrance 

ciblée des SAs aux sites spécifiques in vivo. Pour une conservation à long terme, la lyophilisation des PEC-NGs 

à une concentration faible en polymère (i.e. 0,2 g.L-1) avec du tréhalose comme cryoprotecteur peut être 

appliquée donnant la possibilité de concentrer ces suspensions sans entrainer des tailles trop élevées des 

PEC-NGs. Egalement, l’autoclave s’avère prometteur comme moyen pour fabriquer des nanoparticules stériles 

et stables à long terme à partir des PEC-NGs thermosensibles. L’ensemble de ces études a montré que les 

PEC-NGs thermosensibles à base de HA étaient un prototype de matériau à fort potentiel avec une utilisation 

flexible pour les applications de délivrance de SAs. 

Mots clés : Nanogel, nanomédecine, complexe polyélectrolyte, acide hyaluronique, thermosensibilité, 

délivrance contrôlée de médicaments 

Abstract: Polyelectrolyte complex-based nanogels (PEC-NGs) from hyaluronic acid (HA) have received 

increasing interest in biomedical fields, especially for cancer drug delivery, by combining the advantages of 

nanomedicine, green chemistry and the inherent merit of HA. In this context, the aim of this work is to elaborate 

a novel kind of PEC-NGs from HA for encapsulation and controlled release of poorly water-soluble drugs, with 

a focus on thermoresponsive PEC-NGs prepared from HA functionalized with Jeffamine® M-2005 

(HA-M2005). The exploratory studies on PECs from HA and diethylaminoethyl dextran (DEAE-D) allowed a 

basic understanding of PECs and therefore to determine the appropriate condition to prepare them in colloidal 

form, i.e. PEC-NGs. Replacing HA with HA-M2005 or/and DEAE-D with poly-L-lysine (PLL) can improve the 

stability of PEC-NGs in saline media as well as their hydrophobicity for better encapsulation of curcumin as a 

model drug. With the thermoresponsiveness of PEC-NGs, temperature elevation can be applied in order to 

optimize curcumin encapsulation and stimulate curcumin release. PEC-NG degradation by hyaluronidase was 

also confirmed, which may be beneficial for targeting drug delivery at specific sites in vivo. For long-term 

storage, lyophilization of PEC-NGs at a low polymer concentration (i.e. 0.2 g.L-1) with trehalose as a 

cryoprotectant can be applied, which also allows to concentrate PEC-NGs afterwards without causing too large 

particle sizes. Additionally, autoclave can be promising as a means to fabricate sterilized and long-term stable 

nanoparticles from thermoresponsive PEC-NGs. All of these studies have shown thermoresponsive PEC-NGs 

based on HA as a potential kind of material with flexible utility for drug delivery applications. 

Keywords: Nanogel, nanomedicine, polyelectrolyte complex, hyaluronic acid, thermoresponsiveness, 

controlled drug delivery 


