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Les capsules d’alginate à cœur liquide sont  des systèmes biphasique (gel / liquide) de structure 

complexe. Ces capsules trouvent des applications dans des domaines aussi nombreux que 

variés, allant de la gastronomie moléculaire à la biotechnologie.  

Dans ce contexte, l’entreprise ‘CττKAL’ développe des perles gastronomiques comme 

élément de décoration ou d’assaisonnement de plats. Ces perles sont préparées par 

sphérification inverse qui consiste en une extrusion goutte à goutte d’un mélange (contenant du 

chlorure de calcium) dans un bain de gélification à base d’alginate. Généralement un agent 

épaississant doit être ajouté à la solution de CaCl2 afin de garantir la formation de capsules 

sphériques et de limiter leur déformation par le cisaillement du bain de gélification. 

La fonctionnalité de ces capsules dépend considérablement de leur perméabilité, stabilité 

mécanique et chimique. Il est donc essentiel de maitriser les propriétés physicochimiques du 

produit fini. En général, le contrôle de ces propriétés peut se faire en premier lieu en jouant sur 

la transition sol-gel de l’alginate par maitrise de la cinétique de gélification, à savoir les 

concentrations en chlorure de calcium et en alginate ou par contrôle du temps de gélification 

(temps de séjour). Cependant, une augmentation de la concentration en chlorure de calcium ou 

du temps de gélification affecte les qualités sensorielles du produit fini μ formation d’une 

membrane épaisse, amertume, gout salé. D’un autre côté, une augmentation de la concentration 

en alginate et donc de la viscosité du bain de gélification affecte l’entrée des gouttes du mélange 

dans le bain de gélification. 

Il existe des approches alternatives qui permettent de renforcer la structure de la membrane 

d’alginate. En effet, l’incorporation d’un second polymère dans un hydrogel d’alginate, qui peut 

être soit juste dispersé dans la matrice finale ce qui aboutit à la formation d’un hydrogel semi-

interpénétré (semi-IPN), soit réticulé avec le même ou un second agent réticulant et dans ce cas 

on parle d’un réseau interpénétré (full-IPN). Le second polymère peut être également appliqué 

comme enrobage ou revêtement externe (coating). 
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Cette thèse a donc pour objectif d’étudier les propriétés physicochimiques de capsules à 

cœur liquide à base d'hydrogel d'alginate et de contrôler leur perméabilité et stabilité mécanique 

par association avec des biopolymères.  

 

Le manuscrit s’organise comme suit : 

Dans une première partie, les techniques d’encapsulation et des exemples de 

microcapsules ‘intelligentes’ répondant à différents types de stimuli chimiques, physiques ou 

biologiques sont présentés. S’ensuit une présentation détaillée de la structure chimique, des 

propriétés et des mécanismes de gélification de l’alginate qui est le polymère utilisé dans les 

différents travaux d’encapsulation au cours de cette thèse.  Enfin, les différentes techniques de 

préparation de capsules d’alginate à cœur liquide à différentes échelles sont présentées avec un 

intérêt particulier pour les capsules millimétriques. 

Dans une seconde partie, l’influence de la composition du cœur liquide et plus 

précisément du polymère utilisé pour ajuster la viscosité de la solution de CaCl2 sur la 

perméabilité et la stabilité mécanique de la membrane d’alginate ont été étudiées. Les propriétés 

mécaniques des capsules et plus précisément de la membrane (module de Young surfacique) 

ont été corrélées avec les propriétés viscoélastiques d’hydrogels plans d’alginate obtenues par 

rhéologie oscillatoire aux faibles amplitudes. 

Un troisième travail a consisté à élaborer des capsules composites avec une membrane 

alginate/caséinate de sodium. L’influence de la concentration en caséinate de sodium et du pH 

de préparation a été étudiée. Les capsules composites ont montré un renforcement des propriétés 

mécaniques qui peut être expliqué par des interactions entre les groupements carboxyliques du 

mélange protéique et les cations calcium, mais aussi par des interactions électrostatiques entre 

les groupements carboxyliques de l’alginate et les groupements amines du caséinate de sodium. 

La cinétique de diffusion de la rouge cochenille (utilisée comme molécule modèle dans cette 
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étude) a montré  un profil de libération  pH-dépendant. Cette libération contrôlée est expliquée  

par une adsorption membranaire du colorant par des interactions électrostatiques entre les 

groupements sulfonates et amines du caséinate. 

Comme perspective à cette étude, des microsphères (hydrogels sphériques) à base d’alginate et 

de caséinate de sodium ont été développées en utilisant un équipement basé sur une technologie 

de buse vibrante combinée à un potentiel électrostatique. Trois types de systèmes ont été 

synthétisés : microsphères simples (alginate), composites (alginate/caséinate de sodium) et 

composites enrobées avec une couche de caséinate de sodium. L’efficacité des microsphères 

pour l’élimination des colorants azoïques (Rouge cochenille et noir amido) a été évaluée. Ce 

type de système trouve des applications dans l’élimination des colorants à partir des rejets 

industriels (textile, plasturgie, etc…) par un mécanisme d’adsorption.  

Dans une quatrième partie, la gomme laque qui est un additif alimentaire (E904) issu de 

la sécrétion d’une cochenille asiatique (Kerria lacca) a été incorporée dans la membrane 

d’alginate ou comme revêtement externe. L’influence de la concentration de la gomme laque 

ainsi que son mécanisme de préparation (précipitation acide ou réticulation avec les ions 

calcium) a été étudiée.  L’optimisation de l’architecture des capsules alginate/gomme laque a 

permis d’améliorer les propriétés barrières de la membrane d’alginate vis-à-vis des molécules 

de faible masse moléculaire (riboflavine dans cette étude).  

Enfin, une conclusion générale des différentes expériences menées au cours de cette thèse 

ainsi que les principales perspectives susceptibles d’apporter un complément scientifique à ces 

travaux sont discutées. 
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1. Encapsulation 

1.1.Définition 

Généralement, l’encapsulation est définie comme un procédé physicochimique ou mécanique 

de piégeage d’un ou plusieurs objets au sein d’un matériau en vue de son immobilisation, sa 

protection, sa structuration, sa fonctionnalisation et le contrôle de son transport et de sa 

libération (Vandamme, Poncelet, & Subra-Paternault, 2007).  

 

L’encapsulation permet de produire des particules d’une taille allant de quelques nanomètres à 

quelques millimètres. Cette large gamme de taille ainsi que la diversité des matériaux qui 

peuvent être utilisés pour former la matrice d’encapsulation (protéines, polysaccharides 

lipides,…matériaux organique/inorganique, hybrides) offrent une large gamme d’applications 

et en constante évolution dans plusieurs domaines: 

 Alimentaire μ Masquage d’odeurs, couleurs et arômes,  libération contrôlée de 

composés actifs, contrôle de réactions d’oxydation (encapsulation d’antioxydants) ; 

encapsulation d’agents antimicrobiens.  

 La biotechnologie μ Encapsulation d’ADσ, de peptides et surtout de cellules afin de les 

protéger de l’environnement externe tout en  assurant une perméabilité sélective de la 

matrice d’encapsulation afin de garantir la diffusion des nutriments nécessaires à la 

prolifération cellulaire vers l’intérieur de la capsules. 

 Pharmaceutique : Libération contrôlée de médicaments. 

 Cosmétique 

 Environnement et énergie : Elimination de colorants et métaux lourds à partir des eaux 

usées.(Ngah, Teong, & Hanafiah, 2011) 
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Généralement, deux structures peuvent exister : les microsphères et les microcapsules (Figure 

1). Les premières sont formées d’une matrice continue de polymère au sein de laquelle le 

principe actif est dissout ou dispersé (système matriciel). Les microcapsules sont quant à elles 

constituées d’un cœur de principe actif sous forme liquide, solide ou éventuellement gazeux, 

entouré par une membrane de matériau enrobant (système réservoir).  

 

 

Figure 1. Représentation schématique d’une microsphère (à gauche) et d’une microcapsule 

(à droite). 

 

Selon le domaine d’applications des microparticules, des propriétés de biocompatibilité et/ou 

de biodégradabilité seront requises. Les lipides (acides gras, alcools gras, glycérides, 

cholestérol…) seront plutôt utilisés sous forme solide, de même que les cires naturelles ou 

minérales. D’autres molécules tels que des stabilisants (tensioactifs, dispersants, 

antimottants…) ou des cryoprotecteurs peuvent être ajoutés à la formulation des 

microparticules. L’ensemble des composés va intervenir sur le profil de libération de la matière 

active. 

 

1.2.Etapes de l’encapsulation 

D’une manière générale, l’encapsulation  se réalise en trois grandes étapes : La première étape 

consiste à incorporer le principe actif  dans le matériau d’encapsulation par dissolution ou 
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dispersion (cas de liquide) ou par agglomération ou adsorption (cas de poudre). S’ensuit une 

étape de dispersion ou de pulvérisation des particules contenant le matériau d’encapsulation et 

le principe actif.  Enfin, les microcapsules (microparticules) sont stabilisées par différents types 

de procédés: chimiques (polymérisation), physicochimiques (gélification, coacervation), ou 

physiques (évaporation, solidification, coalescence) (Vandamme et al., 2007).  

 

1.3.Techniques d’encapsulation 

Il existe plusieurs méthodes de classification des techniques d’encapsulation. En effet les 

techniques peuvent être classées  en fonction de la nature du procédé ou du milieu dispersant 

utilisé (Madene, 2006) (Legrand et al., 2007): 

En fonction de la nature du procédé :  

 Techniques chimiques : coacervation, co-cristllisation, inclusion moléculaire et 

polymérisation interfaciale)  

 Techniques mécaniques ou physiques : atomisation, lyophilisation, séchage en lit 

fluidisé, atomisation à froid  et extrusion)  

En fonction de la nature du milieu dispersant utilisé lors de la préparation des capsules : 

 En milieu liquide : coacervation, émulsification-évaporation, gélification de gouttes, 

polycondensation interfaciale et la polymérisation en milieu dispersé. 

 En milieu gazeux : enrobage en lit d’air fluidisé  « Spray-Coating» et la nébulisation / 

séchage « Spray-Drying ».  

 En milieu supercritique :  

En utilisant le fluide supercritique  en tant que non-solvant: procédés SFA (Supercritical Fluid 

Antisolvent) ou en tant que solvant RESS (« Rapid Expansion of Supercritical Solutions »)  

 En absence de solvant : extrusion sphéronisation, et congélation de gouttes «spray 

congealing»  
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σéanmoins, les techniques d’encapsulation sont très diverses et en constante évolution ce qui 

rend leur classification parfois ambiguë (Vandamme et al., 2007).   

1.4.Microcapsules ‘intelligentes’  

Le développement de microcapsules ‘intelligentes’ est un défi important dans le domaine de 

l’encapsulation. Dans le cas idéal,  les capsules devraient ressembler dans leur complexité à une 

cellule vivante, où les multi-compartiments pourraient  interagir, s’échanger  des produits 

chimiques, recevoir de l'énergie, effectuer un travail mécanique, modifier les propriétés 

chimiques et physiques, tout cela en réponse à des stimuli environnementaux (Figure 2). Cette 

image pour l’instant futuriste pourrait être réalisable dans un futur pas aussi lointain qu’on 

puisse l’imaginer grâce notamment aux progrès réalisés dans ce domaine (Motornov, Roiter, 

Tokarev, & Minko, 2010).  

 

 

Figure 2. Image futuriste d’une microcapsule multifonctionnelle intelligente (Motornov et al., 

2010). 
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Les microcapsules intelligentes présentent un large spectre d’applications surtout dans le 

domaine médical pour des applications de libération contrôlée (Delcea, Möhwald, & Skirtach, 

2011).  

L’objectif est de développer des microcapsules intelligentes qui protègent leur contenu contre 

les influences extérieures et le libèrent uniquement en réponse à certaines conditions 

environnementales (stimuli). Ces stimuli peuvent être chimiques (pH, force ionique,…), 

physiques (température, laser, champs magnétiques, stress mécanique, ultrasons,…) ou 

biologiques (enzyme, récepteurs) (figure 3). 

 

 

Figure 3. Illustration schématique de stimuli potentiels qui peuvent influencer la libération à 

partir des microcapsules (Delcea et al., 2011). 

 

Les microcapsules dites « intelligentes » peuvent donc réagir à ces stimuli extérieurs et subir 

des modifications relativement importantes de leur structure et de leurs propriétés telles que le 

la perméabilité ou encore la résistance mécanique.  
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1.4.1. Les stimuli chimiques 

1.4.1.1.Le pH  

Ce type de microcapsules comprend généralement des groupements ioniques qui peuvent 

accepter/donner des protons en réponse à un changement de pH : la variation du degré 

d’ionisation modifie la charge nette ce qui  peut causer des transitions brusques de volume. 

Lorsque le pH est modifié par rapport au pKa des polymères constituant la membrane 

polyélectrolyte de capsules, une protonation / déprotonation des groupements chargés se 

déroule. La protonation conduit par exemple  à une forte répulsion qui se traduit par un 

gonflement des capsules; cela aboutit à l'augmentation de la perméabilité. D'autre part, la 

déprotonation provoque le rétrécissement de la membrane et donc une diminution de la 

perméabilité. Le plus grand avantage de cette adaptation au milieu extérieur est sa réversibilité 

(Delcea et al., 2011).   

 

1.4.1.2.La force ionique  

La force ionique peut influencer la structure des microcapsules et en particulier les 

microcapsules avec une membrane polyéléctrolyte obtenue par polymérisation multicouches. 

Les modifications de la perméabilité induite par un sel peuvent être expliquées par la réduction 

des attractions électrostatiques à l'intérieur des multicouches ou par la formation de cavités dans 

la membrane (Delcea et al., 2011). 

 

1.4.2. Stimuli physiques 

1.4.2.1.La température 

Les microparticules sensibles à la température sont des systèmes répondant à une diminution 

ou à une augmentation de la température. Les microgels sphériques physiques subissent une 
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transition gel-sol à une température critique alors que les microgels chimiques répondent par 

un changement de volume.  

Dans le cas de capsules avec une membrane polyélectrolyte, une réduction significative de la 

perméabilité accompagne la variation de la température. Elle est due généralement à des forces 

hydrophobes. Ce phénomène se passe généralement à une température au-dessus de la 

température de transition vitreuse (Tg) de la membrane polyélectrolytes.  

La réduction de volume de la membrane par expulsion de l’eau (déshydratation) est 

accompagnée par son durcissement  et par l’augmentation de sa résistance mécanique (Delcea 

et al., 2011). 

 

1.4.2.2.Contrainte mécanique 

La rupture de la membrane des  microcapsules et la libération de leur contenu  peuvent être 

obtenues par application d’une contrainte mécanique au niveau de la membrane des 

microcapsules. Dans ce contexte, un groupe de chercheurs a étudié le mécanisme de libération 

à partir de microcapsules polyélectrolytes soumises à des contraintes mécaniques en combinant 

la microscopie de fluorescence avec la spectroscopie de force en utilisant la microscopie à force 

atomique (AFM) (Fernandes, Delcea, Skirtach, Möhwald, & Fery, 2010).  

 

1.4.2.3.Energie Laser 

Le principe est basé sur l’incorporation au niveau de la membrane des microcapsules des 

nanoparticules de métaux nobles qui absorbent efficacement l’énergie laser pour la convertir en 

chaleur.  En raison du chauffage local autour des nanoparticules, la membrane devient 

transitoirement mobile ce qui permet de contrôler sa perméabilité d’une manière réversible. En 

effet, si l'irradiation est arrêtée, la production de chaleur est stoppée et le complexe polymérique 

autour des nanoparticules refroidit rapidement, revenant la membrane à son état imperméable.  
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1.4.2.4.Ultrasons 

L’incorporation de nanoparticules de Znτ au niveau des hydrogels et plus particulièrement au 

niveau de la membrane des microcapsules a montré la possibilité de l’ouverture de 

microcapsules et de libération de leur contenu sous l'action des ultrasons. Le contrôle donc des 

propriétés mécaniques et de la sensibilité à un traitement aux ultrasons peut être réalisé en 

faisant varier la quantité de nanoparticules de ZnO.  Néanmoins, le plus grand défi est de 

pouvoir diminuer l’intensité des ultrasons pour se rapprocher de la limite tolérée en médecine.  

 

1.4.2.5.Champs magnétiques 

Le principe est basé sur l’incorporation de nanoparticules magnétiques au niveau du cœur ou 

de la membrane de microcapsules. Bien que l'activation magnétique de microcapsules est une 

piste intéressante surtout pour la libération contrôlée de médicaments, la longue durée 

d’exposition et la forte intensité du champ magnétique nécessaire pour perméabiliser les 

capsules conduisent à une augmentation de la température. 

 

1.4.3. Stimuli biologiques  

1.4.3.1.Enzymes 

Dans les organismes vivants tous les processus sont contrôlés à un moment ou un autre par des 

enzymes (Zelzer, Todd, Hirst, McDonald, & Ulijn, 2012). Inspiré par cela, les enzymes sont de 

plus en plus utilisés comme stimulus pour modifier les propriétés des microcapsules (B. G. De 

Geest, Vandenbroucke, et al., 2006).   

 

1.4.3.2.Récepteurs 
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Une des classes de récepteurs est les anticorps qui peuvent être greffés avec les antigènes 

correspondant à la surface des microparticules. En présence d’antigènes dans le milieu 

environnant, les interactions anticorps-antigènes sont affaiblies par échange avec les antigènes 

libres: les microparticules ou la membrane des microcapsules se perméabilise pour faciliter la 

libération du contenu des microcapsules (Cortez et al., 2007) (Zhang, Wu, Chen, Zhang, & Lin, 

2008).  

  

1.5. Microcapsules ayant des propriétés d’auto-éclatement 

Ce type de microcapsules fait également partie de la catégorie des capsules ‘intelligentes’. 

Ces microcapsules avec des propriétés d’auto-explosion sont des capsules de structure cœur-

coque dont le cœur est composé d’un microgel dégradable entouré d'une membrane semi-

perméable. Pendant la dégradation du microgel interne dans des conditions bien déterminées 

(stimuli), et lorsque la pression de gonflement dépasse la résistance mécanique à la traction de 

la membrane, la microcapsule est rompue et son contenu est libéré rapidement.  

Le concept d’auto-éclatement a été introduit par de Geest et son équipe qui ont développé 

plusieurs types de microcapsules ayant cette capacité (B. G. De Geest et al., 2005) (Bruno G. 

De Geest et al., 2006) (B. G. De Geest, Déjugnat, et al., 2006) (B. G. De Geest et al., 2007) 

(Bruno G. De Geest, McShane, Demeester, De Smedt, & Hennink, 2008) (Bruno G. De Geest, 

De Koker, Demeester, De Smedt, & Hennink, 2009) (Bruno G. De Geest, Koker, Demeester, 

Smedt, & Hennink, 2010). 

En effet, ce type de microcapsules peut carrément éjecter son contenu dans le milieu externe 

lors de son auto-éclatement (Bruno G. De Geest et al., 2008). Par éjection à partir des 

microcapsules, les nanoparticules encapsulées peuvent se déplacer avec une vitesse presque 

800 fois plus rapide que par le mouvement brownien. Cette fonction pourrait être 
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particulièrement intéressante dans les situations dans lesquelles le contenu à libérer doit 

traverser des longues distances dans un temps très court et à travers des milieux visqueux.  

L’évolution de ce type de microcapsules au cours de la dégradation du microgel interne jusqu’à 

leur auto-éclatement est présentée dans la figure 4.  

 

 

Figure 4. Evolution d’une microcapsule lors de la dégradation du microgel interne 

jusqu’à son auto-éclatement. Représentation schématique (a), observation sous 

microscope confocal laser (b).Adaptée de (Bruno G. De Geest et al., 2008) (Bruno G. De 

Geest et al., 2010) 
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2. Encapsulation dans une matrice d’alginate  

2.1. L’alginate 

L’alginate est un biopolymère « polyvalent » très utilisé en industrie car il possède de 

nombreuses propriétés: épaississant, stabilisant, gélifiant et filmogène. Ce polysaccharide est 

abondant dans la nature. En effet, il s’agit d’un composé structural majeur des algues brunes 

(jusqu’à ζ0% de la masse sèche totale) et de capsules bactériennes. 

La commercialisation des alginates a démarré en 1927, et la production mondiale a atteint de 

nos jours 30 000 tonnes/an. Environ 30%  de cette production est destinée à l’industrie agro-

alimentaire et le reste de la production est repartie sur plusieurs secteurs et plus particulièrement 

l’industrie pharmaceutique et cosmétique (Ertesvåg & Valla, 1998). 

 

2.2. Historique 

Le chimiste britannique E.C.C. Standford fut le premier à décrire l’alginate dans un brevet daté 

du 12 Janvier1881, détaillé par la suite en 1883 (Stanford, 1881) (Stanford, 1883). En effet, 

Standford parvint à préparer l’alginate par extraction de l’acide alginique à partir des algues 

brunes avec du carbonate de sodium puis par précipitation à pH acide. Il pensait que l’alginate 

contenait de l’azote. En 1926, deux équipes de recherche (Atsuki et Tamoda) et (Schmidt et 

Vocke) ont constaté la présence de l’acide uronique comme constituant principal de l’alginate 

(Atsuki & Tomoda, 1926) (Schmidt & Vocke, 1926).  Les années suivantes, différentes équipes 

se sont intéressées à la nature de ces acides uroniques et se sont accordées sur le fait que 

l’alginate est constitué d’acide D-mannuronique. En 1939, Hirst et al., mit en évidence que la 

nature des liaisons entre les résidus d’acide mannuronique est de type β-1,ζ, à l’instar de la 

cellulose (Hirst, Jones, & Jones, 1939). Cette structure relativement simple fut remise en 

question par les travaux de Fisher et Dörfel en 1ληη, basés sur l’utilisation de la 

chromatographie des acides uroniques et des polyuronides, ils décélèrent la présence d’un 

second acide uronique présent en quantité non négligeable dans l’alginateμ l’acide L-
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guluronique (Fischer & Dörfel, 1955). Depuis, l’alginate est considéré comme un copolymère 

binaire linéaire composé de résidus α-L-guluronique et β-D-mannuronique. Au cours des 

années 60-70 Haug, Larsen et Smidsrød ont mis en évidence la structure à blocs de l’alginate 

ainsi que la corrélation entre structure et propriétés de l’alginate (Haug, 1964) (Haug & 

Smidsrød, 1965) (Haug, Larsen, & Smidsrød, 1966) (Haug, Larsen, & Smidsrød, 1967b) (Haug, 

Larsen, & Smidsrød, 1967a) (Haug, Myklestad, Larsen, & Smidsrød, 1967) (Haug et al., 1970). 

 

2.3. Origine 

Les alginates sont très abondants dans la nature. Ils peuvent être extraits des parois cellulaires 

des algues brunes (phaeophyceae) essentiellement du genre laminaire (laminaria) telles que 

Laminiaria hyperborea, Laminaria digitata, Laminaria japonica, Ascophyllum nodosum et 

Macrocystis pyrifera (O. Smidsrød & Skjåk-Braek, 1990).  

L’alginate est extrait par traitement alcalin en utilisant de la soude puis filtré et précipité en 

ajoutant du calcium ou du sodium.  Le sel d’alginate obtenu peut être transformé en acide 

alginique par traitement avec du HCl dilué (Shilpa, Agrawal, & Ray, 2003). 

L’alginate peut être également isolé à partir de capsules de bactéries du genre Pseudomonas et 

Azotobacter ou produit par fermentation ou par des voies biotechnologiques de biosynthèse 

(Sabra, Zeng, & Deckwer, 2001). La biosynthèse par voie bactérienne pourrait aboutir à la 

production d’alginate avec une structure chimique et des propriétés physiques semblables à 

celle des algues brunes. 

Les progrès récents dans la régulation de la biosynthèse de l'alginate dans des bactéries et la 

modification relativement facile des bactéries pourraient permettre la production d'alginate 

hautement spécifique pour une large gamme d’applications (K. Y. Lee & Mooney, 2012). 

2.4. Structure chimique  

L’alginate est un copolymère qui consiste en une alternance d’acide β-D mannuronique (M) et 

d’acide α-L guluronique (G) liés en (1ζ). Les molécules d’acide uronique sont réparties le 
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long de la chaîne de l’alginate sous forme de blocs. Il en existe 3 types (Figure η) μ des séquences 

homopolymériques ne contenant que des unités d’acide mannuronique (blocs M) ou  

guluronique (blocs G), ainsi que des blocs hétéropolymèriques contenant à la fois des unités 

d’acide mannuronique et guluronique (blocs MG) (Pawar & Edgar, 2012). La composition et  

l’organisation des acides uroniques en séquences sont donc très variables en fonction du type 

d’alginate. A l’échelle moléculaire, à la différence de l’alginate d’origine algale, on note la 

présence de groupements O-acétyl au niveau du C2 et/ou C3 dans l’alginate d’origine 

bactérienne (Skj, Grasdalen, Larsen, 1986). 

En ce qui concerne la conformation des chaines, l’alginate possède quatre types de liaisons 

glycosidiques : di-axial (GG), di-équatoriale (MM), axial-équatoriale (GM) et équatoriale-

axiale (MG) (Figure 5b).  

 

 

Figure 5. Structure chimique de l’alginate de sodium: monomères d’acides uroniques(a), 

conformation des chaînes (b) et distribution des blocs(c). 
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2.5. Propriétés  

Les propriétés physiques de l’alginate ont été très étudiées à partir de 1λ6ζ grâce notamment 

aux travaux de Haug, Larsen et Smidsrød (Haug, 1964)(Haug & Smidsrød, 1965)(Haug et al., 

1966) (Haug, Larsen, et al., 1967b)(Haug, Larsen, et al., 1967a)(Haug, Myklestad, et al., 

1967)(Haug et al., 1970). 

 

2.5.1. Solubilité et stabilité 

L'alginate de sodium est hygroscopique; par conséquent, la teneur en humidité s’équilibre 

rapidement avec l'humidité relative de l’eau. La stabilité au stockage est excellente à sec lorsque 

la poudre est stockée dans un récipient bien fermé.  

L'alginate de sodium est soluble dans l'eau froide formant une solution colloïdale visqueuse. Il 

est insoluble dans l'alcool et dans les solutions hydro-alcooliques dans lesquels la teneur en 

alcool est supérieure à 30 % (m/m). Il est également insoluble dans les autres types de solvants 

organiques (chloroforme, éther…) (Shilpa et al., 2003). 

La solubilité de l’alginate dépend de trois paramètres principaux (Kurt Ingar Draget, Smidsrød, 

& Skjåk-Bræk, 2005) : 

 pH du solvant : Il détermine la présence de charges électrostatiques au niveau des acides 

uroniques. Les valeurs de pKa déterminés par titration potentiométrique des deux 

résidus composant l’alginate à savoir l’acide β-D-mannuronique et α-L- guluronique 

sont de 3,3κ et 3,6η, respectivement. Le pKa final de l’alginate diffère faiblement du 

pKa des deux acides uroniques qui le compose. 

 La force ionique : Elle agit par la présence de groupements anioniques au niveau du 

polysaccharide et peut modifier la conformation moléculaire.  
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 La présence d’ions divalents : Ils peuvent interagir avec les groupements carboxyliques 

et influencent donc la solubilité de l’alginate. La dureté de l’eau (teneur en Ca2+) par 

exemple est un facteur important lors de la préparation d’une solution d’alginate. 

 

2.5.2. Viscosité  

La composition précise de l’alginate varie en fonction des espèces d’algues et de la saison ce 

qui engendre des propriétés structurales très variables du polysaccharide.  

Il existe donc différents grades d’alginate de sodium donnant une viscosité variant entre 0.02-

0.ζ Pa.s pour une solution à 1% m / v à 20°C. Les solutions d’alginate présentent généralement 

un comportement rhéo-fluidifiant avec une diminution de la viscosité en fonction de la vitesse 

de cisaillement (Lund, 1994). 

2.5.3. Bioadhésion 

La bioadhésion est définie comme l'adhésion ou le contact entre deux surfaces dont l'une est un 

substrat biologique. Si l'une des surfaces est une couche de muqueuse, le terme '' mucoadhésion 

'' est utilisé. 

L’alginate est classé comme polymère naturel avec des propriétés mucoadhésives supérieures 

à d’autres polymères comme  le chitosane, la carboxyméthylcellulose et l’acide polylactique. 

En effet, des études ont montré que les polymères polyanioniques sont plus efficaces que les 

polymères polycationiques et non-ioniques (Wee & Gombotz, 1998). 

Cette propriété de l’alginate est à l’origine de son utilisation dans le domaine de la 

bioencapsulation comme matrice d’encapsulation des médicaments administrés par voie orale. 

 

2.6. Gélification de l’alginate: 

2.6.1. Généralités 
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De façon générale, un phénomène de gélification implique une transition sol-gel. L’état « sol » 

se réfère à un système colloïdal de caractère liquide. En revanche un état « gel » est un système 

colloïdal de caractère solide dans lequel la substance dispersée forme un réseau continu qui est 

interpénétré par un système (en général liquide) constitué par des unités plus petites que les 

entités colloïdales.  

Un gel est donc un matériau semi-solide constitué d'au moins deux composantes: un réseau 

tridimensionnel (fraction solide) dans laquelle un solvant (fraction liquide) est immobilisé. 

Dans le cas où la fraction liquide est constituée par de l’eau, on parle d’un hydrogel.  

Le terme hydrogel décrit donc des structures de réseau en trois dimensions obtenues à partir de 

polymères naturels ou synthétiques hydrophiles qui peuvent absorber et retenir des quantités 

importantes d'eau. Le caractère insoluble de l’hydrogel dans l’eau est lié à la présence de 

réticulation chimique ou physique. Les hydrogels peuvent donc être classés en fonction de ces 

réticulations qui sont à l’origine du maintien de l'intégrité structurale, en hydrogels physiques 

et chimiques (Rosiak & Yoshii, 1999). 

L’intégrité structurale des hydrogels physiques est maintenue par des forces secondaires de type 

ioniques, Van der Waals, empilement Π-Π, hydrophobes ou liaisons hydrogènes. Ces hydrogels 

sont généralement réversibles. En revanche, les hydrogels dits chimiques sont généralement 

réticulés de manière covalente et ils sont donc irréversibles ou permanents (Rosiak & Yoshii, 

1999). 

L’alginate est un gélifiant naturel qui peut former des hydrogels physiques par gélification 

ionotropique en présence d’ions divalents ou par gélification acide par diminution du pH. 

D’autres méthodes de gélification ont été développées après modification chimique de 

l’alginate. Dans la section suivante, les mécanismes de gélification de l’alginate sont détaillés. 

 

2.6.2. Gélification ionotropique 
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La gélification ionotropique de l’alginate est liée à son affinité pour certains ions par formation 

de liaisons sélectives (Haug et al., 1970) (Olav Smidsrød, 1974). En effet, les chaines de 

polymère d’alginate interagissent avec les cations bivalents ou trivalents (Fe3+, Al3+) pour 

former des hydrogels. L'affinité de l’alginate vis-à-vis des ions bivalents diminue dans l'ordre 

suivant: Pb> Cu> Cd> Ba> Sr> Ca> Co, Ni, Zn> Mn (Mørch, Donati, Strand, & Skjåk-Braek, 

2006). Un travail relativement récent a démontré que les ions Mg2+ longtemps considérés 

comme des ions non gélifiants ou ayant une faible affinité pour l’alginate forment un hydrogel 

mais avec une cinétique de gélification relativement lente (2-3 heures) et dépendant fortement 

de la structure chimique de l’alginate.(Topuz, Henke, Richtering, & Groll, 2012) 

Le calcium demeure le cation le plus couramment utilisé pour induire la formation de gel 

d'alginate.  

Les étapes de la réticulation ionique de l’alginate sont schématisées dans la figure 6.  

 

 

Figure 6. Mécanisme de gélification de l’alginate en présence d’ions calcium. 

 

Deux blocs G ou MG de deux chaînes de polymères adjacentes peuvent être réticulés en 

présence d’un cation bivalent par des interactions électrostatiques entre deux groupements 

carboxyliques COO− du polysaccharide.  Lorsque deux brins de polymère sont face à face, la 

conformation des blocs G ou MG forment des cavités dans lesquelles viennent se loger les ions 

Ca2+. Cette dimérisation des blocs est appelée structure type "boite d’œufs" (Grant, Morris, 

Rees, Smith, & Thom, 1973). 
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La formation de gel est induite par des interactions entre les blocs G qui s’associent pour former 

des jonctions fortes en présence de cations bivalents. En plus de blocs G, les blocs MG 

participent également formant des jonctions plus faibles. Une représentation schématique des 

trois types de jonctions possibles dans un hydrogel d’alginate est présentée (Figure 7) (Donati 

et al., 2005). 

 

 

Figure 7. Les points de jonction possibles dans un hydrogel d’alginate. Jonctions GG / GG 

(a), jonctions GG/MG (b), et jonctions MG/MG (c).  

 

Les propriétés mécaniques de l’hydrogel obtenu dépendent du ratio entre les blocs M et les 

blocs G (ratio M/G) qui compose l’alginate. En effet, les alginates composés d’un ratio (M/G) 

élevé forment des gels mous et élastiques, alors que les alginates avec un ratio (M/G) faible 

donnent des gels durs et cassants. 

 

Il existe deux approches de préparation d’hydrogel d’alginate par réticulation ionique : 
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 Une approche dite par « gélification externe » dans lequel les ions de réticulation diffusent 

vers la solution d'alginate à partir d'une solution externe. Elle permet une gélification très 

rapide de la solution d’alginate mais les hydrogels formés ne sont pas homogènes.  

 Une approche dite de "gélification interne ou in situ", où la source de calcium initialement 

sous forme insoluble (CaCO3, CaSO4,..) est dispersée dans la solution d'alginate. Ces ions 

sont par la suite libérés de façon contrôlée  typiquement par diminution progressive du pH 

(par solubilisation donc de la source de calcium) qui déclenche la libération des ions dans 

la solution d’alginate. La diminution progressive du pH est généralement obtenue par ajout 

de lactones à hydrolyse lente telle que la δ-gluconolactone (GDL). Il est également possible 

de contrôler le pH final du gel d’alginate en maitrisant le ratio (CaCO3/ GDL) (Kuo & Ma, 

2001). 

 

2.6.3. Gélification acide 

Lorsque le pH d’une solution d'alginate est abaissé au-dessous du pKa des acides uroniques, un 

gel acide d’alginate est formé (King, 1983). 

La préparation des gels acides peut se faire par deux méthodes :  

La première méthode se base sur une acidification d’une solution d’alginate en dessous du pKa 

du polymère. L’abaissement du pH doit se faire de manière progressive. En effet une diminution 

rapide par ajout direct d’un acide par exemple engendre la formation d’un précipité plutôt qu’un 

gel. Il est donc nécessaire d’abaisser le pH de façon graduelle par ajout de lactones à hydrolyse 

lente telle que la δ-gluconolactone (GDL) (K. I. Draget, Skjåk Bræk, & Smidsrød, 1994). 

Dans la seconde méthode, un hydrogel d’alginate préalablement obtenu par réticulation ionique 

est converti en hydrogel acide par incubation dans une solution acide et échange de protons. 

Ce type d’hydrogels est généralement stabilisé par des liaisons de type hydrogène (K. I. Draget, 

Skjåk-Bræk, Christensen, Gåserød, & Smidsrød, 1996). 
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2.6.4. Différences entre les hydrogels ionotropiques et acides 

Contrairement aux hydrogels d’alginate réticulés ioniquement qui ont été largement étudiées 

en terme de relation structure/fonction depuis les années 60-70, les hydrogels acides n’ont été 

caractérisés qu’à partir des années λ0 et notamment grâce aux travaux de Draget et son équipe 

qui ont pu donc déduire les différences entre les deux types de gels (Stokke et al., 2000)  (Kurt 

Ingar Draget, Skjåk-Bræk, & Stokke, 2006). 

Les similitudes et les différences entre les deux types de gels sont reportées dans le tableau 1. 

Tableau 1. Similitudes et différences entre gels acides et gels ionotropiques (Kurt Ingar Draget 

et al., 2006). 

Similitudes Différences 

- Les blocs G sont les premières structures 

impliquées dans le mécanisme de 

gélification. 

- Des processus coopératifs semblent être 

impliqués dans la formation de la zone 

de jonction 

- La présence de la zone de jonction 

multiplicités co-existantes.  

- Contrairement aux gels ionotropiques, 

les blocs M donnent également des 

liaisons intermoléculaires stables dans 

les gels acides. 

- La transition sol-gel des hydrogels acide 

est de nature d'équilibre 

thermodynamique.  

- Les plus grandes zones de jonction sont 

de multiplicité supérieure à celle des 

plus grandes zones de jonction dans les 

gels ionotropiques. 
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2.6.5. Autres méthodes de gélification  

La gélification ionotropique est la méthode la plus utilisée pour la formation des gels d’alginate. 

En effet, c’est une gélification simple à mettre en œuvre dans des conditions relativement 

douces. Ces gels sont stables dans des conditions de pH neutre ou légèrement acide et sont 

convertis en gels acides par échange de protons à des pH acides < 3-3.η (pka de l’alginate). 

Cependant, dans des solutions faiblement basiques, les gels d’alginate subissent un gonflement 

suivis par une érosion et éventuellement une désintégration. Le contrôle des propriétés 

physicochimiques de ce type de biomatériau (propriétés mécaniques, gonflement, 

dégradation..) est également limité par la perte de cations bivalents dans le milieu environnant 

par échange d’ions ce qui affecte la stabilité chimique de la matrice.  

Par exemple, un hydrogel d'alginate se dégrade en présence de solutions salines (Rolland, 

Santanach-Carreras, Delmas, Bibette, & Bremond, 2014). 

Dans ce contexte, plusieurs équipes se sont intéressées à la préparation de gels en utilisant 

d’autres méthodes de réticulation après modification chimique de l’alginate. 

 

2.6.5.1. Réticulation covalente  

Birnbaum et al., ont testé trois méthodes de gélification de microsphères d’alginate. Dans la 

première méthode, des billes d’alginate préalablement formées en présence de 

polyéthylèneimine sont réticulées avec du glutaraldéhyde. Dans la seconde méthode, une 

solution d’alginate a été traitée avec du carbodiimide et du N-hydroxysuccinimide (pour former 

des esters actifs). Les billes obtenues par gélification ionotropique sont ensuite réticulées avec 

la polyéthylèneimine. Pour la troisième méthode une solution d’alginate traitée avec du 

periodate (pour former des groupements aldéhydes), est gélifiée dans une solution de CaCl2 

puis réticulée avec de la polyéthylèneimine (Birnbaum, Pendleton, Larsson, & Mosbach, 1981). 
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Mooney et son équipe, ont réticulé l’alginate de manière covalente en utilisant du polyéthylène 

glycol-diamines avec différentes masses moléculaires après activation des groupements 

carboxyliques  avec de 1-éthyl-3- (3-diméthylaminopropyl) carbodiimide et le N-

hydroxysuccinimide (Eiselt, Lee, & Mooney, 1999)(K. Y. Lee et al., 2000). 

Gattás-Asfura et Stabler, ont modifié l'alginate avec des groupements azide via des liaisons 

amides stables et des segments de polyéthylène glycol. La ligation de Staudinger a été ensuite 

utilisée pour former des hydrogels d’alginate réticulés de manière covalente avec des 

caractéristiques variables, telles que le gonflement et la stabilité mécanique (Gattás-Asfura & 

Stabler, 2009). 

 

2.6.5.2. Photoréticulation 

Récemment de l'alginate photoréticulé sous UV a été préparé par réaction de l'alginate de 

sodium et du méthacrylate de 2-aminoéthyle, en présence de 1-éthyl-3-(3-

diméthylaminopropyl) carbodiimide et le N-hydroxysuccinimide. L’alginate méthacrylé a été 

par la suite, photoréticulé sous  UV en présence d'un photoinitiateur. L’intérêt de ce type de 

système est que ses propriétés physicochimiques pourraient être contrôlées en faisant varier le 

degré de méthacrylation (Jeon, Bouhadir, Mansour, & Alsberg, 2009). 

 

2.7. Applications des hydrogels d’alginate  

Les hydrogels d’alginate constituent une classe de biomatériaux avec un large spectre 

d’applications dans plusieurs domaines : l’alimentaire (Farris, Schaich, Liu, Piergiovanni, & 

Yam, 2009), nutraceutique (Chen, Remondetto, & Subirade, 2006), environnement et traitement 

des eaux (Crini, 2005). 
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Les hydrogels d’alginate connaissent un intérêt grandissant  dans le domaine biomédical 

(Hoffman, 2012).  

Cette dernière catégorie regroupe différents domaines d’applications tels que l’ingénierie 

tissulaire (Drury & Mooney, 2003), l’administration de médicaments (George & Abraham, 

2006) et la microfluidique (K. H. Lee, Shin, Park, & Lee, 2009). 

L’intérêt des hydrogels à base d’alginate a également donné naissance au développement d’une 

large gamme de biomatériaux avec différentes architectures tels que des hydrogels plans ou 

sphériques (billes et capsules), de fibres et des structures anisotropes à l’échelle milli-, micro- 

et nanométriques (Figure 8).  

 

Figure 8. Exemples de biomatériaux développés à partir d’un hydrogel d’alginate. Capsules 

millimétriques à cœur liquide avec une fine membrane d’alginate(a), microsphères d’alginate 
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obtenues par émulsification (b), nanocapsules d’alginate (c), photo de capsules anisotrope en 

forme de champignon (d), microfibre pleine (e)et microfibre creuse (f). Adaptée de (Bremond, 

Santanach-Carreras, Chu, & Bibette, 2010)(H. Zhu, Srivastava, Brown, & McShane, 

2005)(Lertsutthiwong, Noomun, Jongaroonngamsang, Rojsitthisak, & Nimmannit, 

2008)(Mele et al., 2013)(Shin et al., 2007)(K. H. Lee et al., 2009) 

 

Comme détaillé dans la section (2.η) l’alginate présente de nombreuses caractéristiques 

favorables pour des applications d'encapsulation, comme une bonne biocompatibilité, une 

grande disponibilité, un faible coût, et une procédure de gélification simple dans des conditions 

relativement douces (Pawar & Edgar, 2012).  

 

2.8. Techniques d’encapsulation avec de l’alginate 

Plusieurs techniques d’encapsulation en utilisant l’alginate ont été développées permettant 

d’obtenir des particules avec une large gamme de taille. En effet, le diamètre de particules 

d'alginate peut être > 1000 µm (macro), de 0,2 à 1000 µm (micro) ou  <0,2 µm 

(nanoparticules). Le tableau 2 résume les techniques d’encapsulation utilisant l’alginate, la 

taille des particules obtenue ainsi que les applications potentielles des différents systèmes 

(Ching, Bansal, & Bhandari, 2015). 
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Tableau 2. Synthèse des méthodes actuelles de production de particules à base d’hydrogel 

d'alginate (Ching, Bansal, et al., 2015).  

Techniques  Taille des particules Applications  

 

Simple extrusion 

 

1000-2000 µm 

Encapsulation des probiotiques, des levures, 
huile de poisson, des médicaments, des 
protéines, des enzymes, des extraits de 
plantes et saveurs 

Potentiel 
électrostatique 

0.9-1.5 µm 

50-350 µm 

Encapsulation de nanoparticules lipidiques, 
des probiotiques, des tissus animaux et 
humains et des enzymes. 

Buse vibrante <20 µm 

200-5000 µm 

Encapsulation de cellules et de protéines 

Jet rompu 200- 5000 µm Encapsulation de cellules et de protéines 

Disque tournant 300-600 µm Encapsulation des bactéries, de la levure et 
les protéines 

Buse tournante 270-2000 µm Encapsulation de cellules et de protéines 

Buse de pulvérisation 80-130 µm Encapsulation de nanoparticules lipidiques, 
vaccin BCG, des antigènes, des protéines et 
des bactéries. 

Atomisation (à contre-
courant) 

« Impinging aerosol » 

11-47 µm Encapsulation de l'huile de poisson, le 
lysozyme, l'ibuprofène, le chlorhydrate de 
propranolol, les probiotiques, l'insuline 

Emulsification 100- 1000 µm Encapsulation de l’insuline 

Microfluidique 50 - 70 µm Encapsulation de cellules (probiotiques, 
mammifères) 

Micro- nano-moulage 

 

120 – 200 nm Encapsulation de protéines (BSA) 

Microgels hybrides 250-600 nm Encapsulation de médicaments 
(doxorubicine), cellules (hémoglobine), 
l'insuline et  herbicides 
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2.9. Capsules d’alginate à cœur liquide 

Nous présentons dans cette partie les procédés relativement récents de préparation de capsules 

d’alginate à cœur liquide à différentes échelles (de l’échelle nano- à millimétrique). 

 

2.9.1. Nano-capsules d’alginate 

Une des méthodes les plus couramment utilisées pour la formation des nanocapsules est le dépôt 

de polymère à  l'interface d'une goutte d’émulsion suivi de l’élimination du solvant. Une fois la 

couche de polymère déposée à l’interface, la membrane est stabilisée par réticulation 

intermoléculaire covalente ou physique (Paques, van der Linden, van Rijn, & Sagis, 2014).  

Des nanocapsules d’alginate préparées par cette méthode ont été utilisées avec succès pour 

encapsuler différents principes actifs tels que la testostérone, des dérivés d'acyl ayant une 

activité anti-tumorale ainsi que de l’huile essentielle. 

 

La préparation de ce type de système est schématisée dans la figure λ. Tout d’abord, le principe 

actif est solubilisé ou dispersé dans un solvant organique. Le mélange est ensuite lentement 

ajouté dans une solution aqueuse d'alginate contenant un agent tensio-actif (Tween-80). Par la 

suite, une émulsion huile-dans-eau (H/E) est réalisée par sonication (Fig. 9b). Du chlorure de 

calcium est ensuite ajouté lentement à l'émulsion pour former et stabiliser la membrane de 

nanoparticules (Fig. 9c). Enfin, la suspension aqueuse de nanocapsules est laissée au repos 

pendant un certain temps avant l'élimination du solvant (Fig. 9d) (Paques et al., 2014). 
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Figure 9. Représentation schématique de la formation de nanocapsules d’alginate. Solution 

d'alginate (a). Incorporation de la phase d'huile contenant le principe actif dissout dans la 

solution d'alginate (b). Addition de CaCl2 et formation de la membrane d'alginate à 

l'interface des gouttelettes d'huile (c). Elimination du solvant, lavage et dispersion des 

nanocapsules (d) (Paques et al., 2014). 

 

2.9.2. Microcapsules d’alginate 

2.9.2.1. La polymérisation multicouches (LbL assembly) 

La technique de polymérisation multicouches par le dépôt séquentiel de polymères de charges 

opposées pour fabriquer des films a été rapportée la première fois par Iler, il y a presque 50 

ans (Iler, 1966).  A partir des années λ0, cette technique s’est largement développée grâce aux 

travaux pionniers de Decher et Hong (Gero Decher & Hong, 1991)(G. Decher & Hong, 

1991)(GHJD Decher, Hong, & Schmitt, 1992) (Hong, Lowack, Schmitt, & Decher, 1993). 

Cette approche a été par la suite appliquée pour la préparation de microcapsules notamment 

grâce aux travaux de  Möhwald et Caruso (Caruso, Caruso, & Möhwald, 1998) (Caruso, 

Caruso, & Möhwald, 1999) (Donath, Sukhorukov, Caruso, Davis, & Möhwald, 1998).  

Les microcapsules obtenues par polymérisation multicouches sont préparées par dépositions 

consécutives de polymères "complémentaires" à la surface d’une particule colloïdale 

sacrificielle (par exemple: CaCO3) par des interactions électrostatiques, liaisons hydrogènes, 
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interactions hydrophobes…, puis par dissolution de la matrice colloïdale (cœur de la capsules) 

afin de former une capsules à cœur liquide (Figure 10). 

L’alginate a été utilisé en tant que polymère anionique lors de la préparation des microcapsules 

à cœur liquide par polymérisation multicouches en l’alternant avec des polymères cationiques 

d’origine naturelle (chitosane) ou synthétique (poly-L-lysine, polyornithine…) (Sukhorukov et 

al., 2004). 

 

 

Figure 10. Schéma de la formation de capsule par polymérisation multicouches. Des couches 

successives sont déposées à la surface d’un colloïde exposé alternativement à des polymères 

de charges opposées. La matrice du colloïde est ensuite dissoute pour former une capsule à 

cœur liquide (Verma & Hassan, 2013). 

 

Même si cette technique est généralement associée à la formation de microcapsules, elle a été 

également appliquée pour la formation de nanocapsules multicouches composées 

d’alginate/chitosane sur des nanoparticules de polystyrène (1κ0 nm) utilisées comme colloïde 

sacrificiel (Ye, Wang, Liu, & Tong, 2005).  
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2.9.2.2. La microfluidique de gouttes 

D’une manière générale, la microfluidique est définie comme la science qui manipule de petits 

volumes de fluides en utilisant des canaux de la dimension de quelques dizaines de 

micromètres et portant sur les écoulements de fluides simples ou complexes dans des 

microsystèmes artificiels (Whitesides, 2006). 

La microfluidique de gouttes constitue une branche importante de la microfluidique dont 

l’objectif principal est de générer et de manipuler la formation de gouttelettes à partir d’un 

fluide. Ces gouttelettes peuvent ensuite être utilisées pour la synthèse et la fabrication de 

microcapsules polymériques monodisperses (Kim, Utada, Fernández-Nieves, Hu, & Weitz, 

2007) (Shah, Kim, Agresti, Weitz, & Chu, 2008)(Tumarkin & Kumacheva, 2009).  

Cette application a offert donc la possibilité de fabriquer des structures de type cœur-membrane 

à base d’alginate par émulsification double (Figure 11). Le fluide interne contenant les 

composés à encapsuler est émulsifié dans un fluide intermédiaire, et cette première émulsion 

est à nouveau émulsifiée dans un troisième fluide (la phase continue) à cœur huileux (Ren, Ju, 

Xie, & Chu, 2010).  
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Figure 11. Préparation de microcapsules par microfluidique. Illustration schématique du 

dispositif microfluidique capillaire (a), photo de la double émulsion H/E/H (b) et structure 

des capsules à cœur d’huile (Ren et al., 2010). 

 

 

2.9.2.3. Emulsification stabilisée par des nanoparticules-gélification «pickering emulsion- 

gelation» 

Une méthode originale basée sur la gélification à l’interface d’une émulsion stabilisée par des 

nanoparticules solide de CaCO3 (Pickering emulsion) a été récemment développée. L’intérêt de 

cette méthode est l’absence d’utilisation d’équipement spécifique pour la formation des 

microcapsules (Leong, Tey, Tan, & Chan, 2015).  

Les étapes de préparation sont schématisées dans la figure 12. Tout d’abord, la phase huileuse 

est émulsionnée dans une solution aqueuse contenant une dispersion de nanoparticules de 

CaCO3 (a), les nanoparticules sont ensuite absorbées à l'interface, puis l’alginate est introduit 

dans la phase aqueuse avant que les nanoparticules de CaCO3 ne soient dissoutes à l'interface 
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par diminution du pH pour libérer les cations Ca2+ (c), et permettre donc la gélification de 

l’alginate à l'interface H / E et la  formation des microcapsules à cœur d’huile. 

 

 

Figure 12. Etapes de préparation de microcapsules d’alginate par émulsification et 

gélification à l’interface (Leong et al., 2015). 

 

2.9.2.4. Association : Buse vibrante-potentiel électrostatique  

La technologie de buse vibrante  est basée sur le principe selon lequel un écoulement laminaire 

à jet de liquide est coupé en gouttelettes de taille égale par une vibration superposée. La 

fréquence de vibration détermine la quantité produite de gouttelettes. En association avec un 

potentiel électrostatique à la sortie de la buse, le jet est  dispersé. L’utilisation d’une buse 

coaxiale  (concentrique) permet donc la co-extrusion et la stabilisation physique des  gouttes 

alginate /cœur avant la gélification une fois que les billes entrent dans le bain de CaCl2. Des 

équipements industriels ont été conçus en combinant buse vibrante – potentiel électrostatique. 

Au cours de cette thèse une partie des travaux a été menée en utilisant un encapsulator Buchi 

B-395 Pro (Figure.13). 
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Figure 13. Principe de l’encapsulator BUCHI B-395 Pro(a) et photo du Jet à la sortie de la 

buse coaxiale. 

 

2.9.3. Capsules millimétriques d’alginate  

Les capsules millimétriques à cœur liquide présentant une membrane d’hydrogel d’alginate de 

calcium ont un large éventail d'applications allant de la biotechnologie à la gastronomie 

moléculaire (Alessandri et al., 2013) (Fu et al., 2014). 

En ce qui concerne le procédé de fabrication, il existe trois principales approches qui sont la 

coextrusion et electro-coextrusion, la polymérisation multicouches et la sphérification inverse 

qui est le procédé utilisé au cours de cette thèse et procédé de base dans la fabrication des perles 

gastronomiques ‘Cookal’. 

 

2.9.3.1. Coextrusion et electro-coextrusion 

La première est basée sur des dispositifs de millifluidique ou minifluidique , par co-extrusion 

ou par électro co-extrusion du cœur de la capsules (mélange interne) et de la solution d’alginate 

(solution périphérique) dans un bain de CaCl2 pour former les capsules d'alginate (Figure 14) 

(Bremond et al., 2010) (Phawaphuthanon, Behnam, Koo, Pan, & Chung, 2014) (Rolland et al., 

2014). 
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L’épaisseur de la membrane est contrôlée en changeant le rapport entre les débits des solutions 

interne et périphérique (Bremond et al., 2010). 

 

 

Figure 14. Principe de l’éléctro-coextrusion (a) et de la coextrusion (b). Adaptée de 

(Bremond et al., 2010) (Phawaphuthanon et al., 2014). 

 

2.9.3.2. Polymérisation multicouches 

La seconde méthode est basée sur la formation de billes d'alginate par simple extrusion goutte 

à goutte d’une solution d’alginate dans un bain de CaCl2. Les hydrogels sphériques d’alginate 

sont ensuite enrobés par l’ajout d’une couche de polymère cationique ou de plusieurs couches 

de revêtement en alternant l’alginate avec un polymère de charge opposée de type chitosane ou 

Poly-L-lysine. L’opération d’enrobage peut être répétée jusqu’à l’obtention du nombre de 

couches souhaité (Breguet, Gugerli, Pernetti, von Stockar, & Marison, 2005) (Correia, Sher, 

Reis, & Mano, 2013). 

Enfin, le cœur d’alginate est dissout par  incubation des capsules dans une solution d’agent 

chélatant (citrate de sodium, EDTA). La figure 15 illustre les différentes étapes de fabrication 

de capsule d’alginate à cœur liquide par polymérisation multicouches. 
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Figure 15. Etapes de préparation de capsules d’alginate à cœur liquide par polymérisation 

multicouches. 

 

2.9.3.3. Gélification inverse 

Pour la dernière approche, les gouttelettes de CaCl2 contenant la molécule active sont injectées 

goutte à goutte dans un bain d'alginate de sodium, une membrane d’alginate se forme 

instantanément  lorsque les deux solutions entrent en contact, après un certain temps de séjour, 

les capsules partiellement gélifiées sont transférées dans une solution de CaCl2 pour terminer 

le processus de réticulation (Figure 16).  

L’épaisseur de la membrane dépend de la concentration en alginate de sodium et du temps de 

séjour dans la solution de polymère. A la sortie du bain de gélification, les capsules doivent être 

rincées afin d’éviter l’agrégation des capsules par gélification externe (Blandino, Macías, & 

Cantero, 1999).  
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Figure 16. Principe de l’encapsulation par sphérification inverse (Martins, Renard, Davy, 

Marquis, & Poncelet, 2015).  

 

Dans ce procédé, généralement un agent épaississant doit être ajouté à la solution de CaCl2 afin 

d'assurer la forme sphérique des capsules et éviter leur déformation par le cisaillement de la 

solution d’alginate (agitation) (Nigam, Tsao, Sakoda, & Wang, 1988) (Ana Blandino et al., 

1999) (J. K. Park & Chang, 2000). 

Cette technique d’encapsulation a été employée au cours de cette thèse pour la préparation des 

perles gastronomiques ‘Cookal’ (Figure 17). 
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Figure 17. Exemple de perles gastronomiques Cookal à base de vinaigre balsamique. 

 

 

 

 

3. Capsules millimétriques intelligentes à base d’alginate 

Les fonctions principales des capsules sont l'encapsulation, le transport et la libération contrôlée 

du contenu de la capsule dans l'environnement externe (Hu, Tsai, Liao, Liu, & Chen, 2008a). 

La fonctionnalité des capsules d'alginate dépend considérablement de leur perméabilité et 

stabilité mécanique et chimique (Chang, 2005).  

Différents types de capsules intelligentes à cœur liquide avec une membrane d’alginate associé 

à d’autres types de polymères ont été développées. 

 

Des capsules pH-sensibles ont été préparées après un enrobage des capsules d’alginate à cœur 

liquide avec une couche de silice et greffage d’acide polyméthacrylique à la surface des 

capsules. Lorsque le pH de l'environnement est inférieur à la valeur de pKa du PMAA, les 

groupements PMAA greffés se contractent à la surface de la membrane ce qui réduit sa 

perméabilité. En revanche, lorsque le pH est supérieur au pKa du PMAA,  les groupements 

greffés gonflent ce qui augmente la perméabilité de la membrane (Mei, Xie, Yang, Ju, Wang, 

Wang, et al., 2013)(Mei, Xie, Yang, Ju, Wang, Zhang, et al., 2013). 
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Des capsules thermosensibles ont également été développées par incorporation de microgels de 

poly(N-isopropylacrylamide) (PNIPAAm) au niveau de la membrane des capsules préparées 

par un procédé de coextrusion millifluidique. Le PNIPAAm est le polymère thermosensible le 

plus utilisé puisqu’il présente une transition de phase dans l’eau à 3ζ°C, proche de la 

température corporelle. La thermo-sensibilité des capsules dépend de la quantité incorporée de 

microgels de PNIPAAm et de la masse moléculaire de la molécule encapsulée (Wang et al., 

2011).  

  

Des capsules d’alginate avec des propriétés magnétiques ont été développées en incorporant 

des nanoparticules magnétiques au niveau du cœur liquide ou dans la membrane des capsules. 

Ces systèmes magnéto-sensibles ont une large gamme d'applications potentielles, y compris 

comme commutateurs ou capteurs, ou pour des applications nécessitant une libération contrôlée 

de leur contenu (délivrance de médicaments) (Degen, Zwar, Schulz, & Rehage, 2015).  

 

4. Conclusion 

Dans ce chapitre les techniques d’encapsulation et des exemples de microcapsules 

‘intelligentes’ répondant à différents types de stimuli chimiques, physiques ou biologiques sont 

présentés. Suivi d’une présentation détaillée de la structure chimique, des propriétés et des 

mécanismes de gélification de l’alginate qui est le polymère utilisé dans les différents travaux 

d’encapsulation au cours de cette thèse.  Enfin, les différentes techniques de préparation des 

capsules d’alginate à cœur liquide à différentes échelles ont été détaillées. 
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Chapitre II:  

Influence de l’agent épaississant sur les propriétés 

physicochimiques des capsules d’alginate à cœur 

liquide 

 

G. Ben Messaoud, L. Sánchez-González, L. Probst, S. Desobry. Influence of 
internal composition on physicochemical properties of alginate aqueous-core 

capsules. Journal of Colloid and Interface Science 
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Comme détaillé dans le premier chapitre, les capsules millimétriques d’hydrogel d’alginate à 

cœur liquide peuvent être préparées par trois méthodes différentes (sphérification inverse, co-

extrusion et polymérisation multicouches). Dans ce travail les capsules sont préparées par 

sphérification inverse qui consiste en une extrusion goutte à goutte d’un mélange contenant du 

chlorure de calcium dans un bain de gélification à base d’alginate. Généralement un agent 

épaississant doit être ajouté à la solution de CaCl2 afin de garantir la formation de capsules 

sphériques et de limiter leur déformation par le cisaillement dans le bain de gélification.  

Dans des études antérieures, plusieurs polymères ont été utilisés pour ajuster la viscosité de la 

solution de chlorure de calcium. Cependant le choix de l’agent épaississant utilisé pour moduler 

la viscosité de la solution de CaCl2 a rarement été discuté. 

Dans ce chapitre, on s’est donc naturellement intéressé à l’étude de l’impact de la composition 

du cœur liquide et plus précisément du polymère utilisé pour ajuster la viscosité de la solution 

de CaCl2 sur la perméabilité et la stabilité mécanique de la membrane d’alginate. Pour faciliter 

l’étude, on a sélectionné trois polymères de charges différentes (anionique, cationique et 

neutre). Les propriétés mécaniques des capsules et plus précisément de la membrane (module 

de Young surfacique) ont été évaluées par compression et ont été corrélées avec les propriétés 

viscoélastiques d’hydrogels plans d’alginate obtenues par rhéologie oscillatoire aux faibles 

amplitudes. Puisque la sphérification inverse est une gélification très rapide par diffusion des 

ions calcium de la goutte vers la solution d’alginate au contact des deux solutions, il est donc 

difficile de simuler la formation d’hydrogels plans dans les mêmes conditions de gélification 

que les capsules. Trois méthodes de gélification ont été testées et les hydrogels obtenus ont été  

caractérisés et comparés aux membranes des capsules d’alginate. La perméabilité de la 

membrane a été évaluée par suivi de la diffusion de la rouge cochenille, riboflavine et  albumine 

sérique bovine (BSA) du cœur des capsules vers le milieu externe. 
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Abstract 

Hypothesis 

To enhance physicochemical properties of alginate aqueous-core capsules, conventional 

strategies were focused in literature on designing composite and coated capsules. In the present 

study, own effect of liquid-core composition on mechanical and release properties was 

investigated.  

Experiments 

Capsules were prepared by dripping a CaCl2 solution into an alginate gelling solution. Viscosity 

of CaCl2 solution was adjusted by adding cationic, anionic and non-ionic naturally derived 

polymers, respectively chitosan, xanthan gum and guar gum. In parallel, uniform alginate 

hydrogels were prepared by different methods (pouring, in situ forming and mixing).  

Mechanical stability of capsules and plane hydrogels were respectively evaluated by 

compression experiments and small amplitude oscillatory shear rheology and then correlated. 

mailto:ghazi.ben-messaoud@univ-lorraine.fr
mailto:laura.sanchez-gonzalez@univ-lorraine.fr
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Capsules permeability was evaluated by monitoring diffusion of encapsulated cochineal dye, 

riboflavin and BSA. The core-shell interactions were investigated by ATR-FTIR. 

Findings 

Results showed that inner polymer had an impact on membrane stability and could act as an 

internal coating or provide mechanical reinforcement. Mechanical properties of alginate 

capsules were in a good agreement with rheological behavior of plane hydrogels. Release 

behavior of the entrapped molecules changed considerably.  

This study demonstrated the importance of aqueous-core composition, and gave new insights 

for possible adjusting of microcapsules physicochemical properties by modulating core-shell 

interactions.  

Keywords: Chitosan; Xanthan gum; Guar gum; Mechanical stability; Rheological 

characterization; Release behavior. 

 

1. Introduction 

Polysaccharide-based capsules are of widespread importance in the encapsulation field 

(Kosaraju, 2005) (Madene, Jacquot, Scher, & Desobry, 2006). Their main functions are the 

successful encapsulation, transportation and controlled release of the capsule content to the 

external environment (Hu, Tsai, Liao, Liu, & Chen, 2008).  

Among natural polysaccharides, sodium alginate is widely used. It is a water soluble anionic 

polysaccharide, mainly found in the cell walls of brown algae and can be isolated from the 

bacteria Pseudomonas and Azotobacter (Sabra, Zeng, & Deckwer, 2001). This natural polymer 

possesses several attractive properties such as good biocompatibility, wide availability, low 

cost, and simple gelling procedure under mild conditions (Shilpa, Agrawal, & Ray, 2003). 

Alginate is a co-polymer which consists of alternating β-D mannuronic acid (M) and α-L 

guluronic acid (G) linked in (1-4). These uronic acids units are distributed along the alginate 
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chain in a pattern of blocks: homopolymeric sequences containing only mannuronic acid units 

(M Blocks) and guluronic (G blocks) and heteropolymeric blocks containing both mannuronic 

and guluronic units (MG blocks) (Shilpa et al., 2003). Physical properties of sodium alginate 

are dependent of M/G ratio, sequence and molecular weight (Pawar & Edgar, 2012). The 

gelation mechanism is driven by the interactions between G-blocks which associate to form 

firmly held junctions due to divalent cations. In addition to G-blocks, MG blocks also 

participate, forming weaker junctions (Pawar & Edgar, 2012). The alginate hydrogel’s cross-

links involve electrostatic, hydrogen interactions van der Waals forces (Braccini & Pérez, 

2001). 

The millimeter-scale alginate liquid aqueous-core capsules are widely used for a large range of 

applications from biotechnology to molecular gastronomy (Alessandri et al., 2013) (Fu et al., 

2014) (Smidsrød & Skjåk-Braek, 1990).  

Concerning the manufacturing process, there are three main approaches for preparation of 

alginate liquid-core capsules of millimeter-scale size.  The first one is based on milli-fluidic 

devices, by co-extrusion and electro co-extrusion of the inner core and Na-alginate drops into 

a CaCl2 bath to form the alginate capsules, of which the membrane thicknesses is regulated by 

changing the ratio between the flow rates of the inner and outer solutions (Bremond, Santanach-

Carreras, Chu, & Bibette, 2010) (Rolland, Santanach-Carreras, Delmas, Bibette, & Bremond, 

2014) (Phawaphuthanon, Behnam, Koo, Pan, & Chung, 2014). The second method is based on 

the formation of alginate beads hydrogel followed by coating with oppositely charged polymers 

and finally by alginate core removal using a chelating agent (Sato, Hoshina, & Anzai, 2011) 

(Correia, Sher, Reis, & Mano, 2013) (Taqieddin & Amiji, 2004). For the last approach, the 

CaCl2 droplets containing the active molecule is dropped into a sodium alginate bath to form 

the inner side of the membrane, and then the partially gelled capsules are transferred into a 

CaCl2 solution to complete the reticulation process (Blandino, Macías, & Cantero, 1999). 



    
 

64 

 

In this method, generally a thickening agent must be added to the CaCl2 solution in order to 

ensure the spherical shape and to prevent capsule shear deformation (Blandino et al., 1999). In 

previous studies, capsules with various core saccharides like sucrose (Nussinovitch, Gershon, 

& Nussinovitch, 1996) (Zhang & Salsac, 2012), xanthan gum (Cheong, Park, Kim, & Chang, 

1993), dextran (Nigam, Tsao, Sakoda, & Wang, 1988), carboxymethyl cellulose (Blandino et 

al., 1999) (Nussinovitch et al., 1996) (Patel, Pusch, Mix-Wagner, & Vorlop, 2000), guar gum 

(Nussinovitch et al., 1996), polyethylene glycol (Koyama & Seki, 2004a) and glycerol (Ben 

Messaoud, Sánchez-González, Jacquot, Probst, & Desobry, 2015) (Leick, Kemper, & Rehage, 

2011) were developed.  

In the present work three thickening agents (anionic, cationic, and neutral biopolymers, 

respectively) were chosen:  xanthan gum (XG), chitosan (CS) and guar gum (GG).  XG is an 

extracellular anionic polysaccharide secreted by the microorganism Xanthomonas campestris. 

It is a complex polysaccharide consisting of a primary chain of β-D-(1,4)-glucose backbone, 

which has a branching trisaccharide side chain comprised of β-D-(1,2)-mannose, attached to β-

D-(1,4)-glucuronic acid, and terminates in a β-D-mannose (Elçin, 1995).  

CS is a cationic polysaccharide composed essentially by β-(1–4) linked glucosamine units 

together with some proportion of N-acetyl glucosamine units. It is obtained by extensive 

deacetylation of chitin; a polysaccharide widely spread in nature (Pillai, Paul, & Sharma, 2009).  

GG is derived from the ground endosperm of guar seeds (Cyamopsis tetragonoloba). This non-

ionic polysaccharide has a backbone built up by D-mannopyranosyl residues linked β-(1–4) and 

usually bearing, in different extent, side chains of single galactopyranosyl units linked α-(1–6) 

(Heyman, De Vos, Van der Meeren, & Dewettinck, 2014). 

For core-shell structures, the core composition could play an important role on the final 

physicochemical properties of capsules, for example mechanical stability could be affected by 
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core swelling [12]. Guest molecules could be also incorporated in capsules core to interact 

with the encapsulated active molecule and to control its loading or release (Shen et al., 2013).  

At the nanoscale, core composition could impact significantly the mechanical properties of 

core-shell spheres (Still et al., 2008).  

In the best of our knowledge, there is no information about the influence of aqueous-core 

composition on final physicochemical properties of the alginate liquid-core capsules. Studies, 

in which the thickening agent choice was justified, focused on the thickener diffusion after 

capsules preparation (Koyama & Seki, 2004b) or on control of capsule content viscosity to 

obtain a low viscous core (Zhang & Salsac, 2012) or to facilitate microorganisms’ proliferation 

(Koyama & Seki, 2004a). 

The aim of this work was to study the influence of the thickening agent on the physicochemical 

properties of alginate liquid-core capsules and to correlate them to plane hydrogels prepared by 

three gelation approaches. The density of alginate capsules were modulated by anionic XG, 

non-ionic GG and cationic CS. The mechanical properties of capsules membrane as well as 

permeability to three model molecules were studied.  

 

2. Materials and methods 

2.1. Materials 

Sodium alginate (SA) from brown algae with a typical M/G ratio around 1.6 was purchased 

from Sigma Aldrich (Chemie, Steinheim, Germany). The average viscosity molecular weight 

of alginate was calculated using the Mark–Houwink–Sakurada correlationμ [�] = ����. By 

measuring the zero-shear viscosity using a rotational rheometer (kinexus pro, Malvern 

Instruments, τrsay, France) equipped with a cone-and-plate (η0 mm, 2°) geometry. The specific 

viscosity and subsequently the intrinsic viscosity [ ] can be achieved. The calculated intrinsic 
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viscosity founds a value of ζ.73 dL / g and thus an average molecular weight Mv of 1.6λ 10η 

was obtained (Thu et al., 1λλ6). 

Chitosan (CS) from shrimp shells (viscosity 0.02-0.3 Pa.s, 1 % wt in acetic acid at 20 °C, 

Deacetylation > 7η %), xanthan gum (XG) from Xanthomonas campestris, guar gum (GG), 

Albumin from Bovine Serum BSA (Mw ≈ 66 KDa), new cochineal red dye (Mw = 60ζ.ζ6 g / 

mol), riboflavin (Mw = 376.36 g/mol) and D-(+)-Gluconic acid δ-lactone (GDL) were purchased 

from Sigma Aldrich (Chemie, Steinheim, Germany). Calcium chloride dihydrate and calcium 

carbonate were obtained from VWR (International, Leuven, Belgium), acetic acid λλ-100 % 

from Chem-lab σV (Zedelgem, Belgium) and tri-sodium citrate from Fisher scientific 

(Leicestershire, United Kingdom). 

For alginate-FITC derivative synthesis, fluorescein isothiocyanate (FITC, isomer I), σ-(3 

dimethylaminopropyl)-σ -ethylcarbodiimidehydrochloride(EDC),σ hydroxysulfosuccinimide 

sodium salt (σHSS) and 1, 6-diaminohexane were purchased from Sigma-Aldrich (Chemie, 

Steinheim, Germany).  

2.2. Solutions preparation and characterization 

The cationic solution was prepared by dissolving 1 g of calcium chloride in κ0 mL of 0.1 % vt 

acetic acid solution. Then XG, CS and GG powders were dispersed in stirred CaCl2 for 

modulating viscosity to ensure the spherical shape of capsules and prevent their deformation by 

shear stress resulting from the stirring of alginate solution. The final pH was adjusted to η by 

adding some σaτH droplet to prevent alginate precipitation during the subsequent 

encapsulation step. The final solution volume was adjusted to 100 mL and the final 

concentrations of XG, CS and GG were 0.3η, 1.2 and 1 % wt, respectively. 

These concentrations were selected in order to obtain the same viscosity during the extrusion 

step as detailed in supplementary information (Fig 1 and table 1). 
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The shear viscosity of the thickening agent solutions was studied with a dynamic rotational 

rheometer Malvern Kinexus (Malvern Instruments, τrsay, France) equipped with a cone–and-

plate (η0 mm, 2°) in the shear rate range from 10-2 to 103 s-1. All measures were triplicated at 

20 °C. 

The used thickener solutions in this work are non-Newtonian fluids which could affect the 

droplet size during the encapsulation step. In fact, the shear rate encountered during extrusion 

through a syringe is related to the radius, r, of the needle’s orifice and the volumetric flow rate, 

Q, by the following expression (eq.2):  

 �̇  = � + �  

(2) 

Where n is the power law index (eq.3) σ = � �̇� 

(3) 

Where  is the shear stress, k is the consistency index,  �̇ is the shear rate, and n is the flow 

behavior index.  

By measuring the volumetric flow rate and the internal radius of the orifice, the shear rate at 

the outlet of the syringe is approximately of 2 s-1. 
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Figure 1. Flow curves of the thickening agent solutions. Shear viscosity evolution with shear 

rate (a) and shear rate vs shear stress. The solids lines are the fit to power law model (b). 

The flow curves of the thickening agent solutions are plotted in Figure.2b, the solid lines 

represents the fits to the power law model. Results of power law model fits are reported in Table 

1. The n and k values ranged from 0.325 to 0.655 and from 1.14 to 2.8, respectively.   
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Table 1. Rheological properties of the different thickening agent solutions. Mean values and 
standard deviation 
Thickening agent Consistency index 

K (Pa.s) 
Flow behavior index 
n 

Correlation 
factor R2 

GG 2.85 ± 0.13a 0.427 (0.007)a 0.994 

XG 1.14 (0.03)b 0.325 (0.005)b 0.995 

CS 1.00 (0.04)c 0.655 (0.006)c 0.999 
a, b,c Different letters in the same column indicate significant differences among thickening agents (p<0.05) 

 

2.3. Alginate systems preparation 

2.3.1. Capsules  

Alginate aqueous-core capsules were prepared according to Blandino et al. (1λλλ) by extrusion, 

using a simple one-step process.  

The CaCl2 solutions were extruded dropwise through a syringe equipped with a needle (outer 

diameter, 0.9 mm)with a flow rate of 2 mL / min using a peristaltic pump into 200 mL SA 

solution (0.5 % wt SA) stirred at 300 rpm to prevent droplets sticking together and decrease 

external mass transfer resistance. A dropping height of 5 cm was used to ensure the formation 

of spherical capsules. 

As a result, a calcium alginate (CA) membrane surrounds the droplets and liquid core capsules 

are formed as soon as the two liquids came into contact. After a gelation time of 10 minutes, 

the capsules were filtered and rinsed with distilled water to wash out excess SA around the 

capsules and avoid external gelation. Then capsules were transferred into 1 % wt CaCl2 pH η 

solutions for 30 minutes to stabilize gel membranes and complete reticulation process. 

2.3.2. Alginate hydrogels  

In order to investigate the influence of the thickening agent (CS, GG and XG) on 

physicochemical properties, plane calcium alginate gels were prepared using three different 

methods. 

Poured hydrogels 
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The plane gels were formed by adding 5 mL of 0.5 % wt alginate solution into a plastic petri 

dish. For initiating the gelation, 6 mL of CaCl2 1 % wt with the desired thickening agent was 

carefully poured over alginate solution. Finally, the obtained hydrogels were stored in CaCl2 

solutions (pH 5, 1 % wt) to complete the reticulation process. 

In situ hydrogels 

CaCO3 powder was dispersed in the stirred alginate solutions (0.5 % wt) and then sonicated for 

5 min to decrease the particle size at a nominal frequency of 40 kHz at 40% of full power 

(Sonicator Vibra cell 75115, 500 watt, Bioblock Scientific Co). An appropriate amount of GDL 

powder was added under gentle stirring and alginate solutions were poured into petri dishs and 

samples were allowed to stand, with gelation taking place over night. The molar ratio of CaCO3/ 

GDL was maintained at 0.5 in order to obtain a final pH of 7 (Kuo & Ma, 2001). The plane 

hydrogels were then incubated in the different thickening agent solutions (pH 5) for one day 

and finally were washed several times with CaCl2 (pH5, 1 % wt) before the rheological 

characterization. 

Mixed hydrogels 

To prepare mixed hydrogels, SA solution (0.5 % wt) was mixed with the thickening agent 

solution CaCl2 1 % wt and vortexed during 1 min and then transferred in a petri dish. The 

obtained hydrogels were stored in CaCl2 solution (pH 5, 1 % wt) to complete the reticulation 

process. 

2.4. Capsules characterizations 

2.4.1. Measurements of capsule dimensions 

For capsules fluorescence imaging, alginate-FITC derivative was synthetized according to Zhu 

et al., (200η). Briefly, 120 mg of SA was mixed with EDC/σHSS (η0 mg/30 mg) for the 

activation of carbonyl groups on alginate in pH η.0 sodium acetic buffer for 30 min, followed 

by addition of 60 mg 1, 6-diaminohexane for another ζ h. The mixture was precipitated in 2-
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propanol to remove unreacted diamine. The alginate-amine derivative was reacted with FITC 

(0.η mg) in pH κ.η sodium bicarbonate solution for ζ h and precipitated in acetone. Finally, the 

obtained alginate-FITC derivative was mixed with unlabeled SA solution (Zhu, Srivastava, & 

McShane, 200η). 

The capsules dimensions were then performed under an optical microscope (τlympus AX70, 

Japan) equipped with fluorescence imaging and with a camera (τlympus DP70). The images 

were captured using Dp controller software (version 2.1.1).  Fluorescence images were 

visualized using an FITC filter. Shell thickness and capsules diameter were hence calculated 

using image J software (σational Institutes of Health, Bethesda, Mayland, USA). The data for 

one experimental condition were calculated from values taken from 20 capsules. 

2.4.2. Mechanical stability  

To investigate mechanical stability of calcium alginate capsules filled with different thickening 

agents, individual capsules were compressed between two parallel plates. A rotational 

rheometer Malvern Kinexus (Malvern Instruments, τrsay, France) with a plate-and-plate (20 

mm) geometry was used.  A force gap test was used to compress the capsules from ζ mm to 

0.0η mm with a linear compression speed of 10 µm / s (Leick, Kott, et al., 2011). The gap and 

the normal force being imposed were measured simultaneously at the upper plate. At least five 

replicates were considered for each type of capsule.  

2.4.3. Solutes release 

To investigate the permeability of the capsules, cochineal red dye, riboflavin and BSA were 

solubilized in the thickening agent solutions before the encapsulation step.  The freshly prepared 

capsules were placed at 20 °C into 20 mL of water. At scheduled time intervals, the amount of 

released cochineal red, riboflavin and BSA was determined from solution absorbance at 500, 

440 and 280 nm wavelength using a Uv-vis spectrophotometer Pharmacia Biotech Ultrospec 

4000 (Richmond Scientific Ltd, Lancashire, U.K). To determine the total mass initially 



    
 

72 

 

encapsulated at the end of each experiment, 1 mL of tri-sodium citrate solution (1 M) was added 

to dissolve gel membrane by calcium chelation (Smidsrød & Skjåk-Braek, 1990). 

2.4.4. FTIR spectra 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of air dried CA 

capsules were acquired using a Tensor 27 mid-FTIR Bruker spectrometer (Bruker, Karlsruhe, 

Germany) equipped with an ATR accessory (128 scans, 4 cm-1 resolution, wavenumber range 

: 4000 - 400 cm-1) and a DTGS detector. Spectral manipulations were performed using OPUS 

software (Bruker, Karlsruhe, Germany). Raw absorbance spectra were smoothed using a nine 

points smoothing function. Elastic baseline correction using 200 points and H2O/CO2 correction 

were then applied. Then, spectra were centered and normalized.  

2.5. Hydrogels characterization 

The prepared gels were characterized by dynamic rheology measurements with a plate-and-

plate geometry (20 mm) at 25 °C. First, an amplitude sweep was conducted by changing the 

shear strain from 0.001 to 100 % to determine the linear viscoelastic region. On the basis of this 

test, a value of 0.1 % strain within the linear regime was then used in the subsequent frequency 

sweep with the change of frequency between 0.02 and 10 Hz. Three replicates were considered 

for each type of hydrogel. 

2.6. Statistical analysis 

Results were analyzed by analysis of variance (ANOVA) with 95 % significance level using 

SigmaPlot software (SigmaPlot Version 11.0, Systat Software Inc., San Jose, CA, USA). 

3. Results and Discussion 

3.1. Capsules dimensions  

Microscopic observation led to determine the average diameter and membrane thickness of 

alginate capsules filled with the different polymers (Fig.2).  
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Figure 2. Microscopic images of alginate aqueous-core capsules. Fluorescence image of CA-

GG capsules (a), fluorescence image of CA-CS membrane (b) and optical images of CA 

membrane obtained with the different thickening agents (c). 

The average diameter of alginate capsules range from 3.6 to 3.λ mm and average thicknesses 

were 1ζ2, 327 and ζ3ζ µm for CA-CS, CA-GG and CA-XG, respectively (Table 2). 

Table 2. Diameter (d) and membrane thickness (h) of alginate capsules filled with the different 
thickening agents. Mean values and standard deviation 
 
Thickening agent Average diameter (mm) Membrane thickness (µm) 
GG 3.64 (0.1)a 327 (10)a 

XG 3.57 (0.1)a 434 (21)b 

CS 3.9 (0.1)b 142 (16)c 
a, b,c Different letters in the same column indicate significant differences among thickening agents (p<0.05) 

 

The dimension of the capsules depends mainly on the droplet size before getting into contact 

with alginate solution. Generally, capsules size is predicted by the Tate’s law, which estimates 

a

b

c
CS

XG

GG
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the equilibrium between gravitational force pulling drop down and surface tension force holding 

drop outlet the needle tip at the moment of drop detachment (Chan, Lee, Ravindra, & Poncelet, 

200λ). In the other hand, the needle size is the most important factor (τng, Lee, Radzi, Zakaria, 

& Chan, 201η).  

σo significant differences were observed in terms of CA-XG and CA-GG capsules diameters. 

However, it can be noted that the diameter of these capsules was significantly lower than CA-

CS ones. In fact chitosan is a polycation and as soon as the two liquid entered into contact, a 

polyelectrolyte membrane is formed (τng et al., 201η).  

The membrane thickness measurements showed significant differences and suggested that 

alginate capsules membrane did not only depend only on crosslinking time, concentration of 

SA and calcium chloride but also on gelation kinetic influenced by core composition and 

diffusion behavior of calcium cations from the droplet through the alginate membrane during 

gelation.  

3.2. Capsules mechanical stability 

Alginate capsules are sensitive to deformations that may lead to their rupture or to undesirable 

early release of their contents. Macrocapsules can be investigated in a dynamic rotational 

rheometer thanks to its sensitive vertical testing capabilities.  

Typical results of such measurements are summarized in Fig.3a in terms of force–displacement 

curves. The Fig.3b shows the magnification of data used for linear regression and surface 

Young’s modulus calculation.  
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Figure 3. Typical force-displacement curves of alginate aqueous-core capsules filled with the 

different thickening agents (a) and magnification of data used for linear regression and 

surface Young’s modulus calculation 

The compression curves showed the same force-displacement behavior for all CA capsules 

types.  The earlier increase of the compression curves of the CA-XG capsules can be related to 

the fact that these capsules are smaller in their diameter (3.57 mm) and therefore smaller 

displacements lead to higher deformations. The magnification of the data at small 

displacements showed that a higher external force was necessary to obtain the same 

compression for capsules filled with CS than capsules filled with XG and GG.  

In fact, surface Young’s modulus (ES), which is the measure of alginate capsule stiffness, is an 

interesting data to quantify mechanical stability.  
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ES was estimated by analyzing the force–displacement curves in the range of small 

deformations and using equation (1)  (Leick, Kott, et al., 2011): 

=  �ℎ√ − � 

(1) 

Where dD denotes capsule displacement, F is the measured force, h is the membrane thickness, 

r is the radius of the capsule and vS the surface Poisson ratio for which a value of 1/3 was 

assumed for alginate hydrogel  [24] (Leick, Henning, Degen, Suter, & Rehage, 2010). 

This model is only valid for small deformations because the inner fluid leaks through the 

membrane pores during compression (Degen, Zwar, Schulz, & Rehage, 201η). 

The surface Young’s modulus of CA capsules is dependent on thickening agent nature. The 

highest value of Young’s modulus was obtained with CS (ζη.1 σ/m) which is approximately 

3.7 and η.η times stronger than CA-XG and CA-GG capsules (12 and 8 N/m, respectively). The 

high stability of CA-CS capsules could be related to a high degree of cross-linking due to the 

reticulation of GG and MG blocks of alginate with Ca2+, and formation of cooperative ionic 

bounds between M residues with the protonated amino groups of CS (Dupuy, Arien, & Minnot, 

1λλζ). In the other hand, CS could act as an internal membrane coating (Daly & Knorr, 1λκκ). 

In fact, even in the absence of calcium salt, capsules could be formed by dripping a chitosan 

solution in an alginate gelling bath (Sankalia, Mashru, Sankalia, & Sutariya, 2007). The 

Young’s modulus of the CA- XG was 1.5 times higher than CA-GG. The better resistance to 

compression of CA-XG could be related to the alginate shell thickness (Table 1), since a thicker 

membrane could lead to stiffer capsules (Rachik, Barthes-Biesel, Carin, & Edwards-Levy, 

2006). 

3.3. Solutes release measurements 

Relative amounts of released cochineal red, riboflavin and BSA versus time elapsed after 

capsules preparation is plotted in Fig 4 
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For cochineal red dye, CA-CS capsules, cochineal red A dye cannot diffuse through the 

polyelectrolyte membrane. This could be explained by potential electrostatic interactions 

between the amino groups of the cationic CS and the sulfonates groups of the negatively 

charged cochineal red A in the aqueous core. CA-XG and SA-GG capsules, the amount of 

released cochineal red A increased rapidly in the first two hours and equilibrium state was 

nearly achieved in a time slot of 120 min. 

For riboflavin, all Ca capsules showed the same release profile, where the amount of release 

vitamin increased rapidly in the first hour and equilibrium was achieved after 80 min. This 

relative lower equilibrium time compared to cochineal red release (120 min) is certainly due to 

lower molecular weight and therefore faster release from the alginate membrane.   

For BSA, the diffusion equilibrium was not achieved for all CA-capsules after 7 hours. The 

relative slow BSA diffusion compared to riboflavin and cochineal red dye is related to its 

molecular weight. No variations were observed between CA-XG and CA-GG diffusion profile 

and released amount of BSA after 7 hours was not significantly different (75 % ± 3 and 71 % 

± 3), respectively.  
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Figure 4. Solutes release from alginate aqueous-core capsules. Mean values and standard 

deviation 

However, CA-CS capsules showed significant protein retention and the amount BSA released 

after 7 hours did not exceed 14 %. This suggested that a densely cross-linked membrane 

structure with very low chain mobility was formed. This retention behavior is explained by the 
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chemical stability of the polyelectrolyte complex between alginate hydrogel and the potential 

internal CS coating layer. Another possible explanation is the potential electrostatic interaction 

between the positively charged CS and negatively charged BSA which has an isoelectric point 

around pH 5 (Boeris, Farruggia, & Picó, 2010). 

From the different release experiments, we can conclude that the diffusion profile of the 

encapsulated molecules could be controlled by the aqueous core composition and potential 

interaction between the active molecules with the guest polymer used to prepare the alginate 

core-shell capsules. 

3.4. Rheology of plane hydrogels 

The membrane formation of alginate aqueous-core capsules during extrusion is a very fast 

microscopic gelation process. In fact, as soon as the two liquids (CaCl2 droplet and alginate 

bath) entered into contact, both calcium ions and the thickening agent diffused from the 

thickening agent solution droplet to the external alginate solution. It’s therefore difficult to 

prepare plane hydrogels which mimes exactly alginate membrane formation. Consequently, to 

study the influence of thickening agents on alginate shell layer, three type of hydrogels were 

prepared by pouring thickening agent mixture onto alginate solution, in situ calcium release 

followed by incubation in the thickening agent solutions or by mixing the two gelling solutions. 

Rheological frequency sweep tests were performed on three-dimensional alginate gel. The 

elastic (G’) and viscous (G’’) moduli of CA hydrogels were investigated by dynamic 

mechanical analyses. The frequency dependence of these moduli was reported on Fig.5.  
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Figure 5. Frequency sweep data for the various prepared hydrogels. The legend for panel 

‘poured hydrogels’ also applies to panels ‘in situ and mixed hydrogels’. 
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As expected, all mechanical spectra showed that G  are higher than G , confirming that the CA 

hydrogels have predominantly elastic rather than viscous character. This criterion distinguishes 

gels from viscous liquids and specifies that the deformation energy is recovered in the elastic 

stretching of chemical bonds (Stendahl, Rao, Guler, & Stupp, 2006). 

For all hydrogels systems, we observed a frequency dependence evolution of G’ and G”. In 

fact, slow increase of storage modulus with frequency indicated the existence of relaxation 

processes which could be induced by reversible entrapped entanglements release or 

intermolecular junctions opening (Leick, Kott, et al., 2011). These junctions resulted from 

coordination of Ca2+ cations to the alginate’s inter-chain cavities made up of guluronate blocks, 

resulting in development of a so-called ‘egg-box’ (Grant, Morris, Rees, Smith, & Thom, 1973).  

For all systems, G’ and G” depended strongly on the presence of CS, XG and GG. Concerning, 

poured and in situ hydrogels, highest G’ and G” were obtained for CA-CS followed by CA-XG 

then CA-GG. However for the mixed gels, CA-XG showed greater stability than CA-CS and 

CA-GG. Thus, the influence of thickening agent is related to the approach used to prepare plane 

gel which plainly demonstrates the importance of gelation conditions on final hydrogel 

mechanical strength.  

For poured and in situ hydrogels, CA-CS system showed the highest range of G’ and G”. This 

behavior was certainly due to a high degree of cross-linking between Ca2+ and protonated amino 

groups of CS in one hand and CA carboxyl groups in the other hand. In general, the elastic 

modulus of an alginate gel depends on the number of cross-links, length and stiffness of the 

chains between cross-links (Stephen & Phillips, 2006). The CA-XG gel showed a higher G’ 

and G” modulus range than CA-GG gel. The difference of stiffness between the two systems 

cannot be related to the number of cross-links because Ca2+ was used at the same concentration. 

So the affinity between the cross linker and the two polymers was the same.  
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For mixed hydrogels, semi-IPNs (inter-Penetrating Networks) are formed by mixing alginate 

and thickening agent solutions and final mechanical stability of the obtained hydrogels is 

modulated by several factors. Indeed, during this type of gelation, the mechanical properties of 

an alginate gel could be enhanced by potential molecular interactions between alginate and the 

thickening agent or alternatively decreased due to thickening agent spatial hindrance during the 

egg-box formation. Moreover, the final gel structure could be influenced by the molecular 

weight and chain stiffness of the thickening agent molecules. The higher stability of CA-XG 

could be explained by potential hydrogen bonding between alginate carboxyl groups and XG 

hydroxyl groups (Pongjanyakul & Puttipipatkhachorn, 2007).  

For CA-CS mixed gel, the mechanical properties could be affected by the competition between 

Ca2+ and NH3+ CS amino groups to bind with COO- alginate groups and consequently the 

decrease of calcium ions activity. In the other hand, ammonium groups are monovalent whereby 

the incorporated charge density is lower than for the divalent calcium ions (Leick, Kemper, et 

al., 2011). 

For a better correlation of CA gels viscoelastic properties with the mechanical stability of CA 

aqueous-core capsules, the surface Young’s moduli of the plane hydrogels were calculated 

according to Leick et al., 2011(Leick, Kott, et al., 2011) (Eq.2): = µ� + ʋ   

(2) 

Where ES and υS were defined in (Eq.3) and µ s is the two dimensional shear modulus which is 

the multiplication of storage moduli (G’) with alginate hydrogel thickness (the used gap in 

rheological experiments). 

The calculated ES are reported in Fig.6 with the obtained from alginate compression 

experiments for comparison purpose.  
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Figure 6. Calculated surface Young moduli ES for the different hydrogels measured with 

capsule compression and frequency sweep rheology. 

In general, the mechanical data obtained from frequency sweep test were in a good agreement 

with the surface Young’s moduli calculated from compression. Even if, the ES values were 

different from the data obtained by compression, however the data were in the same order of 

magnitude expected for CA mixed gel. 

The greater surface Young’s moduli of capsules compared to hydrogels systems could be 

explained by geometric effects, and shell densification. (Best et al., 2013) 

From these observations, we can conclude that hydrogels prepared by in situ gelation followed 

by incubation in the polymer solutions showed mechanical similitudes with the aqueous core 

capsules, and could therefore simulate accurately the gelation condition of the capsules.  

3.5. FTIR spectroscopy 

The FTIR spectra of air dried CA-GG, CA-XG and CA-CS membranes are shown in Fig.7a.  

The Fig.7b showed the magnification of data in the wavenumber range (1700-1300 cm-1). 
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All spectra  displayed two peaks due to the carboxylate group (Cττ-); an antisymmetric stretch 

at 1ηλζ cm-1 and a symmetric stretch at 1ζ13 cm-1 (Sartori, Finch, Ralph, & Gilding, 1λλ7). A 

band between 3000 and 3700 cm-1 (τH stretching) is followed by a small band (3000-2κη0) 

due to CH stretching. The band at 1023 cm-1 is an antisymmetric stretch (C-τ-C) given by the 

guluronics units (Pereira, Sousa, Coelho, Amado, & Ribeiro-Claro, 2003).  

No significant differences were observed between the different CA dried membranes or films, 

were the same band were observed. However from the inset graph, where the FTIR spectra are 

presented with the same baseline, we could observe that CA-CS membrane showed greater 

peaks intensity of the two carbonyl vibrations with no significant change in band position. The 

higher intensity was assigned to the reaction between the carboxylate groups with calcium 

cations and with chitosan amino-groups (Lawrie et al., 2007).  

CA-XG spectra showed a decrease of peak intensity compared to CA-GG and small shifts of 

the carboxylate bands. This observation could be related to potential hydrogen bonding between 

alginate carboxylate groups and XG hydroxyls groups. Pongjanyakul, & Puttipipatkhachorn 

(2007) showed more significant change after XG incorporation into alginate beads which can 

be explained by the difference of the preparation process. In their case, beads were produced 

by mixing XG with alginate before dropping into CaCl2 bath and hydrogen bonding formation 

occurred in dispersion before beads reticulation. However in the current study, alginate capsules 

were prepared by dropping XG-CaCl2 into alginate solution and so, Ca2+ /alginate interactions 

predominated. 
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Figure 7. FTIR spectra of air dried CA-GG, CA-XG and CA-CS capsules membranes (a) and 

magnification of data in the wavenumber range 1700-1300 cm-1 (b). 
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alginate. Capsules mechanical stability was investigated by compression experiments and by 

measuring the resulting normal force. Separately, the mechanical properties of alginate 

hydrogels prepared using three different approaches were investigated by oscillatory shear 

rheology. From the frequency sweep data, the surface Young’s moduli were determined and 

were in a good agreement with the mechanical study and the alginate capsules. The membrane 

permeability studied by monitoring BSA release changed considerably as function of 

thickening agent.  

This study showed the importance of the aqueous-core composition, and gave new insights for 

the possible adjusting of physicochemical properties of macro and micro-capsules by 

modulating core-shell interactions. 
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Chapitre III : 

Contrôle des propriétés physicochimiques des 

capsules d’alginate par incorporation de polymère 

dans la membrane pouvant interagir avec la molécule 

encapsulée 
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caseinate aqueous-core capsules: a pH-responsive matrix. Journal of Colloid and Interface 

Science 440 (2015) 1-8. 
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Dans ce chapitre, l’objectif est de contrôler la diffusion de molécule encapsulée dans les 

capsules à base d’alginate par incorporation dans la membrane de polymère pouvant interagir 

avec la molécule encapsulée dans des conditions environnementales spécifiques (pH) et de 

limiter ainsi sa libération. 

Les propriétés physicochimiques des capsules d’alginate ont été donc ajustées par incorporation 

du caséinate de sodium dans la membrane d’alginate. L’influence de la concentration en 

caséinate de sodium et du pH de préparation a été étudiée. Les capsules composites ont montré 

un renforcement des propriétés mécaniques qui peut être expliqué par des interactions entre les 

groupements carboxyliques du mélange protéique et les cations calcium, mais aussi par les 

interactions électrostatiques entre les groupements carboxyliques de l’alginate et les 

groupements amines du caséinate de sodium. La cinétique de diffusion de la rouge cochenille 

(utilisé comme molécule modèle dans cette étude) a montré  un profil de libération  pH-

dépendant. Cette libération contrôlée est expliquée  par une adsorption membranaire du colorant 

via des interactions électrostatiques entre les groupements sulfonates et amines du caséinate. 

Comme perspective à cette étude, des microsphères (hydrogels sphériques) à base d’alginate et 

de caséinate de sodium ont été développées en utilisant un équipement basé sur une technologie 

de buse vibrante combinée à un potentiel électrostatique. Trois types de systèmes ont été 

synthétisés : microsphères simples (alginate), composites (alginate/caséinate de sodium) et 

composites enrobées avec une couche de caséinate de sodium. L’efficacité des microsphères 

pour l’élimination des colorants azoïques (Rouge cochenille et noir amido) a été évaluée. Ce 

type de système trouve des applications dans l’élimination de colorants à partir de rejets 

industriels (textile, plasturgie, etc…) par un mécanisme d’adsorption.  
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Abstract  

Hypothesis: Alginate capsules have several applications. Their functionality depends 

considerably on their permeability, chemical and mechanical stability. Consequently, the 

creation of composite system by addition of further components is expected to control 

mechanical and release properties of alginate capsules.  

Experiments: Alginate and alginate-sodium caseinate composite liquid-core capsules were 

prepared by a simple extrusion. The influence of the preparation pH and sodium caseinate 

concentration on capsules physico-chemical properties was investigated.  

Findings: Results showed that sodium caseinate influenced significantly capsules properties. 

As regards to the membrane mechanical stability, composite capsules prepared at pH 2 

exhibited the highest surface Young’s modulus, increasing with sodium caseinate content, 

explained by potential electrostatic interactions between sodium caseinate amino-groups and 

alginate carboxylic group. The kinetic of cochineal red A release changed significantly for 

mailto:laura.sanchez-gonzalez@univ-lorraine.fr
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composite capsules and showed a pH-responsive release. Sodium caseinate-dye mixture studied 

by absorbance and fluorescence spectroscopy confirmed complex formation at pH 2 by 

electrostatic interactions between sodium caseinate tryptophan residues and cochineal red 

sulfonate-groups. Consequently, the release mechanism was explained by membrane 

adsorption process. 

This global approach is useful to control release mechanism from macro and micro-capsules by 

incorporating guest molecules which can interact with the entrapped molecule under specific 

conditions. 

Keywords: composite capsules; surface Young’s modulus; pH-responsive release; electrostatic 

interactions; membrane adsorption. 

 

1. Introduction 

Alginate is a water soluble anionic polysaccharide, extracted from brown seaweed 

(Phaeophyceae), or produced by members of the genera Azotobacter and Pseudomonas [1]. The 

structure consists of alternating blocks of 1,4-linked β-D-mannuronic acid (M) and α-l-

guluronic acid (G) residues. These uronic acid units are distributed along the polymer chain in 

a pattern of blocks, consisting of homopolymeric blocks (G and M-blocks) and heteropolymeric 

blocks (alternating sequence of M and G residues or MG-blocks) [2]. Alginate has a number of 

favorable characteristics suitable for encapsulation applications, such as good biocompatibility, 

wide availability, low cost, and simple gelling procedure under mild conditions [2]. The 

Gelation process is driven by the interactions of G and MG blocks which associate in the 

presence of divalent cations to form strong and weak junctions, respectively [2].  

The alginate capsules functionality depends considerably on their permeability, mechanical and 

chemical stability [3].  
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Due to their negative surface charge, alginate capsules were used as negatively charged 

templates for coating with positively charged polymers such as chitosan [4] or poly-l-lysine [5] 

and for polyelectrolyte layer-by-layer assembly by alterning oppositely charged polymers [6].  

Nevertheless, fabrication of such systems requires multiple steps and extended production time 

[7]. Consequently, creation of composite systems by adding other components to a common 

system was considered like a simple method to enhance capsule properties [8]. In particular, 

composite vehicles containing both proteins and polysaccharides were a promising system and 

may advantageously use distinct functional characteristics of each compound [9].  

Sodium caseinate is commonly used as an ingredient in a wide range of formulated food 

emulsions and in pharmaceutical products [10].  

It is a multicomponent mixture of four major constituentsμ αs1, αs2, β and -casein. These 

proteins possess several attractive properties, such as high hydrophilicity, non-toxicity, good 

biocompatibility, and availability of reactive sites for chemical modification [11]. 

As a polymer used in bioencapsulation field, sodium caseinate exhibited excellent surface-

activity, emulsification, stabilization and self-assembly properties; water and small molecules 

binding capacities [12].  

Until now, there has been little information on casein incorporation into alginate gel membrane. 

Encapsulation studies concerning alginate/sodium caseinate association focused on alginate 

beads preparation for the controlled release of hydrophobic molecules and to increase molecule 

residence time in the stomach [13].  

The aim of this work was to study the influence of both sodium caseinate incorporation in 

alginate matrix and environmental pH on release properties of capsules. Macro-capsules were 

produced by a simple extrusion step. The membrane elastic properties were studied by 

compression experiments. Release properties of cochineal red dye, used as a model molecule, 

were studied by UV-vis spectroscopy.  
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2. Materials and methods 

2.1. Materials  

Alginic acid sodium salt (σaAlg) from brown algae (viscosity ≤0.02 Pa.s for an aqueous 

solution of 1% wt at 20 °C), casein sodium salt from bovine milk (σaCas), glycerol (≥ λλ.η%, 

Mw = λ2.0λ g/mol) and cochineal Red A (Mw= 60ζ.ζ6 g/mol) were purchased from Sigma 

Aldrich (Steinheim, Germany). Calcium chloride dihydrate (Mw=1ζ7.02 g/mol) was obtained 

from VWR International (Leuven, Belgium), tri-sodium citrate (Mw= 2λζ.0λ g/mol) from 

Fisher scientific (Leicestershire, United Kingdom) and HCl (37%, AnalR στRMAPUR) from 

VWR International (Fontenay-sous-Bois, France). All reagents were used without further 

purification. 

 

2.2. Capsule preparation  

To prepare the liquid-core solution, 1% wt CaCl2 was solubilized into λ0% of glycerol 

( =0.22Pa.s, 20 °C) to modulate the viscosity of cross-linking solution and ensure capsules 

spherical shape [1ζ]. To investigate the influence of pH, cross linking solutions with different 

pH values (pH 7, ζ.κ, 3 and 2) were prepared from the stock solution by adding some drops of 

HCl. In order to study the passive release of the capsules, cochineal red A food dye was 

solubilized in the cross-linking solutions. 

To prepare gelling solutions, NaAlg 1.5 % wt was prepared by dispersion of NaAlg 

powder in distilled water under stirring until complete dissolution. Aqueous solution of NaCas 

2% wt was prepared by adding slowly the powder into stirred distilled water at room 

temperature. Solutions of pure components were mixed together in the composition range 0.5% 

and 0.25–0.75%wt of NaAlg and NaCas, respectively. Concentrations were chosen taking into 



    
 

95 

 

account Na-alg/NaCas/water phase diagram to ensure a homogeneous monophasic system [15]. 

Sodium azide (0.01 % wt) was then added for sample preservation. 

The CaCl2 solution was then extruded dropwise through a needle (outer diameter, 0.λ mm) 

into stirred σaAlg and σaAlg-σaCas mixtures. A dropping height of η cm was used to ensure 

the formation of spherical capsules [16].  

Four systems were obtained based on the σaAlg-σaCas ratio (1μ0, 1μ0.η, 1μ1 and 1μ1.η). 

After a gelation time of 10 minutes, capsules were rinsed with distilled water to avoid external 

gelation [1ζ]. Then capsules were transferred into a 0.η % wt CaCl2 solution (pH 7, ζ.κ, 3 and 

2) to stabilize capsule membranes. 

 

2.3. Characterization of solutions 

2.3.1. NaAlg-NaCas mixture 

To investigate the influence of NaCas incorporation on NaAlg solution properties, the 

zero shear viscosity of NaAlg-NaCas mixture was measured using a rotational rheometer 

Malvern Kinexus (Malvern Instruments, Orsay, France) with a cone-and-plate geometry (50 

mm, 2°) and surface tension by using a Krüss K100 tensiometer (Krüss GmbH; Hamburg, 

Germany). All measures were triplicated at 20 °C. 

2.3.2. Zeta potential of NaCas solution 

To investigate the influence of pH on casein micelles surface charge, electrophoretic 

mobility (µE) of diluted NaCas solution (0.1 % vt) was measured using Malvern Zetasizer Nano 

ZS (Malvern instrument, Worcestershire, UK) and the zeta potential  was obtained using the 

Henry equation with the Smoluchowski approximation. Three readings were made per sample 

and each measurement was repeated three times. 

 

2.3.3. Dye-NaCas interaction 
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Absorbance spectroscopy 

UV−vis absorbance spectra were recorded on a Shimadzu Uv-4000 absorption 

spectrophotometer in the wavelength range of ζ00−6η0 nm. Experiments were performed by 

keeping the Cochineal Red A concentration constant at 30 M, and NaCas was varied from 0 

to 10 g/l at pH2. In these experiments, NaCas solutions was centrifuged in order to remove 

insoluble particles which could affect spectra absorbance in the studied wavelength range and 

each cochineal red/NaCas mixture was measured against solvent blank reference containing the 

same NaCas concentration. 

Fluorescence spectroscopy 

The interactions between NaCas and cochineal red at pH 2 were studied by fluorescence 

spectroscopy using a spectrofluorometer (Model Flx, Safas, Monaco). Fluorescence 

spectroscopy was carried out with an excitation wavelength of 280 nm and emission spectra 

were recorded from 300 to 500 nm. The quenching experiments were performed by keeping the 

concentrations of NaCas at 0.025 % wt and Cochineal Red A concentration was varied from 0 

to 41.4 M.  

 

2.4. Characterization of capsules 

2.4.1. Measurements of capsule size and membrane thickness 

The external diameter and membrane thickness of capsules were performed under an optical 

microscope (Olympus AX70, Japan) equipped with a camera (Olympus DP70). Dp controller 

software (version 2.1.1) was used for taking pictures (Fig.1). Shell thickness and capsules 

diameter were therefore calculated using imageJ software (National Institutes of Health, 

Bethesda, Mayland, USA). The data for one experimental condition were calculated from 

values taken from 10 capsules. 
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Figure.1:  Microscopic image of NaAlg-NaCas (1:0.5) capsule prepared at pH 2 

 

 

2.4.2. Mechanical study  

To investigate mechanical stability, individual capsules were compressed between two parallel 

plates [17, 1κ]. A rotational rheometer Malvern Kinexus (Malvern Instruments, τrsay, France) 

with a plate-and-plate geometry was used. The upper plate had a diameter of 20 mm and the 

resulting normal force was measured in a range between 0.001 and 20 σ. 

A force gap test was used to compress the capsules from ζ mm to 0.0η mm with a linear 

compression speed of 10 µm / s. The gap and the normal force being imposed were measured 

simultaneously at the upper plate. The surface Young’s modulus can be calculated by a 

quantitative analysis of force-displacement curves at small deformations [1κ, 1λ]. 

Three replicates were considered for each type of capsule. 

 

 

2.4.3. Release properties  
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Release of cochineal red dye was followed using a spectrophotometer (Uv - 4000 Shimadzu, 

Japan). Capsules were placed at 20 °C into 50 ml water at various pH-values (7, 4.8, 3 and 2). 

At scheduled time intervals, the amount of released dye was determined from solution 

absorbance at 500 nm wavelength. 

To determine the total mass initially encapsulated at the end of each experiment, 1 ml of tri-

sodium citrate solution (1M) was added to dissolve gel membrane by calcium chelation [20].  

 

2.5. Statistical analysis 

The results are presented as mean ± standard deviation. Comparisons between the various sets 

of data were carried by AστVA test using Statgraphics® Plus η.1. Multiple comparisons were 

performed through λη% LSD intervals. 

 

3. Results and Discussion 

3.1. Capsules characterization  

Microscopic observation gave average diameter and membrane thickness of alginate and 

composite capsules (Fig.2).  
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Figure.2: Diameter (a) and membrane thickness (b) evolution of NaAlg-NaCas capsules as 

function of pH. 

 

The average diameter of alginate capsules ranged from 4.3 to 3.4 mm and from 3.25, 3.18 and 

3.24 mm to 4.44, 4.45 and 4.51 mm for NaAlg-NaCas 1:0.5, 1:1 and 1:1.5, respectively (Fig.2a). 

Alginate capsules showed a size reduction from 4.3 to 3.4 mm at pH7 and 2, respectively. 

However, composite capsules exhibited the highest size at pH 4.8 and 7.  

Generally, capsule size depends on droplet dimension before getting into contact with bath 

solutions [21]. In this study, cationic solutions were composed of 90 % glycerol and showed a 
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Newtonian flow; therefore droplet size was not only affected by the extrusion step. 

Consequently, size evolution of alginate and composite capsules was related to NaCas 

incorporation and to the preparation pH. 

Membrane measurements (Fig.2b) showed a pH-dependent thickness of alginate capsules 

which decrease with pH diminution (from 532.4 to 166.8 µm at pH 7 and 2, respectively), 

demonstrating alginate shrinkage in acidic conditions where the carboxylate groups are 

expected to exist in their protonated form [22]. 

However, membrane thickness decreased dramatically from pH 4.8 to pH 3 and 2, and this 

reduction could be explained by partial alginate precipitation during encapsulation step. In fact, 

the pKa values of both alginate monomers β-D-mannuronic acid (M) and α-l-guluronic acid 

(G) residues are of 3.38 and 3.65, respectively [23]. 

From Fig.2b, we can therefore conclude that capsule diameter evolution depends strongly on 

capsule membrane thickness. The membrane thickness evolution of composite capsules with 

pH decrease was comparable to alginate capsules and the highest thickness was observed for 

pH 4.8 and 7. 

We could expect that composite capsules would exhibit the thickest membrane at pH 4.8 by 

NaCas precipitation around isoelectric point (pI) (4.2<pIα-s1<4.7, 4.6<pIβ<5.1 and 4.1<pI <5.8 

[15]. Nevertheless, alginate molecules could prevent sodium caseinate aggregation into a 

coherent network on the capsule membrane [24]. Microscopic characterization suggested 

NaCas existence in micellar state, which did not affect the membrane global volume. 

It is interesting to note that all capsule’s types exhibited a spherical shape, as a 

consequence of closer solutions viscosities before the encapsulation step [25] (Table 1).  
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Table 1. pH, zero shear viscosity and surface tension of NaAlg-NaCas mixture 

NaAlg : NaCas pH η0 (mPa.s) ST (mN.m-1) 

1 :0 6.72 (0.03)a 6.90 (0.05)a 68.21 (0.61)a 

1 :0.5 6.65 (0.02)b 6.93 (0.03)a 50.38 (0.14)b 

1 :1 6.63 (0.02)b 6.83 (0.12)a 48.79 (0.07)c 

1 :1.5 6.62 (0.01)b 6.9 (0.07)a 48.93 (1.14)c 

a, b,c Different letters in the same column indicate significant differences among σaAlg-σaCas mixture (p <0.0η). 

 

 

In fact, NaCas addition did not lead to viscosity changes. However, NaAlg - NaCas 

mixtures exhibited a significant surface tension decrease from 68.2 down to 48.9 for NaAlg 1:0 

and NaAlg - NaCas 1:1.5, respectively due to interfacial and emulsifying properties of NaCas 

[26]. Thereby, drop impact on NaAlg - NaCas mixture surface was reduced by surface tension 

decrease and resulted on a spherical shape. 

 

3.2. Mechanical stability 

Alginate capsules are sensitive to deformations that may lead to their rupture or to undesirable 

early release of their contents. Thus, surface Young’s modulus, which is the measure of alginate 

capsule stiffness, is an interesting data to quantify mechanical stability.  

Surface Young’s modulus was estimated by analyzing force–displacement curves in the range 

of small deformations and using equation (1) [8, 19]: 

F =  ESda√ − v dD 

(1) 
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Where dD denotes capsule displacement, F is the measured force, ES is the surface Young 

modulus, d is the membrane thickness, a is the radius of the capsule and vS the surface Poisson 

ratio for which a value of   was assumed according to Leick et al, 2010 [16]. 

Table 2 summarized Young’s moduli values of alginate and composite capsules, in function of 

preparation pH, calculated by linear regression from compression curves at small 

displacements.  

 

Table 2. Calculated Surface Young’s moduli (N / m) of alginate and composite capsules  

pH 

Capsule type 

1 :0 1 :0.5 1 :1 1 :1.5 

7  14.92 (0.54)a 14.8 (0.72)a 13.25 (1.71)a 11.98 (0.60)a 

4.8 11.16 (0.32)b 18 (2.99)a,b 10.66 (1.62)a 13.17 (2.04)a 

3 21.76 (4.89)a 18.82 (2.24)b 23.49 (0.67)b 19.50 (2.73)b 

2 22.26 (2.86)a,c 63.46 (10.29)c 106.60 (25.38)c 165.89 (17.27)c 

a, b,c Different letters in the same column indicate significant differences among pH preparation (p <0.0η). 

 

For alginate capsules, surface Young’s modulus ranged from 1ζ.λ to 22 σ / m at pH 7 and pH 

2, respectively indicating that a decrease in pH resulted in a stiffer alginate membrane. 

The surface Young modulus increased significantly at pH 2 and 3 and can be explained by 

partial alginic acid precipitation at pH< pKa of both alginate’s monomers [23]. 

The membrane formation process could result from both ionic gelation and acid precipitation 

but accurate contribution of each mechanism cannot be clearly determined. In fact, membrane 

formation during extrusion was a very fast microscopic gelation process. As soon as the two 
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liquids (CaCl2 droplet and gelation bath) entered into contact, both hydrogen and calcium ions 

diffused from the glycerol droplet to the external alginate solution and both mechanisms 

occurred simultaneously during membrane formation. 

 

It was shown that, as in the case of ionic gels, homopolymeric blocks of L-guluronic acid 

residues had the strongest tendency towards junction formation in acid gels, but, in contrast to 

the ionic gel, the homopolymeric blocks of D-mannuronic acid resulted in stable junction zones 

and had a significant effect in supporting gel formation [23]. Heteropolymeric blocks 

alternating MG residues did not contribute to junctions under acidic conditions [27]. 

For composite capsules, the highest surface Young modulus was obtained at pH 2 for all NaAlg-

NaCas ratios (63.5, 106.6 and 166 for 1:0.5, 1:1 and 1:1.5, respectively). In general, when pH 

decreased below the protein’s isoelectric point, the net positive charge of the protein increased; 

the positively charged residues of NaCas could therefore interact with negatively charged 

alginate [28]. Thus, potential electrostatic interactions could occur between carboxylate 

alginate groups (COOH) and positively charged tertiary amine groups (-N(CH3)2) of caseinate 

into capsule membrane [29].  

 

In fact, even if most alginate carboxylate groups are expected to be present under non-ionic 

carboxylic acid form at pH3 and 2, some percentage would be in COO- state and could interact 

with NaCas amino-groups [30].  

Alginic acid gel formation monitored with SAXS showed that alginate acid gelation start with 

an initial phase consisting of quasi-ordered junction zone composed of 3-4 laterally associated 

chains, followed by junction zones formation to produce random aggregates, finally leading to 

network formation [27]. Therefore, NaCas may interact with the random aggregate during gel 

formation.  
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3.3. Capsule release properties 

Relative amounts of released cochineal red A versus time elapsed after capsules preparation 

were plotted for different pH and capsules composition (Fig. 3). 
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Figure.3: Cochineal red dye release for alginate and composite capsules at pH 2 (●), 3 ( ), 

4.8 ( ) and 7 ( ). The solid lines represent the results of fits of the experimental data to 

Equation (5). 

 

Cochineal red release from alginate capsules (Fig. 3a) showed the same diffusion profile with 

a slightly slower dye release at neutral pH. Total amounts of released cochineal red A after 200 

minutes were not significantly different in the range of the studied pH values. However, a 

• <> 
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slower release was observed at pH 4.8 and pH 7, where the equilibrium state was nearly 

achieved after 180 minutes, versus 120 minutes at pH 2 and 3. Difference of dye release with 

pH-values was not significant but was related to alginate membrane thickness which could 

modify diffusive resistance. Compared to alginate capsules, composite capsules exhibited a 

strong pH-dependence on the total amount of dye released for the three NaAlg-NaCas mixtures 

studied (Fig. 3b, c and d). For pH 4.8 and pH 7, the total amount of cochineal red dye released 

as well as the rate of release were similar to that of alginate capsule without caseinate; so, pH-

dependent release of cochineal red was not explained by the decrease of capsule membrane 

permeability.   

 

The rate of the dye released as well as the total amount of released cochineal at equilibrium was 

significantly reduced at pH 3 and pH 2. Moreover, capsule dye retention increases with the 

amount of NaCas. In fact, at pH 2, the amount of released cochineal red dye after six hours 

reached 17.6, 10.9 and 5.2 % for NaAlg-NaCas 1:0.5, 1:1 and 1:1.5 composite capsules, 

respectively. Microscopic observations of composite capsules (1:0.5) stored one week with 

daily external acid (pH 2) media replacement, indicated intense red colored membrane which 

suggested that the entrapped dye was preferentially adsorbed in the composite membrane 

(Fig.1).  

 

3.3.1. Kinetics of dye release 

For a quantitative analysis of the dye release kinetics, experimental data can be analyzed with 

respect to equation (2), which describes solute diffusion out of a homogeneous sphere [31]. 

For a constant diffusion (Dm), solute concentration (C) in the volume outside the capsule of 

radius (r) after a time t is [5]: 

C t = C eq . − ∑ 6α + α9 + 9α + α q∞
= . exp  − D qr  . t  
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 (2) 

Where α denotes the effective volume ratio. 

α = k VV  

(3) 

Vb is the bulk volume and Vc is the capsule volume. The partition coefficient Km was the ratio 

of cochineal red concentration in the capsule and in the bulk, at equilibrium.  

For α >>1, the parameters qn in equation (2) was simplified by: q = n. π       

(4) 

Leick et al., 2011 reported theoretical approach used for equation (2) solving to describe 

anthocyanin release from alginate and alginate poly-l-lysine capsules [5].  

Experimental data were therefore fitted with the following exponential function (equation 5): C t = C eq ( − k exp  −k t − t ) k = 6α +α9+9α+α π   ; k = Dmπ
 

(5) 

Fitting experimental data leads to the determination of diffusion constant Dm and equilibrium 

cochineal red concentration in the bulk solution Ceq. Results were summarized in Table 3. 
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Table 3. Diffusion parameters resulting from the fit of Cochineal red dye release from alginate 

and composite capsules: Equilibrium concentration (Ceq) and average diffusion constants (Dm).  

 Capsule type 

1 :0 1 :0.5 1 :1 1 :1.5 

pH Ceq 

 (%) 

Dm  

(10-10 m2/s) 

Ceq  

(%) 

Dm  

(10-10 m2/s) 

Ceq 

(%) 

Dm 

(10-10 m2/s) 

Ceq  

(%) 

Dm 

(10-10 m2/s) 

2 91.1 (8.6) 1.84 (0.39) 20.8 (2.9) 0.34 (0.11) 17.0  (4.7) 0.17 (0.02) 7.6 (0.8) 0.14 (0.01) 

3 92.5 (10.6) 3.36 (0.75) 66.6 (6.2) 1.01 (0.23) 22.8 (3.7)  0.81 (0.08) 26.9 (14.0) 0.15 (0.01) 

4.8 90.9 (13.7) 2.25 (0.54) 96.2 (8.0) 1.98 (0.32) 97.1 (7.8) 1.58 (0.16) 96.0 (7.9) 2.07 (0.49) 

7 91.8 (5.9) 1.89 (0.26) 94.3 (5.3) 1.79 (0.49) 91.8 (3.1) 1.63 (0.04) 95.0 (5.6) 1.79 (0.48) 

 

The diffusion constant Dm, which combines the diffusion processes in the membrane and in the 

liquid core of the capsules, significantly decreased with the NaCas amount at pH 2 and pH 3 as 

described previously in the qualitative analysis. 

 

3.3.2. pH-responsive release mechanism 

In order to understand the mechanism of controlled release from composite capsules, zeta 

potential of NaCas was measured as a function of pH (Fig. 4a). 

The zeta potential of NaCas changed from negative to positive as the pH was decreased from 7 

to 2, and the net NaCas charge was close to zero between pH 4 and 4.8, which is close to the pI 

of the protein. Furthermore, below the isoelectric point, NaCas was charged positively and may 

interact with the oppositely charged cochineal Red A which possesses three negatively charged 

sulfonates (Fig. 4b) [32].  
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Figure.4: (a) Zeta potential evolution of NaCas with pH and (b) molecular structure of 

cochineal red A dye. 

 

 

To confirm possible dye-protein complex formation, UV-vis spectra absorbance of cochineal 

red A at pH 2 with various NaCas concentrations was studied (Fig. 5).  
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Figure.5: Absorption spectra of Cochineal Red A (30 µM) at pH 2 with increasing NaCas 

concentration at 20 °C. 

 

 

In fact, this method is a simple but effective to detect aggregation [32].  

Upon addition of NaCas, absorbance intensity of cochineal red A decreased with increasing 

NaCas concentration. This observation was explained by complex formation between cochineal 

red A and NaCas, and thereby reducing absorbance. Moreover, max of cochineal red A was 

shifted from 507 nm to 512-513 nm in the presence of NaCas. 

The binding mechanism between NaCas and cochineal red was studied by fluorescence 

spectroscopy (Fig.6).  
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Figure.6: Quenching experiments of NaCas / Cochineal red A at pH 2. (a) Emission spectra 

of NaCas solution (0.025 wt %) at 20 °C at different concentrations of cochineal red A, (b) 

Stern-Volmer plot of F0/F as function of the concentration of cochineal red A measured at 350 

nm, (c) Modified Stern–Volmer plot based on Equation 7 and (d) Plot of Log [(F0-F)/F] as a 

function of log [cochineal red A]. 

 

The fluorescence spectra of NaCas without and with different concentrations of cochineal 

red are shown in Fig. 6a. NaCas showed an emission band around 350 nm. Upon addition of 

cochineal red, the intrinsic fluorescence intensity of NaCas emission band around 350 nm 

decreased with increasing Cochineal red A concentration. A gradual shift of the emission peak 

toward higher wavelength was also observed. 
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In general, fluorescence quenching leads to a decrease of fluorescence intensity of a fluorescent 

molecule as a result of diverse molecular interactions such as excited state reactions, energy 

transfer, ground-state complex formation, and collisional quenching [33].  

Fig 6.b shows the plot of F0/F as a function of the dye concentration. In this Stern–Volmer plot, 

an upward deviation from linearity at high cochineal red concentrations (> 20 µM) was 

observed [33] and  suggests that fluorescence quenching results from collision (dynamic 

quenching) and complex formation (static quenching) between NaCas and dye [33].  

Analysis of quenching data (the initial linear portion) at low concentration (≤ 20 µM) was done 

according to the Stern–Volmer equation: FF = + k  τ [Q] = + kSV [Q] 
(6) 

Where F0 and F are the fluorescence intensities before and after addition of the quencher, 

respectively kq is the bimolecular quenching constant, 0 is the average lifetime of the 

fluorophore in absence of quencher, [Q] is the quencher concentration, and KSV is the linear 

Stern–Volmer quenching constant. 

For the determination of available binding sites (f) F0/F could be related to [Q] by the modified 

form of the Stern–Volmer equation (Fig. 6c) [34]. FF − F = f + f KSV [Q] 
(7) 

For dye−protein interaction, the binding constant (K) was calculated from Fig. 6d by use of 

equation (8): 

log[F − FF ] = logK + nlog[Q] 
(8) 
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Where n is the number of binding sites. 

The quenching parameters obtained from equations (7) and (8) were reported in table 4. 

The fraction of binding sites available for complexation (f) is greater than 1 (1.68), which can 

be explained by contribution of both dynamic and static quenching or by possible presence of 

further binding sites due to  NaCas composition (mixture of four main caseins which can 

differ by the number of tryptophan residues and their positions in respective molecules [35]. 

The large binding constant k (8.77 105) suggested that cochineal red A had a strong affinity 

for NaCas tryptophan residues. 

Based on this information, we can conclude that the controlled release mechanism from 

composite capsules was related to membrane adsorption process at pH below σaCas isoelectric 

point, due to electrostatic interactions between entrapped dye and σaCas micelles confined into 

the alginate membrane (Fig.7). In fact, negative sulfonate groups of azo dyes are known to 

interact with basic side chains of amino acid residues from proteins through electrostatic forces 

[32, 36].  

 

Figure.7: Schematic representation of the pH-responsive release mechanism of cochineal red 

A from NaAlg-NaCas capsules. 
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4. Conclusion 

In conclusion, we studied permeability, structure and deformability of σaAlg and σaAlg-σaCas 

composite capsules. In particular, pH and σaCas amount influences on these properties were 

investigated during encapsulation process. Capsules mechanical stability was investigated by 

compression experiments and by measuring the resulting normal force. With these experiments, 

incorporation of σaCas was shown to increase capsules stability at low pH, and was explained 

by electrostatic interactions between σaCas amino-groups and alginate carboxylate groups. 

Composite capsules displayed a retarded release with high dye retention at pH 2 and 3 compared 

to σaAlg capsules. By adding σaCas into alginate membrane, the amount of dye released after 

2h was reduced from ≈ λη % to ≈7 % at pH 2. Absorbance and fluorescence spectroscopy 

indicated that the pH-responsive mechanism of composite capsules was explained by the 

interaction between σaCas and entrapped cochineal red dye through electrostatic interactions. 

The high affinity between these two molecules under acidic conditions could lead to several 

applications, such as effluents removal from water by designing σaAlg-σaCas beads, 

especially for azo dyes adsorption extensively used in food, cosmetic, textile, paper and printing 

industries [37].  

The general strategy used in this study could be useful for developing new types of macro and 

micro-capsules with controlled release behavior. For example, the design of pH sensitive 

system for oral drug delivery applications [3κ], like the encapsulation of ionic drugs which 

target the intestines (≈ pH 7.ζ) to ensure their retention and avoid their undesirable early 

release during their passage through the stomach (≈ pH 1.2). 

Lastly, the incorporation of guest molecules which can interact with entrapped molecules under 

specified conditions would be an easy method for targeted release applications. 
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Abstract 

Various types of synthetic azo dyes appear in effluents of wastewater in some industries. Since 

a very small amount of dye in water is highly visible and can be toxic, the elimination of color 

from process or waste effluents is environmentally important. The adsorption using naturally 

derived polymers is an interesting alternative.  

Alginate, alginate/caseinate composite and coated composite microspheres were prepared by 

dripping the polymers mixtures using an encapsulator based on a vibrating technology. The 

beads shape and size were examined. The efficiency of the prepared systems was studied 

against two anionic dyes: amido black 10B and new coccine. The kinetic of dyes removal was 

studied at pH3 according to the pseudo first order and pseudo second order models.  The 

influence of solution pH on the percentage of dye removal was studied. Results showed that the 

incorporation of caseinate didn't affect size distribution of microbeads. Concerning, the kinetic 

mailto:laura.sanchez-gonzalez@univ-lorraine.fr
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of dyes adsorption at pH3, alginate beads showed only 7 and 34.6 % of dyes removal compared 

to composite microbeads 45 and 69.2 % for new coccine and amido black, respectively. The 

composite and coated systems showed higher dyes adsorption at pH≤ζ. Finally, Alg/Cas 

systems could be useful, since acetic acid is often used as a stimulator in the dying process, in 

which the pH of the dye solution is normally adjusted to 3-4. 

 

1. Introduction 

Various industries like textile, dyestuffs, paper and plastics use dyes during their production 

process. As a result, considerable amounts of colored wastewater are generated. Dyes are the 

first contaminant to be recognized in wastewater (Banat, Nigam, Singh, & Marchant, 1996). In 

fact, the presence of very small amounts of dyes in water is highly visible (T. Robinson, 

Chandran, & Nigam, 2002). In addition to undesirable visible pollution, some dyes may present 

toxic or mutagenic properties (Hameed, Din, & Ahmad, 2007). Therefore, their elimination 

from industrial wastewater prior to their discharge is of great concerns on public health and 

ecological system. 

To resolve this problem, numerous physical, chemical and biological techniques for dyes 

removal were developed (Tim Robinson, McMullan, Marchant, & Nigam, 2001).  

Among physical techniques, adsorption is an effective method that have been successfully 

employed for color removal from wastewater (Chiou, Ho, & Li, 2004). This technique has 

several advantages in terms of flexibility, simplicity of design, ease of operation and relative 

low cost. Adsorption also does not result in the formation of harmful substances (Crini, 2006).  

There is also a growing interest in the use of biomaterials based on polymers obtained from 

renewable resources due to their availability and ease of employment. 

Alginate is a water soluble anionic polysaccharide, extracted from brown seaweed 

(Phaeophyceae), or produced by members of the genera Azotobacter and Pseudomonas. The 
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structure consists of alternating blocks of 1,4-linked b-D-mannuronic acid (M) and a-l-

guluronic acid (G) residues.  

Due to its high affinity to divalent and trivalent cations, alginate has a capacity to remove toxic 

pollutants such as heavy metal ions (Davis, Volesky, & Mucci, 2003).  

Thanks to its several advantages such as wide availability, low cost, and simple gelling 

procedure under mild conditions, alginate was successfully used as an adsorbent for pollutants 

removal, especially for heavy metals and cationic dyes adsorption thanks to its carboxylic 

groups. However the adsorption efficiency of anionic dyes is limited. (Rocher, Siaugue, Cabuil, 

& Bee, 2008)(Rocher, Bee, Siaugue, & Cabuil, 2010) (Liu et al., 2012)(Mahmoodi, 2011) 

(Aravindhan, Fathima, Rao, & Nair, 2007) (Perez-Ameneiro, Vecino, Barbosa-Pereira, Cruz, 

& Moldes, 2014) (Lu et al., 2015)(Vecino, Devesa-Rey, Cruz, & Moldes, 2015).  

The preparation of composite system containing two or more polymers may advantageously 

use distinct functional characteristics of each compound.  

Sodium caseinate is commonly used as an ingredient in a wide range of applications (Walstra, 

Jenness, & others, 1984).  

Chemically, sodium caseinate is a multicomponent mixture of four major constituentsμ α, β and 

-casein. These proteins possess several attractive properties, such as high hydrophilicity, non-

toxicity and availability of reactive sites for chemical modification (Elzoghby, El-Fotoh, & 

Elgindy, 2011).  

Recently, we showed that the incorporation of certain amount of sodium caseinate into alginate 

hydrogel membrane of liquid-core capsules didn’t affect the gelation of alginate and could even 

increases the mechanical stability of the system (Ben Messaoud, Sánchez-González, Jacquot, 

Probst, & Desobry, 2015). 

The aim of this work was to study the influence of sodium caseinate incorporation into alginate 

hydrogel microspheres on removal efficiency of two anionic dyes: new coccine (NC), and 
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amido black 10B (AB). Three different microspheres systems were synthesized: simple 

alginate, composite alginate / caseinate and coated composite system by sodium caseinate 

adsorption at the microspheres surface. The prepared matrixes were characterized by 

microscopy and were assessed for dyes removal by studying the kinetic of adsorption at pH 3 

by batch experiments and the influence of pH on the final dye removal between pH 3-10. 

 

 

Figure 1. Chemical structures of new coccine (a) and amido black 10B (b). 

 

 

2. Material and methods 

2.1. Material 

Alginic acid sodium salt (Alg) from brown algae (viscosity 0.02 Pa.s for an aqueous solution 

of 1% wt at 20 °C), casein sodium salt from bovine milk (Cas), New coccine NC (Mw = 604.46 

g / mol) and amido black AB 10B (Mw = 616.49 g / mol) were purchased from Sigma Aldrich 
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(Steinheim, Germany). Calcium chloride dihydrate (Mw= 147.02 g/mol) was obtained from 

VWR International (Leuven, Belgium). All reagents were used without further purification. 

 

2.2. Microspheres preparation 

Aqueous Alg 2% (w/v) and Cas 8 % (m/v) were prepared by dispersion of the polymers powders 

into stirred distilled water at room temperature. After complete solubilization, the solutions of 

pure components were mixed together in the composition range 1% and 0 – 2% wt of Alg and 

Cas, respectively.  

Then, the hydrogel microspheres were prepared with an Encapsulator B-395 Pro (BÜCHI 

Labortechnik, Flawil, Switzerland) based on a vibrating system. This technology is based on 

the principle that a laminar flowing liquid jet breaks up into equal sized droplets by a 

superimposed nozzle vibration. In this work, a 300 µm nozzle was used for the preparation of 

Alg and Alg-Cas microspheres. The flow rate was adjusted to 9.2 ml / min and the vibration 

frequency which determined the quantity of droplets produced per second was set at 1530 Hz. 

The produced droplets were dripped in a CaCl2 solution 2 % (m / v) to allow microspheres 

formation. The beads were incubated in the gelling bath for 15 minutes to complete the 

reticulation process and then were filtered and washed to remove the excess of CaCl2.  

For the preparation of coated Alg/Cas composite beads, the capsules were transferred into a Cas 

solution 0.5% (m/v) at pH 3 in order to allow the adsorption of Cas layer on the surface of the 

hydrogel microspheres (Ching, Bhandari, Webb, & Bansal, 2015).  

2.3. Capsules characterization 

2.3.1. Optical microscopy 

The morphology of microspheres were performed under an optical microscope (Olympus 

AX70, Japan) equipped with a camera (Olympus DP70). Dp controller software (dp controller, 

version 2.1.1) was used for taking photos.  
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2.3.2. Size 

The particle size distribution was measured using laser diffraction instrument: Mastersizer 3000 

with Hydro MV (Malvern Instrument, Worcester, UK). This instrument measures the angular 

variation in intensity of light scattered as a laser beam passes through a dispersed particulate 

sample. The angular scattering intensity data is then analyzed to calculate the size of particles 

responsible for creating a scattering pattern, using the Mie theory of light scattering. Particle 

size measurements are reported as a volume equivalent sphere diameter. The average of three 

readings per sample is represented. 

 

2.4. Adsorption studies 

2.4.1. Batch experiments 

The adsorption equilibrium study for removal of various dyes was conducted at 20 °C and initial 

solution pH 3. Briefly, 5 g of wet microspheres were immersed in 50 mL of NC, MO and AB 

solutions (25 mg/ L) at room temperature.  

At scheduled time intervals, the concentrations of the dye solutions were carried out using a 

Uv-vis spectrophotometer Pharmacia Biotech Ultrospec 4000 (Richmond Scientific Ltd, 

Lancashire, U.K) at the maximal wavelength of obtained after wavelength scans.  

The adsorption capacity at equilibrium qe (mmol/g) was calculated using the following 

equation:  

� = � − ��  x � 
 

(1) 

Where C0 and Ce (mmol/L) are the concentrations of the dye solutions before and after the 

adsorption, respectively, V (L) is the volume of the solution and W (g) is the dried weight of 

microspheres. 
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2.4.2. Kinetic study 

Kinetic studies were followed according to the method of batch equilibrium studies outlined in 

Section 2.5. The adsorption capacity qt (mmol/g) at different contact time t (min) was 

determined using the following equation: 

= � − �  x � 
 

(2) 

Where Ct (mmol/L) is the concentration of NC and AB at time t (min) in the solution. 

 

2.4.3. Influence of initial pH 

For the initial pH effect experiments, the pH of the dyes solutions was initially adjusted with 

aqueous solutions of acid or base (0.01 M HCl and 0.01 M NaOH) to reach pH values of 3–10. 

5 g of the different system were placed in 50 ml of MO, AB and NC solutions at an initial 

concentration of 25 mg. L-1. 

The percentage removal (%R) by the adsorbent was described by the following:  

% = � − ��  �  x  

  (3) 

2.5. Data modeling 

Adsorption kinetic modeling and data fitting was performed using SigmaPlot software 

(SigmaPlot Version 11.0, Systat Software Inc., San Jose, CA, USA). 

3. Results and discussion 

3.1. Physicochemical characterization of microspheres 

In order to prepare different capsules architectures, solutions of pure Alg, mixture of Alg/Cas 

were dripped into a CaCl2 solution using an encapsulator device. Then the Alg/Cas composite 
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capsules were coated into a Cas solution. The Fig.2 presents a scheme of the different 

microspheres type used as adsorbents in the current study. 

 

Figure2. Schematic representation of the adsorbent systems. Alg (a), Alg/Cas composite 

(b) and Cas coated Cas Alg/Cas composite microspheres (c). 

 

Microscopic images of Alg and Alg/Cas microspheres are shown in Fig.3.  

 

Figure 3. Microscopic images of Alg (left) and Alg/Cas composite microspheres (right). 
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Alg capsules were fairly spherical and transparent. The incorporation of Cas results in a 

relatively opaque system and globally decreases the roundness of the microspheres with the 

apparition of tails (Fig3). The modification of microspheres shape after Cas addition could be 

related to the increase of resistance to transforming into round droplets as they fall. In fact, the 

detached liquid droplets did not have sufficient time to transform into round droplets before 

contacting the gelling bath. In other words, the falling distance was insufficiently long for the 

accomplishment of the shape-transformation process (Voo et al., 2015).   

Other parameters could be optimized during the encapsulation step, especially the frequency of 

the vibrating nozzle and the impact of the liquid droplets with the surface of the hardening bath 

which could be modulated by controlling the surface tension (Cellesi, Weber, Fussenegger, 

Hubbell, & Tirelli, 2004).   

The size distributions of the prepared microspheres suspended in distilled water is presented in 

Fig.4. Typically the three types of microspheres systems showed the same size distributions, 

the average diameters of Alg, Alg/Cas and coated Alg/Cas microspheres were 550, 626 and 690 

µm, respectively. The Alg/Cas diameter is higher than pure Alg capsules, which could be 

related to potential swelling of both polymers at pH7 or to the mixture viscosity and therefore 

to larger droplets during the encapsulation step.  

The coating process led to an increase of the average diameter, probably due to protein mixture 

adsorption at the surface of the composite capsules. 
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Figure 4. Size distribution of Alg, composite Alg/Cas and Cas coated Alg/composite 

capsules. 

 

 

3.2. Adsorption kinetic study  

Pseudo-first-order equation, pseudo-second-order equation were used as kinetic models to 

analyze the adsorption behaviors of the three anionic dyes for the different microspheres. The 

pseudo-first-order kinetic model fits with low solute concentration and reflects the adsorption 

rate (Lagergren,1898); while the pseudo-second-order kinetic model reflects the adsorbed 

amount at equilibrium and the adsorbed amount on the surface of the adsorbent (Ho & McKay, 

1999).  

The two models were expressed by the following Eqs. (4) – (5):  = � − −�  

(4) 

= �  �  �+ ��  � 

(5) 
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Where qe is the adsorption amount of the anionic dyes at equilibrium (mmol/g), qt is the 

adsorbed amount at time t (mmol/g). k1 and k2 are the first order and second order rate constant, 

respectively.  

Fig.5 presents the adsorption kinetics of AB and NC in the three types of microspheres systems.  
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Figure 5. Kinetic modeling of AB and NC adsorption on Alg, Alg/Cas and coated Alg/Cas 

microspheres at pH3, pseudo first order model (solid) and pseudo second order (dash lines). 

 



    
 

128 

 

The adsorption kinetic of the NC and AB on the different microspheres showed the same profile 

with an exponential phase during which the amount of the adsorbed dye increased 

exponentially, followed by a stationary phase which corresponds to the achievement of the 

equilibrium phase.  The coated microspheres showed the highest adsorption capacity followed 

by Alg/Cas and then by pure Alg microspheres, however this system showed the slowest dye 

adsorption kinetic. 

The kinetic of dyes adsorption were fitted with Eqs. (4) and (5),The parameters of pseudo-first-

order and pseudo-second-order kinetic models for the A A/C and CasAlgCas microbeads are 

summarized in Table 1.  

 

Table 1. Kinetic models parameters for AB and NC for the three microspheres systems. 

 qexp 
(mmol/g) 

 Pseudo first order  Pseudo second order 

  k1 qcal R2  k2 qcal R2 

AB          

S1 0.011  0.541 0.010 0.628  80.725 0.011 0.909 

S2 0.053  0.151 0.052 0.987  4.083 0.056 0.976 

S3 0.083  0.035 0.080 0.959  0.485 0.092 0.983 

NC          

S1 0.006  1.321 0.005 0.507  481.719 0.006 0.700 

S2 0.029  0.271 0.028 0.965  15.307 0.029 0.992 

S3 0.074  0.046 0.073 0.985  0.781 0.081 0.974 

 

For Alg microspheres, the correlation coefficient (R2) of NC adsorption was too low for pseudo 

first and second order models (0.507 and 0.7, respectively). 

For AB adsorption on Alg, the pseudo-second-order equation was higher than that of pseudo-

first-order equation. In addition, the values of the calculated qe from the pseudo-second-order 

model were much closer to the experimental values. It showed that the adsorption process fitted 

the pseudo-second-order equation well and it was mainly controlled by the chemical adsorption 
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mechanism which could be explained by hydrogen bonding and potential electrostatic 

interaction between the amino groups of AB and the carboxylic groups of Alg and hydrogen 

bonding. 

For Alg/Cas composite and coated capsules the correlation coefficient (R2) of the pseudo-

second-order equation was almost the same with that of the pseudo-first-order equation, which 

indicated that the adsorption process was suitable for both the pseudo-first-order equation and 

pseudo-second-order equation and was controlled by both physical and chemical adsorption 

mechanism.  

 

3.3. Effect of pH 

The manner in which the pH of the environment affects the efficiency of adsorption of the dye 

from solution was also examined. The process was carried out in a pH range of 3-10, for initial 

dye concentration of 25 mg/ L. Adsorption tests were performed over 360 min.  

Fig. 6 illustrates the percentage of NC and AB removal (%R) obtained with the different 

microspheres as function of pH at 20 °C.  
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Figure 6. Effect of solution pH on AB and NC adsorption on Alg, Alg/Cas and coated Alg/Cas 

composite microspheres. Lines to guide the eyes 

 

The efficiency of adsorption of σC and AB on Alg microspheres didn’t show pH-dependency. 

However, it was observed that an increase in the acidity of the solution increases the efficiency 

of the adsorption of the two dyes on Alg/Cas composite and coated microspheres. The 

percentage of AB and NC removal from a 25 mg/L solution increases from 17.7 and 10 % at 

pH10 to 78.9 and 68 % at pH3, respectively. This pH adsorption behavior is related to the 

protonation of the amino groups of sodium caseinate in to form –NH3+ cationic groups. Under 

these conditions the process of adsorption of the dye occurs via electrostatic interactions 

between caseinate amino groups and AB or NC negatively sulfonates.  
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The low efficiency of the adsorption process in basic solution (pH8-10) is related to the 

deprotonation of the amino groups and therefore only hydrogen bonds are formed between the 

support and the dye, reducing the efficiency of adsorption.  

 

4. Conclusion 

In the current study, sodium caseinate was incorporated in alginate microspheres which are 

used conventionally to remove cationic dyes due to their carboxylic groups. The protein mixture 

was incorporated inside the microspheres or inside and on the microsphere surface.  

The microbeads systems were prepared by a dripping method and the efficiency of the three 

capsules types was studied against two anionic dyes (new coccine and amido black 10B). 

The composite and coated systems showed higher dyes adsorption at pH≤ζ. The pH-dependent 

efficiency of the microspheres containing sodium caseinate indicated that the major adsorption 

site of the microspheres is an amine group, –NH2, which is easily protonated to form NH3
+ in 

acidic solutions. The strong electrostatic interaction between the amino groups of the protein 

mixture and dye anions can be used to explain the high adsorption capacity of anionic dyes onto 

the composite and coated systems. A study of the influence of dye concentrations as well as 

system reusability could bring more insights on the possibility pf system applications. To 

facilitate adsorbent separation from the treated solution, magnetic nanoparticles could be 

incorporated on the microspheres. Finally, Alg/Cas systems could be useful, since acetic acid 

is often used as a stimulator in the dying process, in which the pH of the dye solution is normally 

adjusted to 3-4. 
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Chapitre IV: 

Amélioration des propriétés barrières des capsules par 

incorporation d’un polymère pH-sensible  

 

G. Ben Messaoud, Laura Sánchez-González, L. Probst, C. Jeandel, E. Arab-Tehrany, S. 
Desobry. Physico-chemical properties of alginate/shellac aqueous-core capsules: influence of 
membrane architecture on riboflavin release. Carbohydrate Polymers 
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L’alginate est très utilisé dans le domaine de la biotechnologie pour l’encapsulation de cellules 

car il possède plusieurs avantages tels que son faible coût, sa disponibilité, sa biocompatibilité 

et sa gélification dans des conditions relativement douces. De plus, les hydrogels à base 

d’alginate possèdent une perméabilité relativement large mais sélective assurant 

l’immobilisation de cellules tout en permettant la diffusion des nutriments vers les capsules et 

la diffusion des composés secrétés par les cellules vers l’extérieur des capsules.  

Ce dernier avantage pourrait rapidement devenir un inconvénient pour les applications de 

libération contrôlée et en particulier dans le cas d’encapsulation de molécules de faibles masses 

moléculaires. 

Dans ce dernier chapitre, un polymère pH-sensible: la gomme laque (E904) issue de la sécrétion 

d’une cochenille asiatique (Kerria lacca) a été associée à l’alginate dans le but de réduire la 

perméabilité des capsules à cœur liquide.  

Pour cela, la gomme laque a été incorporée soit directement au niveau de la membrane des 

capsules (système composite) soit appliquée comme couche externe (système enrobé) et ces 

deux systèmes ont été comparés par rapport à un système alginate simple (témoin). L’influence 

du pH de préparation, de la concentration de la gomme laque ainsi que son mécanisme de 

préparation (précipitation acide ou réticulation avec les ions calcium) ont été étudiés.  Les 

capsules produites ont été évaluées selon 2 critères : la cinétique de libération de la riboflavine 

utilisée comme molécule modèle et la structure de leur membrane observée par microscopie. 
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Abstract  

Alginate core-shell capsules are of widespread importance in the encapsulation field. However, 

alginate membrane capsule possesses a relative large permeability which leads to potential loss 

of their content, especially low molecular weight molecules.  

To enhance the physicochemical properties of Alginate capsules, shellac was incorporated into 

the membrane (composite capsules) or as an additional external layer (coated capsules). The 

influence of preparation pH, coating time, shellac concentration and preparation mechanism 

(acid precipitation or calcium reticulation) were investigated. Results showed that shellac 

influenced significantly capsules properties. The feasibility of shellac incorporation was closely 

related to calcium and polymer concentrations as showed by ATR-FTIR. Optical, fluorescence 

mailto:laura.sanchez-gonzalez@univ-lorraine.fr
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and SEM microscopy highlighted different capsules and membranes architectures. In contrast 

to simple and composite capsules, coated capsules showed a pH-dependent release of the 

entrapped vitamin, especially by shellac crosslinking with calcium. This global approach is 

useful to control release mechanism of low molecular weight molecules from macro and micro-

capsules. 

Keywords: Core-shell capsules; physicochemical properties; riboflavin; permeability; pH-

dependent release. 

 

 

1. Introduction 

Polysaccharide-based capsules are of a general importance in the encapsulation field (Madene, 

Jacquot, Scher, & Desobry, 2006). Their main functions are the successful encapsulation, 

transportation and controlled release of the capsule content to the external environment (Hu, 

Tsai, Liao, Liu, & Chen, 2008b). 

Alginate is one of the most dominantly used naturally derived polymer thanks to its interesting 

properties such as good biocompatibility, wide availability, low cost and gelation under mild 

conditions (Pawar & Edgar, 2012). This anionic soluble polysaccharide can be extracted from 

brown algae such as Macrocystis pyrifera, Ascophyllum nodosum, Laminaria hyperborean, or 

isolated from bacterial species such as Azotobacter and Pseudomonas (Shilpa, Agrawal, & Ray, 

2003). 

Chemically, alginate is an unbranched binary polysaccharide constituted of 1,4-linked β-D-

mannuronic (M) and α-l-guluronic acid (G) (Shilpa et al., 2003). The uronic acid residues are 

distributed along the chain polysaccharide in a pattern of homopolymeric blocks (G and M-

blocks) and heteropolymeric blocks (MG-blocks) (Pawar & Edgar, 2012).  

Alginate capsules functionality depends considerably on their permeability and 

physicochemical stability. The final hydrogel possesses a relatively large permeability since 
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cells can be immobilized while nutrients or compound excreted by the cells can diffuse out 

(Lim & Sun, 1980).  

This selective retention and release of alginate hydrogels makes them a good carrier for 

biotechnology applications however the relative high porosity is not suitable for release 

applications of low molecular weight drugs. 

In order to control their physicochemical properties, several strategies were developed such as 

the creation of composite capsule by incorporation of further polymers (M.-L. Zhu, Li, Zhang, 

& Jiang, 2015),(Ben Messaoud, Sánchez-González, Jacquot, Probst, & Desobry, 2015) or 

nanoparticles (Degen, Zwar, Schulz, & Rehage, 2015) into alginate membrane  or by coating 

with positively charged polymers such as chitosan (Bartkowiak & Hunkeler, 2000) and poly-l-

lysine (Leick, Kemper, & Rehage, 2011) or by polyelectrolyte layer-by-layer deposition by 

alterning oppositely charged polymers (Ye, Wang, Liu, & Tong, 2005). 

The combination of alginate with other naturally derived polymers could control 

physicochemical properties of the final matrix.  

Shellac is a purified resinous secretion of lac insects (Kerria lacca), which are mostly cultivated 

in host trees from India and other parts of the Far East (Aulton, Cole, & Hogan, 1995). It is a 

complex mixture of polar and non-polar components consisting of polyhydroxy polycarboxylic 

esters, lactones and anhydrides with the main acid components being aleuritic and terpenic 

(Patel, Remijn, et al., 2013) (Figure 1). 
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Figure.1.  Chemical structures of shellac. Polyesters (a) and single esters (b). (Limmatvapirat 

et al., 2004) 

 

Thanks to its excellent film forming and protective properties, nontoxicity and biodegradability, 

this natural polymer is widely used as adhesives, thermoplastics, sealants, insulating materials, 

and coating materials in food and pharmaceutical industries (Aulton et al., 1995) and was 

recently used as an oleogelator (Patel, Schatteman, Vos, & Dewettinck, 2013). 

Considering these attractive properties, shellac gained a lot of interest for developing several 

capsules types such as calcium shellac microspheres prepared by emulsification-precipitation 

(Xue & Zhang, 2009), composite (Leick, Kott, et al., 2011) and coated liquid-filled pectinate 

macrocapsules (Henning, Leick, Kott, Rehage, & Suter, 2012), and microcapsules by extrusion 

(Xue & Zhang, 2008), spray drying and co-precipitation technique (Hamad, Stoyanov, & 

Paunov, 2012). 

Concerning the fabrication process of millimeter scale alginate liquid-core capsules, there are 
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three main approaches. The first one is based on minifluidic devices, by co-extrusion and  

electro co-extrusion of the inner core and Na-alginate drops into a CaCl2 bath to form the 

alginate capsules (Bremond, Santanach-Carreras, Chu, & Bibette, 2010)(Phawaphuthanon, 

Behnam, Koo, Pan, & Chung, 2014). The second method is based on the formation of alginate 

beads hydrogel followed by coating with oppositely charged polymers and finally by alginate 

core removal using a chelating agent (Correia, Sher, Reis, & Mano, 2013). For the third 

approach, called “reverse spherification”, the CaCl2 droplets containing the active molecule is 

dropped into a sodium alginate bath to form the inner side of the membrane, and then the 

partially gelled capsules are transferred into a CaCl2 solution to complete the reticulation 

process (Blandino, Macías, & Cantero, 1999). The latter method was used in the current study.  

The aim of this work was to study the influence of shellac incorporation into alginate liquid-

core capsules produced by simple extrusion process. Four different types of capsule shells have 

been synthesized: simple alginate membrane as a control, composite membrane by mixing 

shellac and alginate solutions, coating the alginate capsules with an additional shellac layer and 

coated composite capsules. The influences of shellac concentration, gelation time and 

mechanism (via precipitation or CaCl2 reticulation) on release properties of riboflavin were 

investigated.  

 

2. Materials and methods 

2.1. Materials  

Alginic acid sodium salt (Alg) with an M/G ratio of 1.η6, Shellac (ShL) wax-free (flakes), 

glycerol (≥ λλ.η%) and Riboflavin (Mw= 376.36 g/mol) were purchased from Sigma Aldrich 

(Steinheim, Germany). The average alginate molecular weight Mv  of 1.6λ 10η g.mol-1  was 
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calculated using the Mark–Houwink–Sakurada correlationμ [�] = ���� Where α = 0.λ2 and k 

= 7.3 10-η (Thu et al., 1λλ6). 

Calcium chloride dihydrate (Mw=1ζ7.02 g/mol) was obtained from VWR International 

(Leuven, Belgium), tri-sodium citrate (Mw= 2λζ.0λ g/mol) from Fisher scientific 

(Leicestershire, United Kingdom), HCl 1 M and σaτH 1M were purchased from Sigma 

Aldrich. 

For ShL labelling and Alg-FITC derivative synthesis, σile red, fluorescein isothiocyanate 

(FITC, isomer I), σ-(3-dimethylaminopropyl)-σ -ethylcarbodiimide hydrochloride (EDC), σ–

hydroxy sulfosuccinimide sodium salt (σHSS) and 1, 6-diaminohexane were purchased from 

from Sigma-Aldrich (Chemie, Steinheim, Germany). 

 

2.2. Samples preparation  

2.2.1. Solutions preparation 

To prepare the liquid-core solution, CaCl2 (1 % wt) was solubilized into λ0 % wt of 

glycerol ( =0.22 Pa.s, 20 °C) to modulate the cross-linking solution density and ensure capsules 

spherical shape (Blandino et al., 1λλλ). To investigate the influence of pH, cross linking 

solutions with different pH values (1, 3, η) were prepared from the stock solution by adding 

some drops of HCl. In order to study the passive release of the obtained systems, riboflavin was 

solubilized in the cross-linking solutions. 

Alg solution 1% wt was prepared by dispersion of the polymer powder in distilled water 

under stirring until complete dissolution. M2 

To prepare ShL solution, the polymer was dissolved during 1h in 1.5 % wt ammonium 

bicarbonate solution at 50 °C to a final concentration of 12 % (w/v). The excess of ammonium 

salt was then removed by heating the solution at 65°C until a constant pH was reached (pH ≈ 

7.4) and evaporated water was replaced (Farag & Leopold, 2011).  
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           Solutions of the pure components were mixed together in the composition range 0.5% 

and 1-5 % wt of Alg and ShL, respectively.  

 

2.2.2. Capsules preparation 

In order to prepare the liquid-filled capsules, CaCl2 solution was extruded dropwise 

through a needle (outer diameter, 0.λ mm) into stirred Alg and Alg-ShL mixtures in order to 

obtain alginate and composite capsules, respectively. A dropping height of η cm was used to 

ensure the formation of spherical capsules (Leick, Henning, Degen, Suter, & Rehage, 2010). 

After a gelation time of 10 minutes, capsules were rinsed with distilled water to avoid external 

gelation (Blandino et al., 1λλλ). Then capsules were transferred into a CaCl2 (1% wt) solution 

to stabilize capsule membranes at the corresponding pH (1, 3,η or water). 

For the preparation of coated capsules, Alg and composite Alg-ShL capsules were transferred 

into a stirred shellac solution. Then, capsules were rinsed and stored into a CaCl2 solution at the 

desired pH. 

 

2.3. Characterization of capsules 

2.3.1. Measurements of capsule size and membrane thickness 

The external diameter and membrane thickness of capsules were performed under an optical 

microscope (Olympus AX70, Japan) equipped with a camera (Olympus DP70). Dp controller 

software (dp controller, version 2.1.1) was used for taking photos (Fig.1). Shell thickness and 

capsules diameter were therefore calculated using imageJ software (National Institutes of 

Health, Bethesda, Mayland, USA). The data for one experimental condition were calculated 

from values taken from 10 capsules. 

For capsules fluorescence imaging, ShL was mixed with Nile red and Alg-FITC derivative was 

synthetized according to Zhu et al 2005 (H. Zhu, Srivastava, & McShane, 2005). Briefly, 120 
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mg of Alg was mixed with EDC/NHSS (50 mg/30 mg) for the activation of carbonyl groups on 

alginate in pH 5 sodium acetic buffer for 30 min, followed by addition of 60 mg 1, 6-

diaminohexane for another 4 h. The mixture was precipitated in 2-propanol to remove unreacted 

diamine. The Alg-amine derivative was reacted with FITC (0.5 mg) in pH 8.5 sodium 

bicarbonate solution for 4 h and precipitated in acetone. Finally, the obtained Alg-FITC 

derivative was mixed with unlabeled Alg solution. 

 

2.3.2. Release properties  

The release of riboflavin was carried out using a Uv-vis spectrophotometer Pharmacia Biotech 

Ultrospec 4000 (Richmond Scientific Ltd, Lancashire, U.K). Capsules were placed at 20 °C 

into 20 ml water at different pH values. At scheduled time intervals, the amount of released 

vitamin was determined from solution absorbance at 440 nm wavelength. At the end of each 

experiment, in order to determine the total mass initially encapsulated, 1 ml of tri-sodium citrate 

solution (1M) was added and capsules were sonicated at 40 kHz (Sonicator Vibra cell 75115, 

500 watt, Bioblock Scientific Co) and 40% of full power for 600 s (1 s on / 1 s off)  to rupture 

the capsule membrane. 

 

2.4. ATR-FTIR spectroscopy 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of air dried 

solutions were acquired using a Tensor 27 mid-FTIR Bruker spectrometer (Bruker, Karlsruhe, 

Germany) equipped with an ATR accessory (128 scans, 4 cm-1 resolution, wavenumber range 

: 4000 - 400 cm-1) and a DTGS detector. Spectral manipulations were performed using OPUS 

software (Bruker, Karlsruhe, Germany). Raw absorbance spectra were smoothed using a nine 

points smoothing function. Elastic baseline correction using 200 points and H2O/CO2 correction 

were then applied. Then, spectra were centered and normalized.  
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2.5. Scanning electronic Microscopy  

Prior to analysis, capsules were frozen using liquid nitrogen and then rapidly cutted. Samples 

were then deposited on a carbon adhesive tab (EMS® 77825-12) at room temperature. The 

coverslips were coated with gold palladium for 2X100 s (Polaron SC7640, Thermo VG 

Scientific, England). Preparations were observed under SEM (Cambridge Stereoscan S240) at 

5 kV. 

 

3. Results and Discussion 

3.1. Feasibility of shellac incorporation into alginate matrix 

In the current study, several combinations of Alg and ShL were tested in order to control 

physicochemical properties of the final liquid-core matrix. Alginate capsules were obtained by 

dripping glycerol solution λ0 % vt containing 1 or 2 % wt CaCl2. To prepare composite and 

coated capsules, three ShL concentrations (1, η and 10 % wt) and two ShL gelation mechanisms 

were investigated, calcium reticulation at neutral pH and acid precipitation (pHη, 3 and 1). 

The different combinations, showed that the feasibility of composite and coated capsules is 

closely related to the concentration of ShL and calcium during capsules formation and to the 

mechanism of ShL precipitation.  

For alginate capsules obtained with 1 % wt CaCl2, preliminary experiments demonstrated that 

the preparation of composite and coated capsules is possible only with 1 % wt shellac. In fact, 

for higher shellac concentrations, composite capsules cannot be formed and only precipitate 

was observed during dripping of CaCl2 into Alg-ShL mixture. During the preparation of coated 

system we observe Alg membrane disintegration by ShL deposition on capsules surface.  

In the case of ShL coating by reticulation with CaCl2, preparation is possible with 1 and η % wt 

ShL. However, the ShL layer was not stable and detached from the Alg capsule during storage. 

During coating with ShL 10 % wt, the Alg membrane disintegrated during the coating process.  
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For Alg capsules obtained with 2 % wt CaCl2, experiments revealed that composite 

capsules preparation is possible for ShL concentration up to η% wt and coated capsules for all 

ShL concentrations. Unfortunately, during capsules coating by pH precipitation, we observed a 

very fast deposition of ShL generating the formation of non-uniform external layer.  

This variation of ShL thickness layer and structure could lead to heterogeneous mechanical and 

release properties. Since this type of system could be used as “liquid pearls” in molecular 

gastronomy or in biotechnology, we selected the systems prepared with 1% CaCl2 for the 

subsequent characterizations. The influence of pH and temperature on physicochemical 

properties of capsules is studied. 

From this preliminary study, we observed that coating the capsules by ShL reticulation 

with Ca2+ lead to the formation of a uniform and smooth layer at the surface of alginate capsules 

compared to capsules prepared by acid ShL precipitation. In the other hand, the preparation of 

composite Alg-ShL capsules was closely related to the amount of ShL and Ca2+, which could 

be explained by the competition between ShL and alginate shellac to bind calcium ions and 

affect the final composite gel structure. 

 

 

3.2. Capsules structure 

The fluorescence and optical microscopic observation of aqueous-core capsules obtained by 

ShL precipitation and calcium reticulation are shown in figure 3 and ζ, respectively.  

All capsules types exhibited a spherical shape, as a consequence of closer solutions viscosities 

before the encapsulation step. Since the viscosity of the dripped CaCl2 solution is constant, in 

the other hand ShL addition did not lead to significant viscosity changes.   

Concerning capsules obtained by acid precipitation (Fig. 3), the incorporation of 1% ShL in the 

Alg membrane resulted in a relative opaque system (fig. 3b) due to ShL precipitate formation. 
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For coated Alg capsules by shellac precipitation, after 1 min the ShL precipitate is randomly 

localized on the surface of Alg capsules and did not form a homogenous layer (Fig. 3c). 

However, after 10 min coating, shellac precipitate cover all the capsule surface (Fig. 3d). Even 

if shellac precipitation during acidification is a very fast process, 1 min is not sufficient to form 

a homogenous external layer.  

 

 

Figure. 2. Fluorescence images of simple Alg (a), composite Alg-ShL 1% wt (b),  ShL coated 

Alg  during 1 min (c) and 10 min (d). 

 

 

Fig. 2 showed optical micrographs of simple Alg capsules, composite and coated capsules 

prepared by calcium reticulation at neutral pH and then incubated at different pH-values (pH1, 

3 and η). 
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Figure 3. Microscopic images of simple Alg capsules at pH5 (a), composite Alg-ShL 0.5% 

(b), composite Alg-ShL 1% wt (c), coated Alg capsules  at pH1 (c, i), pH3 (d, g) and pH5 (e, 

g) and coated Alg-Shl composite capsule (j). 
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Compared to simple Alg capsules (Fig. 3a), the incorporation of ShL resulted in opaque 

capsules (fig 3.b and c), and this opacity is function of ShL amount incorporation. In fact for 

alg-ShL 5% composite capsules, it’s hard to distinguish between the membrane and core 

capsule due to high system opacity (figure not shown). In this case, others experimental 

techniques could be usefull like  NMR imaging to distinguish simply the capsule membrane 

(Leick, Kott, et al., 2011),(Henning et al., 2012). Coating alginate capsule (Fig. 3d, e and f) 

resulted in a dark layer surrounding the liquid core capsules, but more distinguishable at pH3 

and 5 (Fig. 3e and f) than at pH1 (Fig. 3d). From the observation of ShL coated Alg membrane 

(Fig. 3g, h), we can easily differentiate the ShL layer at the surface of capsules.  However at 

pH1, even after zooming, it’s still hard to distinguish between the two polymers layers (Fig. 3i). 

We showed also that it’s possible to perform ShL coating of Alg-ShL composite capsules (Fig. 

3j).  

From the microscopic observation, the average diameter and membrane thickness of simple, 

composite and coated capsules were calculated (Table 1).  
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Table 1. Diameter and membrane thickness of Alg / ShL liquid-core capsules. Mean values 

and standard deviation. 

 

Capsules 

pH 1 pH 3 pH 5 

Diameter 

(mm) 

Membrane 

thickness (µm) 

Diameter 

(mm) 

Membrane 

thickness (µm) 

Diameter 

(mm) 

Membrane 

thickness (µm) 

Simple 3.30 ± 0.13 206 ± 18 3.34 ± 0.24 208 ± 19 3.66 ± 0.14 305 ± 11 

pH precipitation 

Composite 2.94 ± 0.12 185 ± 19 3.15 ± 0.14 205 ± 8 3.42 ± 0.10 187 ± 17 

Coated 
1min 

3.20 ± 0.13 238 ± 20 3.49 ± 0.13 235 ± 17 3.48 ± 0.07 290 ± 27 

Coated  

10 min 

3.29 ± 0.14 207 ± 21 3.28 ± 0.06 225 ± 10 3.52 ± 0.15 284 ± 18 

Calcium reticulation 

Simple 
coated 

2.68 ± 0.20 138 ± 17 3.03± 0.20 207 ± 18  3.29 ± 0.10 223 ± 19 

 

 

The average diameter of capsules ranged from 3.6 to 3.3 mm and from 2.λζ, 3.2 and 3.2λ mm 

to 3.ζ2, 3.ζκ and 3.η2 mm for composite Alg-ShL 1%, Alg capsules coated during 1 min and 

10 min by ShL acid precipitation, respectively.  

The diameter of alg coated capsules by Ca reticulation, ranged from 2.68 to 3.29 at pH1 and 

pH1, respectively.   

Membrane measurements showed a pH-dependent thickness of simple Alg capsules which 

decrease with pH diminution (from 305 to 206 µm at pH 5 and 1, respectively), indicating 

alginate hydrogel shrinking in acidic conditions (Moe, Skjaak-Braek, Elgsaeter, & Smidsroed, 

1993). This reduction could be explained by potential alginate precipitation or partial a calcium 
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alginate conversion in alginic acid gel by protons exchange (K. I. Draget, Skjåk-Bræk, 

Christensen, Gåserød, & Smidsrød, 1996). In fact, the pKa values of both alginate monomers 

b-D-mannuronic acid (M) and a-l-guluronic acid (G) residues are of 3.38 and 3.65, respectively 

(K. I. Draget, Skjåk Bræk, & Smidsrød, 1994).  

The membrane thickness evolution of composite Alg-ShL capsules with pH decrease was 

comparable to alginate capsules and the highest thickness was observed for pHη. 

However, composite Alg-ShL capsules showed lower membrane thicknesses compared to 

simple Alg capsules. A possible explanation, is that the precipitation of shellac decreased 

membrane development during the gelation process. σo significant differences on membrane 

thickness were observed between simple and coated capsules by acid precipitation during 1 and 

10 minutes, respectively. 

Surprisingly, ShL coated Alg capsules by Ca reticulation, exhibited a thinner membrane than 

simple ALg capsules over all the pH range. The double layer capsules exhibit lower membrane 

thickness than simple capsules and therefore Alg membrane size decrease after or during the 

coating process. This Alg membrane shrinking might be induced by a depletion of cross-linked 

calcium ions in the hydrogel as a consequence of chemical interaction between Ca and ShL as 

previously reported by S. Henning et al,. 

Another possible explanation could be related to the physical nature of alginate and shellac 

layers. In fact, alginate is a hydrogel mainly composed of water, whereas shellac is a solid 

precipitate mainly stabilized with lower water content. Therefore during shellac layer 

deposition at the surface of alginate capsules, a mechanical pressure could be applied at the 

interface and might lead to membrane volume decrease.         
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In general, capsule diameter evolution depends strongly on capsule membrane thickness, since 

the droplet size is controlled by the intrinsic properties of the CaCl2 solution during the dripping 

step. 

 

In order to investigate the internal structure of membranes, SEM was performed on cross-

sections of aqueous-core capsules .The SEM micrographs of the different capsules type are 

shown in Fig.ζ at different magnifications.  

The internal surface of the alginate membrane is relatively smooth with a network structure 

(Fig ζ.a). The air dried composite membrane Alg-ShL (Fig. ζb) showed a sponge-like 

membrane with an internal structure not too different from simple shellac layer (Fig ζ.d) but 

with higher porosity. The coated capsules (Fig. ζc) showed two distinct films, Alg membrane 

surrounded by ShL layer. The interspace between the two membrane highlighted at high 

magnifications, could be related to Shellac layer detachment at capsule surface caused by the 

drying process during SEM experiments. In (Fig. ζe) we can observe a half of composite 

capsule during SEM experiments. It’s interesting to note that this type of capsules maintain its 

structure integrity during drying and SEM analysis compared to simple alginate capsules which 

could be related to the difference of  the physical structure between the two polymers gels. 
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Figure. 4. SEM images of the cross-sections of simple Alg (a), composite Alg/ShL 1% (b), 

coated Alg (c), ShL precipitate (d) and composite Alg/ShL capsule (e). 
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3.3. FTIR spectroscopy 

The FTIR spectra of casted Alg, ShL solutions and precipitates (gel)  after acidification or 

calcium reticulation are shown in Figure.η. All spectra displayed a band between 3000 and 3700 

cm-1 (τH stretching) . 

 

(a)

Wavenumber (cm
-1

)

6001000140018002400280032003600

Alg sol
Alg Ca

(b)

Wavenumber (cm-1)

6001000140018002400280032003600

ShL sol 
ShL acid precipitation 
ShL Ca reticulation

 

Figure. 5. FTIR spectra of Alg (a) and ShL (b). 
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The casted alginate solution and calcium alginate dried hydrogel spectra (Fig.ηa) showed two 

characteristics peaks due to the carboxylate group; an antisymmetric stretch of C-τ bond at 

1ηλζ cm-1 and a symmetric stretch at 1ζ13 cm-1 τf the Cττ group. 

The band at 1023 cm-1 is an antisymmetric stretch (C-τ-C) given by the guluronics units 

(Sartori, Finch, Ralph, & Gilding, 1λλ7). The reticulation of alginate with calcium cations 

caused a decrease in intensity of Cττ− stretching peaks, and a decrease in intensity of 1031 

cm-1 peak. This indicated that an ionic bonding between calcium ion and carboxyl groups of 

alginate and a partial covalent bonding between calcium and oxygen atom of ether groups, 

respectively (Pongjanyakul & Puttipipatkhachorn, 2007).  

The cross-linking process caused an obvious shift to higher wavenumber and a decrease in 

intensity of Cττ− stretching peaks due to ionic exchange of the sodium in the uronic-acid 

residues by calcium divalent cations and, hence, a change in the charge density and the radius 

of the atomic weight of the cation (Voo et al., 201η). 

In Fig. ηb, the FTIR spectra of dried ShL solution, acid ShL precipitate and Ca ShL are shown. 

The band in the area between 3700 and 3000 cm-1 is a result of τ-H stretching vibrations. This 

band present significant great intensity and has a shoulder in the spectrum of the ShL Ca. 

All spectra showed two bands due to C-H stretching vibrations (2λ30 and 2κη0 cm-1), this bands 

exhibited the same intensities and same locations for all ShL samples.  

However, the wavenumber region 1700-1η00 cm-1 showed significant changes between the 

three ShL spectra. This indicates some interactions with the carboxylate groups, such as due to 

hydrogen bands, and calcium interaction with the carboxylate groups, for ShL acid and ShL Ca, 

respectively. 

The intensity of the bands at 162λ and 1ηζ2 is significantly increased for ShL Ca compared to 

ShL solution and ShL acid precipitate.  
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The bands at 162λ and 1ζ0ζ cm-1 may be referred to the asymmetric and symmetric C=τ 

stretching vibration, respectively, of the carboxylate. From changes in the spectrum it may be 

concluded that the mechanism of interaction is a salt formation of calcium ions and the 

carboxylate groups of shellac. However, the presence of the carbonyl band at 170κ cm-1 in the 

calcium shellac spectrum indicates that not all carboxylic groups are involved during ShL Ca 

precipitate formation (Derrick, 1λκλ).  

 

3.4. Release properties 

Relative amounts of released riboflavin versus time elapsed after capsules preparation were 

plotted in Figure 6 and 7 for different pH and membrane capsules structure. Riboflavin release 

kinetic showed the same profile for all capsules types with an exponential phase followed by 

stationary phase which reflects the equilibrium state. The riboflavin diffusion from simple, 

composite and coated capsules by ShL acid precipitation at different pH-values is shown in Fig. 

6.  



    
 

157 

 

pH1

Time (min)

0 100 200 300

R
el

ea
se

 (
%

)

0

20

40

60

80

100

Simple
Composite
coat 1min vs Col 8 
coat 10min vs Col 11 

pH 3

Time (min)

0 100 200 300

R
el

ea
se

 (
%

)

0

20

40

60

80

100

Simple
Composite
Coated 1 min
Coated 10 min 

pH 5

Time (min)

0 100 200 300

R
el

ea
se

 (
%

)

0

20

40

60

80

100

Simple
Composite
Coated 1 min
Coated 10 min 

 

Figure 6. Riboflavin release from simple Alg, Alg-ShL composite and coated capsules during 

1 and 10 min via ShL acid precipitation at different pH-values. 
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For all capsules types and pH-values the equilibrium release state was achieved after 80 min. 

However, the percentage of released riboflavin depends considerably on capsule types 

(membrane architecture) and pH-values. 

In fact, at pH1, simple and composite Alg-ShL capsules didn’t show significant differences 

where the final release percentage where about 90% approximatively. Coating capsules during 

1 min resulted in a final release percentage of 80%. However, this amount was not significantly 

different from the released amount from simple and composite capsules. This observation could 

be explained by the nonhomogeneous ShL deposition at the surface of Alg capsules as 

previously discussed (Fig. 2c).  Coating the capsules during 10 min, resulted in a significantly 

decrease of the total amount of riboflavin released after 300 min (51.8 %). 

At pH3, simple, composite and coated capsules showed the same riboflavin rate and final 

amount. However, for coated capsules during 10 min, the final amount of riboflavin was 59.2 

%.  At pH5, all capsules types showed the same diffusion profile and the total amounts of 

released riboflavin after 100 min were not significantly different for all capsules types. 

Concerning riboflavin release from coated capsules by ShL calcium reticulation (Fig. 7a), the 

final amount of released vitamin at pH 3 and 5 (91.5 and 83.5 %, respectively) was not 

significantly different, however at pH1 the final released amount didn’t exceed ζ0% after η 

hours.   

The coated capsules were heated at 60°C below the glass transition temperature of ShL during 

30 minutes into a riboflavin solution, then capsules were washed and transferred into the release 

media (pH5, 3 and 1). The resulted capsules showed a better retention than unheated matrix 

(Fig. 7b). In fact, the final amounts of released vitamin at pH1, 3 and 5 were 

 10.8, 48.3 and 63.2 %, respectively.  

The high retention efficiency of heated liquid-core, could be related to the structural changes in 

the shellac layer during heating. In fact ShL is a thermoplastic polymer, therefore sticky 
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polymer precipitate is formed at this temperature, which result in a dense network with lower 

porosity than unheated capsules. (Pearnchob & Bodmeier, 2003) 
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Figure 7. Riboflavin release from unheated coated capsules by ShL calcium reticulation (a) 

and after heating (b). 
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4. Conclusion 

In conclusion, the influence of ShL incorporation on structure and permeability of Alg liquid-

core capsules produced by reverse spherification was investigated. The membrane architecture 

was controlled by the preparation of simple Alg membrane, mixing ShL and Alg solutions to 

produce composite system or coating the Alg capsules with an additional ShL layer. The 

influence of preparation pH, ShL concentration and shellac preparation mechanism (acid 

precipitation or calcium reticulation) were studied. 

The Optical and fluorescence microscopy highlighted different capsules and membranes 

architectures and SEM the obtained internal membrane structures. 

Compared to simple and composite capsules, coated capsules displayed a retarded release of 

the entrapped riboflavin vitamin. However, the retention efficiency of the coated capsules was 

closely related to the preparation mechanism of the external ShL layer. In fact ShL calcium 

reticulation lead to a higher vitamin retention for the entire pH range. 

This type of matrix could be useful for developing macro and micro-capsules with pH- sensitive 

release behavior. For example, the design of pH sensitive system for oral drug delivery 

applications (J. H. Park, Saravanakumar, Kim, & Kwon, 2010)(Qiu & Park, 2012), like the 

encapsulation of low molecular weight drugs which target the intestines (pH 7.4) to ensure their 

retention and avoid their undesirable early release during their passage through the stomach 

(pH 1.2). However, further investigations under buffered environments and physiological 

conditions are necessary for drug delivery applications.  
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Dans ce travail de thèse, les propriétés physicochimiques de capsules d’alginate à cœur 

liquide ont été étudiées et modifiées par incorporation de biopolymères. Ces capsules trouvent 

des applications dans plusieurs domaines et notamment dans la cuisine moléculaire : perles 

gastronomiques ‘CττKAL’. La fonctionnalité de ce système biphasique (gel/liquide) 

complexe dépend considérablement de sa perméabilité et stabilité mécanique et chimique. 

Ces capsules millimétriques à cœur liquide ou ‘Perles’ sont préparées par sphérification inverse 

qui consiste en une extrusion goutte à goutte d’un mélange (contenant du chlorure de calcium) 

dans un bain de gélification à base d’alginate. Un agent épaississant est généralement ajouté à 

la solution de CaCl2 afin de permettre la formation de capsules sphériques et de limiter leur 

déformation par le cisaillement du bain de gélification. 

Dans un premier travail, on s’est donc naturellement intéressé au rôle que peut jouer le 

polymère utilisé pour ajuster la viscosité de la solution de CaCl2 sur les propriétés finales des 

capsules. Le module de Young  de la membrane des capsules a été corrélé aux propriétés 

viscoélastiques d’hydrogels plans d’alginate obtenues par rhéologie oscillatoire aux faibles 

amplitudes et la perméabilité de la membrane a été évaluée par suivi de la cinétique de diffusion 

de la rouge cochenille, riboflavine et BSA. Cette étude a démontré l'importance de la 

composition du cœur liquide, ce qui peut  donner de nouvelles idées afin d’ajuster les propriétés 

physicochimiques de macro et microcapsules en modulant les interactions cœur-membrane. 

 

Dans ce travail, la charge du polymère utilisé pour ajuster la viscosité de la solution de chlorure 

de calcium affecte les propriétés finales des capsules. Néanmoins plusieurs autres paramètres 

doivent être étudiés, tels que la masse moléculaire du polymère. En effet, l’utilisation de 

molécules de faible masse moléculaire pourrait fragiliser les capsules par diffusion de part et 

d’autre de la membrane des capsules. En revanche, des polymères de grandes tailles, peuvent 

également affecter la stabilité de la membrane et causer la rupture des capsules par application 
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d’une force de traction en cas de gonflement du polymère dans des conditions spécifiques 

(nature du solvant, pH….). 

 

Dans un second travail, la stabilité et la perméabilité des capsules ont été contrôlées par 

une simple incorporation d’un mélange protéique (caséinate de sodium) dans la membrane 

d’alginate. Les capsules composites ont montré un renforcement des propriétés mécaniques et 

une libération pH-dépendante de la molécule encapsulée. Ce profil de libération est expliqué 

par des interactions électrostatiques entre le caséinate de sodium et la molécule encapsulée à 

pH < 4. 

L’incorporation de biopolymères dans la membrane d’alginate est une alternative intéressante 

pour modifier les propriétés finales des capsules à cœur liquide. Cependant, la gélification de 

l’alginate en présence de ces biopolymères doit être étudiée, par exemple par gélification lente 

de l’alginate  en présence et en absence du second biopolymère et suivi de la transition sol-gel 

par rhéologie. 

Pour des applications en biotechnologie, la biocompatibilité des biopolymères incorporés dans 

la matrice d’alginate doit être étudiée. La biodégradabilité ainsi que les propriétés de 

gonflement de l’hydrogel composite (alginate/biopolymère) doivent également être 

caractérisées. 

La  stratégie générale utilisée dans cette étude peut être utile pour développer de nouveaux types 

de microcapsules pour des applications de libération contrôlée par incorporation de polymères 

dans la coque des capsules susceptibles d’interagir dans certaines conditions (T°C, pH,…) avec 

le principe actif encapsulé. 

Comme application directe à cette étude, des microsphères à base d’alginate et de caséinate de 

sodium ont été développées en utilisant un équipement basé sur une technologie de buse 

vibrante combinée à un potentiel électrostatique. Trois types de systèmes ont été synthétisés : 
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microsphères simples (alginate), composites (alginate/caséinate de sodium) et composites 

enrobées par une couche de caséinate de sodium. L’efficacité des microsphères pour 

l’élimination de colorants azoïques (rouge cochenille et noir amido) a été évaluée. Ce système 

efficace à pH acide, trouve des applications dans l’élimination de colorants à partir de rejets 

industriels (textile, plasturgie, etc…) par un mécanisme d’adsorption.  

Dans un dernier travail, la gomme laque qui est un additif alimentaire (E904) issu de la 

sécrétion d’une cochenille asiatique (Kerria lacca) a été incorporée dans la membrane 

d’alginate ou comme revêtement externe.  L’optimisation de l’architecture des capsules 

alginate/gomme laque a permis d’améliorer les propriétés barrières de la membrane d’alginate 

vis-à-vis des molécules de faible masse moléculaire.  

La faisabilité de l’enrobage des capsules par de la gomme laque est étroitement liée aux 

conditions expérimentales (concentration en gomme laque et en CaCl2), et les résultats ont 

démontré une réduction du volume de l’hydrogel d’alginate qui peut être lié aux différences 

physiques entre le gel d’alginate et le précipité de gomme (mobilité moléculaire, ratio 

polymère/solvant dans le gel…). Il semblerait donc que l’étape d’enrobage induise une 

contrainte mécanique à la surface des capsules et conduise à l’expulsion d’un certain volume 

d’eau de la membrane. Ces changements structuraux de la membrane peuvent également être 

liés à une compétition entre les deux polymères pour fixer les cations calcium. Une étude donc 

plus approfondie de cet aspect serait intéressante.  

En conclusion, ce travail de thèse a permis de modifier les propriétés physicochimiques 

des capsules à cœur liquide à base d’hydrogel d’alginate par incorporation de biopolymères. 

Les systèmes développés peuvent également être utilisés dans différents domaines et extrapolés 

à une échelle micrométrique afin de s’adapter à une gamme d’applications plus large. 
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Structuration et contrôle de l’architecture de capsules à coeur liquide à base d'hydrogel 
d’alginate par association de biopolymères. 

 
Résumé: 
Cette thèse a pour objectif d’étudier les propriétés physico-chimiques de capsules à cœur liquide à base 
d'hydrogel d'alginate et de contrôler leur perméabilité et propriétés mécaniques par ajout des 
biopolymères. Ces capsules millimétriques sont préparées par un procédé de sphérification inverse par 
extrusion goutte à goutte d’une solution de chlorure de calcium dans un bain de gélification à base 
d’alginate. Dans un premier travail, l’influence des polymères utilisés pour contrôler la viscosité du 
cœur liquide (agent épaississant) lors de la préparation des capsules sur la perméabilité et la stabilité 
mécanique de la membrane d’alginate a été étudiée. Les propriétés mécaniques des capsules ont été 
corrélées avec les propriétés viscoélastiques d’hydrogels d’alginate caractérisés par rhéologie 
oscillatoire aux faibles amplitudes. Un second travail, a consisté à élaborer des capsules composites avec 
une membrane de caséinate de sodium/alginate qui présentent une meilleure stabilité et une libération 
pH-dépendante d’un colorant utilisé comme molécule modèle. Comme perspective a cette étude, des 
hydrogels sphériques (microsphères) à base d’alginate et de caséinate de sodium, avec différentes 
architecture ont été développés et leur efficacité a été testée sur trois colorants anioniques. Ce type de 
système trouve des applications dans l’élimination des colorants à partir des rejets industriels par un 
mécanisme d’adsorption. Enfin, l’influence de l’incorporation de la gomme laque dans la membrane ou 
comme revêtement externe a permis de mettre en évidence une amélioration des propriétés barrières vis-
à-vis de molécules de faible masse moléculaire (riboflavine dans ce cas). Les capsules à base d’alginate 
ont un large spectre d’utilisation allant de la cuisine moléculaire à la biotechnologie ce qui nécessite une 
meilleure compréhension et contrôle de leurs propriétés physicochimiques en fonction de l’application 
visée. 
 
Mots-clés: Capsules à cœur liquide; hydrogel d’alginate; biopolymères; sphérification inverse; propriétés 

mécaniques; perméabilité. 

 
 
 
 
Abstract: 
The aim of this thesis is to study the physicochemical properties of alginate liquid-core capsules and to 
control their permeability and mechanical properties by biopolymers blending. These millimeter-scale 
size capsules are prepared by a reverse spherification process by dripping a solution of calcium chloride 
into an alginate gelling bath. In a first work, the influence of polymers used to control capsule liquid-
core viscosity (thickening agent) during capsules preparation on permeability and mechanical stability 
of the alginate membrane was investigated. The mechanical properties of capsules were correlated with 
viscoelastic properties of plane alginate hydrogels characterized by small amplitude oscillatory shear 
rheology. In a second work, composite capsules with a membrane of sodium caseinate / alginate were 
developed and showed improved stability and pH-dependent release of a dye used as a model molecule. 
As perspective to this study, composite alginate/sodium caseinate microspheres with different 
architectures were developed and their effectiveness was tested against three anionic dyes. This type of 
system has applications in the removal of dyes from industrial wastewater by an adsorption mechanism. 
Finally, the influence of shellac incorporation in alginate membrane or as an external coating layer 
resulted in enhanced physicochemical properties and decreased membrane permeability against low 
molecular weight molecules (riboflavin in this case). 
Alginate capsules have a wide range of applications ranging from molecular gastronomy to 
biotechnology which requires a better understanding and control of their physicochemical properties 
according to the target application. 
 

Keywords: liquid-core capsules; alginate hydrogel; biopolymers; reverse spherification; mechanical properties, 

permeability 
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