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RESUMO 

 

SOARES, Lucas de Souza, D.Sc., Universidade Federal de Viçosa, abril de 2019. 
Técnico-funcionalidade de quitosano em meios aquosos ácidos fluidos ou 
gelificados. Orientador: Eduardo Basílio de Oliveira. Coorientadores: Alvaro 
Vianna Novaes de Carvalho Teixeira e Jane Sélia dos Reis Coimbra. 
 

Quitosano é reconhecidamente um polissacarídeo com ação hipocolesterolêmica 

obtido pela desacetilação parcial (≥ 50%) da quitina, que é um biopolímero 

extraído principalmente de crustáceos processados pela indústria pesqueira. Este 

biopolímero tem sido usado em várias aplicações biotecnológicas. Entretanto, a 

prévia dispersão deste biopolímero é necessária para a exploração de suas 

técnico-funcionalidades. Meios aquosos contendo o ácido acético são comumente 

utilizados para dispersar o quitosano, uma vez que os grupos amino (NH2) 

existentes em suas cadeias podem ser protonados (NH3
+), o que favorece a 

repulsão inter-cadeia e, portanto, sua dispersão. Assim, o estudo de dispersões 

aquosas de quitosano e de interações intermoleculares específicas entre esse 

biopolímero e outros ácidos orgânicos além do acético torna-se relevante, a fim de 

ampliar a aplicabilidade do quitosano como ingrediente ou aditivo em formulações 

fluidas ou gelificadas, em particular as alimentícias. Então, este estudo foi 

estruturado em três grandes vertentes. Inicialmente, dispersões de quitosano 

contendo os ácidos acético (AA), glicólico (AG), propiônico (AP) ou lático (AL) 

foram analisadas. O aumento da concentração de ácido reduziu o pH e a 

viscosidade das dispersões, além do |ζ potencial| das partículas dispersas. Por 

outro lado, a condutividade elétrica e a densidade das dispersões aumentaram, 

assim como o diâmetro hidrodinâmico das cadeias dispersas. A uma mesma 

concentração de ácido, esses efeitos foram ligeiramente mais pronunciados para 

as dispersões contendo AG ou AL, sendo tal comportamento atribuído a 

interações atrativas mais intensas das cadeias do quitosano com os contra-ânions 

glicolato ou lactato. Portanto, concluiu-se que os ácidos glicólico, propiônico ou 

lático são adequados para dispersar o quitosano em meios aquosos e, em termos 

físico-químicos, podem substituir o ácido acético que tem sido tipicamente usado 

para tal finalidade. Em uma segunda abordagem, emulsões O/A contendo 
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diferentes concentrações de quitosano, previamente disperso em soluções 

aquosas de AA, AG, AP ou AL, foram preparadas usando homogeneização 

ultrassônica. O aumento da concentração de quitosano promoveu o aumento do 

índice de consistência e do módulo de armazenamento das emulsões, além de 

reduzir o aumento do diâmetro médio de suas gotículas e prevenir a separação de 

fases das emulsões expostas aos ciclos de centrifugação, congelamento-

descongelamento ou congelamento-descongelamento-aquecimento. Assim, 

constatou-se que o quitosano atuou como agente espessante e estabilizante nas 

formulações das emulsões ácidas, sendo seu desempenho influenciado pela 

concentração de biopolímero, mas não pelo tipo de ácido. Por fim, hidrogéis de 

amido ou de carragena contendo uma substituição parcial desses agentes 

gelificantes por quitosano foram preparados usando solução de ácido lático 

adicionada do corante amarelo crepúsculo (INS 110). Hidrogéis parcialmente 

substituídos por quitosano não apresentaram diferenças significativas para os 

parâmetros de cor, nem alterações expressivas nas propriedades visco-elásticas, 

quando comparadas aos materiais preparados exclusivamente com carragena ou 

amido. Além disso, a substituição parcial do amido por quitosano reduziu 

drasticamente a liberação do INS 110, para uma solução de sacarose em contato 

com os hidrogéis durante 316 h. Dessa forma, o desempenho técnico-funcional do 

quitosano em meio aquoso ácido contendo diferentes ácidos orgânicos foi 

demonstrado nesta tese. Somados às biofuncionalidade já conhecidas do 

quitosano, os resultados aqui apresentados prenunciam o impacto promissor 

desse biopolímero para aplicações alimentícias, uma vez que: i) ácidos orgânicos 

alimentares que não o acético podem ser utilizados para dispersá-lo em meio 

aquoso; e ii) ele exerce as funções de espessante de dispersões aquosas e 

estabilizante de emulsões, além de potencializador de cor em hidrogéis (sem 

alterar sua reologia). 
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ABSTRACT 

 

SOARES, Lucas de Souza, D.Sc., Universidade Federal de Viçosa, April, 2019. 
Techno-functionality of chitosan in fluid or gelled acidic aqueous media. 
Adviser: Eduardo Basílio de Oliveira. Co-advisers: Alvaro Vianna Novaes de 
Carvalho Teixeira and Jane Sélia dos Reis Coimbra. 
 

Chitosan is known to be a hypocholesterolemic polysaccharide obtained by the 

partial deacetylation (≥ 50%) of chitin, which is a biopolymer extracted mainly from 

crustaceans processed by the fishing industry. This polysaccharide has been used 

in several biotechnological applications. However, the prior dispersion of this 

biopolymer is necessary for the exploitation of its techno-functionalities. Aqueous 

media containing acetic acid are commonly used to disperse chitosan, since the 

existing amino groups (NH2) in their chains can be protonated (NH3
+), which favors 

inter-chains repulsion and therefore their dispersion. Thus, the study of chitosan 

aqueous dispersions and specific intermolecular interactions between this 

biopolymer and other organic acids rather than acetic becomes relevant in order to 

extend the applicability of chitosan as an ingredient or additive in fluid or gelled 

formulations, in particular foodstuff. Then, this study was structured in three broad 

parts. Initially, chitosan dispersions containing acetic (AA), glycolic (GA), propionic 

(PA) or lactic (LA) acids were analysed. The increase in acid concentration 

reduced the pH and viscosity of the dispersions in addition to the |ζ potential| of the 

dispersed particles. On the other hand, the electrical conductivity and density of the 

dispersions increased, as did the hydrodynamic diameter of the dispersed chains. 

At the same acid concentration, these effects were slightly more pronounced for 

dispersions containing GA or LA, being such behavior attributed to more intense 

attractive interactions of chitosan chains with glycolate or lactate counter-anions. 

Therefore, in physicochemical terms, glycolic, propionic or lactic acids are suitable 

for chitosan dispersion in aqueous media, and they may be properly used to 

replace acetic acid, which has typically been used for such purpose. Additionally, 

O/W emulsions containing different chitosan concentrations, previously dispersed 

in AA, GA, PA or LA aqueous solutions, were prepared using ultrasonic 

homogenization. The increased chitosan concentration promoted an augment in 
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the consistency index and the storage modulus of emulsions. In addition, there was 

an attenuation of the increase in hydrodynamic average diameter of oil droplets, 

and a prevention of emulsions phase separation, when exposed to centrifugation, 

freeze-thawed or freeze-thawed-heated cycles. Thus, chitosan acted as a 

thickening and/or stabilizing agent in the acid emulsion formulations, being its 

performance influenced by the biopolymer concentration, and not by the acid type. 

Finally, starch or carrageenan hydrogels containing a partial replacement of these 

gelling agents by chitosan were prepared using lactic acid solution added with 

Yellow sunset dye (INS 110). Hydrogels partially substituted by chitosan presented 

neither significant differences for color parameters nor expressive changes in 

viscoelastic properties, comparing to materials prepared exclusively with 

carrageenan or starch. In addition, the partial replacement of starch by chitosan 

drastically reduced the release of INS 110 to a sucrose solution in contact with the 

hydrogels, during 316 h. Thus, the technico-functional performance of chitosan in 

aqueous acid medium containing different organic acids was demonstrated in this 

thesis. In addition to the known bio-functionality of chitosan, the results presented 

here show the promising impact of this biopolymer for food applications, since: i) 

organic food acids rather than acetic acid may be used to disperse this biopolymer 

in aqueous medium; and ii) chitosan exerts the functions of aqueous dispersion 

thickener, emulsion stabilizer, and color enhancer in hydrogels (without altering its 

rheology). 
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1. INTRODUÇÃO GERAL 

 

A busca por novas matérias-primas é uma das estratégias que visam à 

diversificação e/ou melhoria de formulações alimentícias. Polissacarídeos pouco usuais 

na indústria de alimentos são alvos de estudos e testes, pois podem trazer aos produtos 

vantagens do ponto de vista nutricional, sensorial e/ou técnico-funcional, quando 

comparados aos convencionalmente utilizados (goma guar, pectina e outros). Dentre 

esses polissacarídeos pouco usuais, o quitosano pode ser destacado. 

Quitosano é o nome do polissacarídeo biodegradável, biocompatível com tecidos 

humanos e atóxico, obtido pela desacetilação parcial (≥ 50%) da quitina, que é um 

biopolímero encontrado nas carapaças de camarões, caranguejos e outros artrópodes 

marinhos ou na parede celular de alguns fungos. Grupos amino (NH2) existentes nas 

cadeias do quitosano podem ser protonados em meios aquosos ácidos, o que favorece a 

sua dispersão e propicia a sua exploração em aplicações biotecnológicas. O quitosano é 

empregado como excipiente para liberação controlada de fármacos e outras substâncias 

bioativas, suporte para a fabricação de próteses ósseas e dérmicas ou, ainda, adsorvente 

de lipídios para tratamentos pró-emagrecimento e hipocolesterolêmico. No setor 

alimentar, o quitosano tem uma atuação mais restrita, sendo principalmente utilizado na 

produção de coberturas comestíveis para frutas e na fabricação de filmes para 

embalagens. Contudo, a sua utilização como ingrediente ou aditivo de alimentos fluidos 

não é comum. 

A utilização do quitosano como ingrediente ou aditivo pode ser uma alternativa 

inovadora para a produção de iogurtes, molhos e sobremesas, uma vez que em alimentos 

ácidos ele poderia desempenhar uma função biofuncional (restringindo a absorção de 

lipídios pelo trato gastrointestinal) e outra técnico-funcional (estabilizante, gelificante e 

carreador de compostos, por exemplo), simultaneamente. Meios aquosos contendo o 

ácido acético são comumente utilizados para dispersar o quitosano, o que poderia ser 

uma desvantagem para aplicações em produtos alimentícios, devido ao cheiro e sabor 

desagradável desse composto. Na literatura, foram encontrados poucos relatos que 

tratam de dispersões do quitosano e/ou do seu desempenho técnico-funcional em meios 

aquosos contendo outros ácidos que não o acético.  

Assim, o estudo das dispersões de quitosano, bem como uma prévia 

compreensão das interações intermoleculares entre o quitosano e ácidos orgânicos 

presentes nos meios aquosos, torna-se relevante. Além disso, o emprego do quitosano 
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em alimentos fluidos ou gelificados e, até mesmo, em sistemas-modelo que reproduzam 

condições comuns às deles é uma temática que deve ser estudada amplamente, a fim de 

verificar se o quitosano pode desempenhar um papel técnico-funcional nesses sistemas. 

Tendo em vista o contexto apresentado, essa tese objetivou estudar a técnico-

funcionalidade do quitosano em meios aquosos ácidos fluidos ou gelificados. 

Dessa forma, o presente documento foi estruturado como segue: 

i) Um capítulo intitulado “Estudo Bibliográfico” em que é feita uma apresentação do 

quitosano, em termos de estrutura e função. Na sequência, são apresentadas 

definições sobre dispersões, emulsões e hidrogéis, além de estudos que 

propuseram a utilização do quitosano em cada um desses sistemas coloidais. Este 

capítulo objetiva fornecer bases teóricas para a compreensão de como o trabalho 

experimental visa responder à problemática apresentada. Além disso, espera-se 

demonstar o caráter inovador da proposta e dos resultados de cada capítulo 

experimental. 

ii) Em seguida, é apresentado o artigo científico intitulado Insights on 

physicochemical aspects of chitosan dispersion in aqueous solutions of acetic, 

glycolic, propionic or lactic acid (doi:10.1016/j.ijbiomac.2019.01.106), aceito para 

publicação no periódico International Journal of Biological Macromolecules. 

Nesse trabalho, as propriedades físicas (pH, condutividade elétrica, densidade e 

viscosidade) de dispersões de quitosano contendo os ácidos acético, glicólico, 

propiônico ou lático foram analisadas comparativamente. Avaliou-se, também, o 

diâmetro hidrodinâmico médio e potencial ζ das cadeias de quitosano dispersas 

nesses meios aquosos ácidos. Ademais, estudaram-se as interações 

intermoleculares do quitosano com os ácidos utilizando a técnica de FT-IR. 

iii) No terceiro capítulo é apresentado um manuscrito de artigo científico com título 

provisório Chitosan dispersed in aqueous solutions of acetic, glycolic, propionic or 

lactic acid as a thickener/stabilizer agent of O/W emulsions produced by ultrasonic 

homogenization, a ser submetido a um periódico de circulação interncional. Nesse 

estudo, emulsões contendo diferentes concentrações de quitosano, previamente 

disperso em soluções de ácido acético, glicólico, propiônico ou lático, foram 

preparadas usando homogeneização ultrassônica, a fim de avaliar o desempenho 

do biopolímero sobre o espessamento e/ou estabilização desses sistemas, em 

função do tempo de armazenamento ou de diferentes estresses ambientais. 
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iv) Por fim, no quarto capítulo, é também apresentado um manuscrito de artigo 

científico com título provisório Partial replacement of gelling agents by chitosan: 

impact on the color, viscoelastic properties, and release of Yellow sunset (INS 110) 

from carrageenan or starch hydrogels, a ser submetido a um periódico de 

circulação interncional. Analisou-se o aspecto visual, a cor e as propriedades 

reológicas de hidrogéis de amido ou de carragena contendo uma substituição 

parcial desses agentes gelificantes por quitosano. Em seguida, estudou-se a 

liberação do corante amarelo crepúsculo (INS 110) presente nos hidrogéis para 

uma solução de sacarose em contato com eles. 

 

Espera-se que os resultados apresentados possam se juntar a mais relatos da 

literatura da área e contribuir para difundir as aplicações desse biopolímero no setor de 

alimentos formulados. Dessa forma, o objetivo geral dessa tese foi avaliar a técnico-

funcionalidade do quitosano em meios aquosos contendo os ácidos acético, glicólico, 

propiônico ou lático fluidos (dispersões e emulsões) ou gelificados (hidrogéis). 
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Abreviações e símbolos 

AA ácido acético 

AC ácido cítrico 

AG ácido glicólico 

AL ácido lático 

AMM massa molar alta (kDa) 

AP ácido propiônico 

AS alginato de sódio 

BMM massa molar baixa (kDa) 

CE condutividade elétrica (mS∙cm-1 ou μS∙cm-1) 

CH Chitosan 

CMQ carboxi-metil-quitosano 

dh diâmetro hidrodinâmico médio (nm) 

d3,2 diâmetro médio da área da superfície da partícula (nm) 

d4,3 diâmetro médio do volume da partícula (nm) 

EMP emulsão primária 

GA grau de acetilação (%) 

GD degree de desacetilação (%) 

GX goma xantana 

GP Β-glicerofosfato 

G’ módulo de armazenamento (Pa) 

G’’ módulo de perda (Pa) 

HAP homogenizador de alta pressão 

HUS homogeneizador ultrassônica 

K índice de consistência (Pa∙sn) 

MM massa molar (kDa) 

MMM massa molar média (kDa) 

n Índice de comportamento (adimensional) 

pH potencial hidrogeniônico 

SDS dodecil sulfato de sódio 

TD tetradecano 

z-ave diâmetro médio de cumulants (nm) 

ΔGint variação da energia livre de Gibbs associada à região interfacial 

ΔAint variação da área interfacial 

γ tensão interfacial (mN∙m-1) 

ζ potencial zeta (mV) 

𝜂 viscosidade (Pa·s) 

𝜂𝑎𝑝17,6
 viscosidade de taxa de cisalhamento = 17,6 s-1 (Pa·s) 

𝜂0 viscosidade na taxa de cisalhamento zero (Pa·s) 

𝜏 tensão de cisalhamento (Pa) 

𝜏𝑀𝐴𝑋  valor máximo da tensão de cisalhamento (Pa) 

𝛾̇ taxa de cisalhamento (s-1) 
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1. Quitosano 

 

Quitosano é um polissacarídeo obtido pela desacetilação parcial da quitina [poli-β(14)-2-

acetamida-2-deóxi-D-glicopiranose], que é um biopolímero presente nas carapaças de crustáceos 

(camarões, lagostas, caranguejos, por exemplo) ou nas paredes celulares de alguns gêneros de 

fungos [1,2]. Contudo, a matéria-prima predominantemente utilizada para a extração industrial da 

quitina são as carapaças de artrópodes processados pela indústria pesqueira [3,4]. A quitina é o 

segundo polissacarídeo mais abundante no meio ambiente, sendo superada apenas pela celulose 

[5,6]. O processamento das carapaças de crustáceos para a obtenção da quitina é feito em três 

etapas principais [5]: i) desproteinação usando uma solução de hidróxido de sódio (10% m/v), 60-

70 oC, por 1 h; ii) desmineralização usando uma solução de ácido clorídrico (10% v/v), 50-60 oC, 

por 1-2 h; e iii) despigmentação usando uma solução de permanganato de potássio (0,02% m/v), 

60 oC, por 2 h. A partir da quitina, o quitosano é produzido usando uma solução de hidróxido de 

sódio (50% m/v), a 100 oC, por 2-5h, [1,2]. Na Figura 1 é apresentada uma comparação entre as 

estruturas moleculares da quitina, do quitosano e da celulose. 

 

 

Figura 1 - Estruturas moleculares da quitina (A), do quitosano (B) e da celulose. Adaptado de 

Chiappisi & Gradzielski (2015). 

 

Na Figura 1 têm-se as representações de um fragmento da quitina, quitosano e celulose, 

que se repetem “n” vezes para formarem essas macromoléculas. Observa-se que as cadeias de 
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quitina são formadas exclusivamente por monômeros de N-acetil-D-glicosamina (Figura 1 - A), 

enquanto as de celulose, por D-glicose (Figura 1 - C). Estruturalmente, esses dois monômeros são 

semelhantes, porém há a substituição da hidroxila (OH) do carbono C2 da glicose por um grupo 

acetamido (NHCOCH3) no N-acetil-D-glicosamina. No quitosano (Figura 1 - B) a maioria dos 

grupos acetamido são convertidos em grupo amino (NH2) durante o processo de desacetilação e 

as cadeias desse biopolímero são formadas por monômeros de D-glicosamina e, em menor 

percentual, N-acetil-D-glicosamina [2,5]. 

O quitosano apresenta-se como um pó pouco denso, esbranquiçado, opaco e inodoro, em 

condições ambientais (25 oC e 1 atm). Ressalta-se que no mercado existem produtos distintos 

entre si (cor, dispersibilidade, percentual de impurezas, dentre outras) que são chamados de 

“quitosano”, devido à ausência de uma formalização sobre as características que o biopolímero 

deve apresentar. Algumas empresas que produzem insumos para laboratório conseguem, 

atualmente, uma padronização do quitosano comercializado utilizando uma mistura de matérias-

primas e condições pré-estabelecidas para a reação de desacetilação. Entretanto, o custo desse 

quitosano é alto, o que poderia inviabilizar aplicações na indústria de alimentos. 

A partir do exposto, duas características são fundamentais para definir e classificar os 

produtos da reação de desacetilação da quitina: i) massa molar; e ii) grau de desacetilação. Assim, 

a avaliação da massa molar e do grau de desacetilação do quitosano é recomendada, uma vez 

que influenciam diretamente nas propriedades físico-químicas e no desempenho técnico-funcional 

do biopolímero. Segundo a Sigma-Aldrich (2019), o quitosano pode ser classificado em temos de 

massa molar como baixa (50 a 190 kDa), média (190 a 310 kDa) e alta (≥ 310 kDa) [4,9,10]. Além 

disso, os quitosanos disponíveis para comercialização geralmente apresentam GD entre 75% e 

85% [3]. A presença de grupos funcionais reativos em cada uma das unidades monoméricas 

desacetiladas (grupo NH2 na posição C2 e grupos OH nas posições C6 e C3) permitem que 

interações intermoleculares entre o quitosano e outras moléculas possam ocorrer [1]. 

A dispersão do quitosano em água pura ou meios aquosos alcalinos não é comum, porém 

este biopolímero é capaz de se dispersar em soluções ácidas (pH ≤ 6,4) [11]. Os grupos amino 

presentes no quitosano são progressivamente protonados em meios aquosos ácidos, (Equação 1), 

o que aumenta a polarizabilidade das cadeias poliméricas e a repulsão eletrostática entre elas e, 

consequentemente, possibilita a sua hidratação. 

RNH2 + H+  ⇆  RNH3 
+ (1) 

 

A dispersibilidade do quitosano em meio aquoso está condicionada à concentração do 

ácido, bem como à sua estrutura molecular. Nesse caso, o contra-ânion liberado pelo ácido pode 

interagir com as cadeias protonadas e atenuar a sua dispersão [12]. O quitosano disperso em 

meios aquosos ácidos pode causar o espessamento desses sistemas [13,14], sendo a magnitude  

dependente da massa molar e do GD do biopolímero [3]. Contudo, estudos reportam que 
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quitosano com GD > 70% apresentam maiores taxas de dispersão, quando comparados com 

produtos da reação de desacetilação próximos a 50% [1,8]. 

O quitosano é reconhecidamente um biopolímero com baixa toxicidade, biodegradável, 

biocompatível com tecidos humanos e ambientalmente amigável [15–18]. Tais propriedades 

possibilitam seu emprego em diversas aplicações biotecnológicas [19–22]. Na área médico-

farmacêutica, por exemplo, esse biopolímero é aplicado como excipiente para liberação controlada 

de substâncias bioativas [23,24] e como material para a fabricação de próteses ósseas e dérmicas 

[25]. As aplicações desse biopolímero no setor de alimentos apresentam-se limitadas a produção 

de filmes plásticos e revestimentos comestíveis, com o intuito de limitar o contato do alimento com 

o oxigênio atmosférico e estender a conservação do produto [19,21,26,27], como agente 

clarificador para a produção de bebidas, ou ainda para a imobilização de enzimas. Em termos 

fisiológicos, o quitosano atua como um adsorvente de lipídios no trato gastrointestinal de humanos 

[28], sendo o seu consumo, sozinho ou associado a fibras vegetais, indicado para indivíduos em 

dietas hipocolesterolêmicas e/ou pró-emagrecimento.  

No Brasil, o consumo do quitosano é permitido pela Resolução n. 18 (ANVISA), de 30 de 

abril de 1999, que trata do consumo de alimentos funcionais (BRASIL, 1999). De acordo com essa 

Resolução o quitosano é uma 

 

“... fibra dietética que pode ser utilizada com alegações de redução da absorção de 

gordura e colesterol, desde que o consumo diário do produto forneça, no mínimo, 3 g de 

quitosano se o alimento for sólido ou 1,5 g se o alimento for fluido.” 

 

De acordo com a Resolução n. 18 (ANVISA), a recomendação para a ingestão do 

quitosano encontra-se restrita no Brasil ao seu papel como pró-emagrecedor e 

hipocolesterolêmico. Ressalta-se que a permissão para o uso de ingredientes e aditivos 

alimentares faz parte de um processo de avaliação e constante reavaliação, que está baseada em 

alegações científicas sobre as suas propriedades biofuncionais e o seu impacto na saúde do 

consumidor. Dessa forma, a realização de estudos que proponham a adição do quitosano em 

formulações pode contribuir para a ampliação de seu uso em produtos alimentícios. Em especial, 

sistemas-modelo aplicados ao estudo do papel que o quitosano desempenha em meios aquosos 

ácidos (dispersões, emulsões e hidrogéis) são de interesse em pesquisa e desenvolvimento, uma 

vez que reproduzem várias características de alimentos formulados. Nas próximas seções serão 

apresentados alguns estudos que propõem o estudo do papel técnico-funcional do quitosano. 

 

2. Dispersões aquosas 

 

Em meios aquosos ácidos, o quitosano forma dispersões coloidais, uma vez que suas 

cadeias protonadas passam a interagir entre si e com as moléculas de água [3,29]. Assim, do 
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ponto de vista físico-químico, as cadeias dispersas do quitosano são consideradas partículas 

coloidais eletricamente carregadas dispersas em meio aquoso. Conforme ocorre com outros 

hidrocoloides, o balanço das interações quitosano-quitosano e quitosano-água irá impactar as 

propriedades físicas (densidade, viscosidade, índice de refração, por exemplo) das dispersões. 

Alterações em tais propriedades podem engendrar ganhos em termos de técnico-funcionalidade, 

quando essas macromoléculas são adicionadas intencionalmente em produtos, a fim de 

desempenhar um papel específico. Na Tabela 1 são apresentados alguns exemplos de estudos 

que propuseram a avaliação de dispersões de quitosano ou das suas cadeias dispersas em meios 

aquosos ácidos. 
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Tabela 1 - Descrição de estudos de dispersões de quitosano ou de suas cadeias dispersas em meios aquosos ácidos. 

Descrição do material Tratamentos Análises Resultado Referência 

Quitosano (GD = 75% ou GD = 94%) Dispersões contendo 0,20%; 1,00%, e 

2,00% (m/v) em solução de ácido 

clorídrico (100 mmol∙L-1) 

Viscosidade (viscosímetro 

rotacional); 25 oC 

GD = 75% - 𝜂 (mPa∙s): 0,20%: 3; 1,00%: 

174; 2,00%: 999 

GD = 94% - 𝜂 (mPa∙s): 0,20%: 2; 1,00%: 

26; 2,00%: 380 

[30] 

Quitosano (MM = 108 kDa; GD 75%) Dispersões contendo 0,50%; 1,00%, 

1,50% e 2,00% (m/m) em solução ácida 

(1,0% v/v), dos ácidos acético (AA), lático 

(AL) ou clorídrico (HCl) 

Curvas de escoamento 

(reômetro); 25 oC 

𝜂0 (Pa∙s) 0,5% (m/m): AA: 0;28; LA: 0,28 e 

HCl: 0,08; 𝜂0 (Pa∙s) 1,0% (m/m): AA: 2,1; 

LA: 2,3 e HCl: 1,1; 𝜂0 (Pa∙s) 1,5% (m/m): 

AA: 9,1; LA: 8,7 e HCl: 6,7; 𝜂0 (Pa∙s) 2,0% 

(m/m): AA: 27,0; LA: 29,0 e HCl: 21,0 

[31] 

Quitosano MM baixa (BMM; 70 kDa; 

GD 75-85%); quitosano de MM média 

(MMM; 750 kDa; GD 75-85%); 

quitosano de MM alta (AMM; 750 

kDa; GD 75-85%) 

Dispersão de 2,0% (m/m) de quitosano 

BMM, MMM ou AMM em solução de 

ácido glicólico 1,0% (m/m) sob agitação 

magnética por 2 h 

Curvas de escoamento 

(viscosímetro rotacional): 

2,2 até 44,0 (s-1), 25 oC 

𝜂𝑎𝑝 17,6 (mPa∙sn) - AMM: 5831 ± 105; 

MMM: 3263 ± 77; e BMM: 221 ± 12 

n - AMM: 0,77 ± 0,05; MMM: 0,78 ± 0,02; e 

BMM: 0,87 ± 0,03 

[32] 

Quitosanos (MM = 190 kDa; GD 75 - 

85%) 

Dispersões contendo 0,25%; 0,50%; 

1,00%, 1,50% e 2,00% (m/m) em solução 

tampão (ácido acético 0,2 mmol∙L-1 + 

acetato de sódio 0,05 mmol∙L-1; pH 3,90) 

Curvas de escoamento 

(reômetro); 25 oC 

𝜂0 (Pa∙s) 0,25% (m/m): 0,007; 0,5% (m/m): 

0,09; 1,0% (m/m): 0,15; 1,5% (m/m): 0,86; 

2,0% (m/m): 1,08 

[33] 

Quitosanos (MM média; GD 76%) Dispersões contendo 0,25%; 0,50%; 

0,75%; 1,00% e 1,25% (m/v) em solução 

de ácido acético (1,0% v/v) 

Viscosidade (reômetro de 

tensão constante); 25 oC 

η (mPa∙s) - 0,25%: 5; 0,50%: 10; 0,75%: 

25; 1,00%: 40; e 1,25%: 70 

[34] 
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Descrição do material Tratamentos Análises Resultado 

Quitosanos (MM = 326 kDa; GD = 

60,5%; 65,4%; 70,8%; 77,3%; ou  

86,1%) 

Dispersão 0,75% (m/v) em solução de 

ácido acético (1,0% v/v) 

Viscosidade (reômetro de 

tensão constante); 25 oC 

η (mPa∙s) - 60,5%: 14; 65,4%: 13; 70,8%: 

12; 77,3%: 14; e 86,1%: 16 

[34] 

Quitosano - a): 229 kDa e GD 75,9%; 

b): 410 kDa e GD 76,9%; c): 600 kDa 

e GD 76,7%; d): 706 kDa e GD 

76,4%; e e): 880 kDa e GD 76,1% 

Dispersão 0,75% (m/v) em solução de 

ácido acético (1,0% v/v) 

Viscosidade (reômetro de 

tensão constante); 25 oC 

η (mPa∙s) - a): 14; b): 13; c): 12; d): 14; e e): 

16 

[34] 

Quitosano (MM = 150 kDa; GD 75 - 

85%) 

Dispersão 1,0% (m/v) em tampão acetato 

de sódio (pH 3,0; 100 mmol∙L-1) sob 

agitação magnética, 12h; Diluição para 

0,01% (m/v) (pH 4,5; HCl 0,1 mmol∙L-1) 

Diâmetro hidrodinâmico 

médio (dh) 

Potencial ζ 

dh (nm): 1 a 10 

Potencial ζ (mV): 51,3 ± 4,7 

[35] 

Quitosano (MM = 374 kDa; GD 89%) Dispersão 1,9% (m/m) em solução de 

ácido acético 2,0% (m/m), 25,0 ± 0,1 oC 

Viscosidade (reômetro 

oscilatório); 25 oC 

Viscosidade (Pa∙s): ≈ 2 [36] 

Quitosano (MM = 486 kDa; GD 

87,2%) 

Dispersão 1,0% (m/v) em soluções de 

ácido acético (AA) ou lático (AL) 1,0% 

(v/v), sob agitação mecânica, 24h, 25,0 ± 

0,1 oC 

Viscosidade (reômetro 

oscilatório); 0,1 a 100 s-1; 

25 oC 

Potencial ζ (dispersões de 

AA, diluídas 1:10) 

K (Pa∙sn) - AA: 0,036; AL: 0,057 

n – AA: 0, 987; AL: 0,947 

Potencial ζ: +80,75 ± 2,19 

[37] 

Quitosano (MM = 540 kDa; GD 84,6 

± 5,1%) 

Titulação de solução ácida (0 a 71 

mmol∙L-1) água + 1,0% (m/v); ácidos 

cítrico (AC) ou lático (AL); 14 adições de 

500 μL (1,8 mol∙L-1), 25 min. 

 

 

Condutividade elétrica (CE) 

pH 

CE (μS∙cm-1) - AC ≈ 1650 (71 mmol∙L-1); 

AL ≈ 1400 (71 mmol∙L-1) 

pH: AC ≈ 3,5 (71 mmol∙L-1); AL ≈ 4,3 (71 

mmol∙L-1) 

[12] 
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Descrição do material Tratamentos Análises Resultado Referência 

Quitosano (MM = 540 kDa; GD 84,6 

± 5,1%) 

Dispersões 1,0% (m/v) em soluções (100 

mmol∙L-1) dos AC e AL; agitação 24 h (25 

± 1 oC) e centrifugação. 

Potencial ζ Potencial ζ (mV): AC: +28,5; AL: +52,1 [12] 

Quitosano (MM = 540 kDa; GD 84,6 

± 5,1%) 

Dispersão 0,1% (m/v) em soluções de 

ácido lático com pH 3,0; 3,5 e 4,0 sob 

agitação por 12h, 25,0 ± 0,1 oC 

Viscosidade (25,00 ± 0,02 

oC; viscosímetro Cannon-

Fenske 51310) 

η (mPa∙s) - pH 4,0: 4,05 ± 0,20; pH 3,5: 

4,05 ± 0,30; e pH 3,0: 3,72 ± 0,20 

[38] 

Quitosano (MM = 1.200 ± 500 kDa; 

GD 74.5%) 

Dispersão 0,1% (m/v) em soluções de 

ácido acético (AA), glicólico (AG), 

propiônico (AP) ou lático (AL) 10 mmol∙L-

1, sob agitação por 12h, 25,0 ± 0,1 oC) 

Condutividade elétrica (CE) 

pH 

Diâmetro médio (dh) 

Potencial ζ 

Viscosidade (reômetro 

oscilatório): 0,1 - 300,0 (s-1); 

25,0 ± 0,1 oC; 

CE (μS∙cm-1) - AA: 210,3; GA: 355,3; PA: 

196,1 e LA: 345,0 

pH - AA: 4,4; GA: 3,5; PA: 4,5 e LA: 3,6 

dh (nm) - AA: 15,3; GA: 16,5; PA: 14,9 e 

LA: 16,2 

Potencial ζ (mV): AA: +77,8; GA: +78,4; 

PA: +74,5; e LA: +78,2 

η (mPa∙s): AA: 7,68; GA: 7,12; PA: 7,74; e 

LA: 7,05 

[39] 

Quitosano - a): 164 kDa e GD 75,0%; 

b): 141 kDa e GD 79,0%; c): 137 kDa 

e GD 83,2%; e d): 118 kDa e GD 

90,0% 

Dispersões 0,2% e 1,0% (m/v) em 

solução de ácido clorídrico (mmol∙L-1) 

Condutividade elétrica (CE) 

pH 

Viscosidade (viscosímetro 

rotacional); 25 oC 

0,2% (m/v) - CE (mS∙cm-1): 1,5; pH 2,5; η 

(mPa∙s): a): 2,6; b): 2,3; c): 3; e d): 1,4. 

1,0% (m/v) - CE (mS∙cm-1): 8; pH 2,0; η 

(mPa∙s): a): 9,5; b): 6,5; c): 7,5; e d): 7,0. 

[40] 
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Na Tabela 1, exemplos de estudos com dispersões preparadas com quitosanos de 

diferentes massas molares e GD podem ser observadas. O incremento na concentração de 

polissacarídeo promove o aumento das viscosidades das dispersões, o que destaca o 

desempenho do quitosano como agente espessante. As expressivas variações nos valores de 

viscosidade apresentadas, em uma determinada concentração de quitosano, estão relacionadas a 

características intrínsecas do biopolímero. Quitosanos de diferentes origens, massas molares 

médias e GD apresentam diferentes propriedades físicas, visto que a magnitude do espessamento 

está condicionada a essas características, como pôde ser observado nos artigos analisados. 

Embora na literatura considere-se que biopolímeros contendo pelo menos 50% dos grupos 

acetamido desacetilados podem ser chamados de quitosano, a magnitude das propriedades físico-

químicas de meios aquosos contendo quitosanos com 50% e 70% de desacetilação diferem. De 

fato, quitosanos com GD ≥ 70% e com massa molar ≥ 103 kDa apresentam melhor dispersibilidade 

e capacidade espessante. 

A maior parte dos trabalhos analisados envolvem o uso de ácido acético ou tampões 

contendo acetatos, que por possuir um odor desagradável poderiam inviabilizar aplicações do 

quitosano em produtos alimentícios. O papel do ácido utilizado na dispersão do quitosano não se 

restringe à redução do pH, uma vez que interações específicas entre os contra-ânions e as cadeias 

policatiônicas podem causar a atenuação da dispersibilidade máxima do biopolímero. Contudo, 

interações intermoleculares entre os ácidos e o quitosano não são comumente avaliadas e/ou 

discutidas. Além disso, concentrações excessivas de ácido podem promover a hidrólise das 

ligações glicosídicas na cadeias de quitosano, o que pode levar a uma redução da viscosidade dos 

sistemas contendo o biopolímero. Outra maneira de melhorar a dispersibilidade do quitosano, 

modificações da sua molécula com grupos hidrofílicos têm sido propostas [18,41]. Tais reações 

são caras, apresentam baixo rendimento e utilizam reagentes químicos potencialmente tóxicos, 

que não condizem com a produção de alimentos. 

A utilização de meios aquosos contendo ácidos orgânicos com estrutura molecular 

semelhante à do ácido acético deve ser considerada como uma alternativa para a dispersão do 

quitosano, a fim de possibilitar aplicações alimentícias para esse biopolímero. Nesse sentido, 

estudos que proponham a avaliação do desempenho técnico-funcional do quitosano em meios 

aquosos contendo diferentes ácidos orgânicos são cientificamente relevantes. Interações 

intermoleculares entre o quitosano e esses ácidos devem ser estudadas, uma vez que elas 

condicionam a sua a dispersibilidade e as propriedades das dispersões. Dessa forma, informações 

inéditas podem ser obtidas e podem fomentar a utilização do quitosano no setor de alimentos. 

 

3. Emulsões 

 

Emulsões são sistemas coloidais formados por um líquido disperso sob a forma de 

gotículas (< 15 μm, geralmente) em outro líquido [42]. O aumento do contato entre duas fases 
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imiscíveis, que é causado pelo aumento da área interfacial (ΔAint) nesses sistemas, causa o 

aumento do conteúdo de energia livre de Gibbs (ΔG) do sistema (Equação 2).  

 

Na Eq. 2, ΔG é a variação da energia livre de Gibbs do sistema, ΔAint é a variação da área 

interfacial, e γ é a tensão interfacial existente entre as duas fases. 

Altas taxas de energia são necessárias para a dispersão das gotículas, uma vez que o 

aumento na área interfacial é termodinamicamente desfavorável (ΔGint > 0, como decorre da Eq. 

2). Neste caso, misturadores de alta taxa de cisalhamento, moinhos coloidais, homogeneizadores 

de alta pressão e microfluidizadores são os dispositivos comumente usados para promover a 

ruptura de gotículas e produzir as emulsões [43]. Adicionalmente, as abordagens emergentes 

incluem o uso de ondas ultrassônicas, membranas e microcanais. As diferentes técnicas de 

emulsificação objetivam em geral produzir emulsões com gotículas de diâmetro médio < 10 μm. 

Ainda de acordo com a Eq. 2, observa-se que reduzir o valor da tensão interfacial (γ) é 

uma estratégia para facilitar a emulsificação. A redução da γ pode ser alcançada pela adição de 

surfactantes ao sistema [44]. Comumente, na área de emulsões, os surfactantes são chamados de 

emulsificantes. Emulsificantes são moléculas anfifílicas, que se posicionam entre os líquidos 

imiscíveis e reduzem o contato energeticamente desfavorável entre elas [42,43]. Durante a 

preparação das emulsões, os líquidos imiscíveis são misturados e as moléculas de emulsificante 

se adsorvem à interface das gotículas formadas. A adição de emulsificantes permite, ainda, a 

produção de emulsões cineticamente estáveis [45]. Além da contribuição dos surfactantes em geral 

para a formação da emulsão, pelo abaixamento da γ, emulsificantes especificamente iônicos 

podem favorecer ainda mais a estabilização cinética desses sistemas, uma vez que os grupos 

eletricamente carregados em suas estruturas moleculares contribuem para repulsão eletrostática e, 

até mesmo, estérica entre as gotículas [45,46]. 

Outra maneira de melhorar a estabilidade cinética das emulsões é pela adição de agentes 

espessantes [47]. Polissacarídeos (goma xantana, celuloses modificadas, galactomananas, por 

exemplo) são amplamente utilizados como agente espessante e/ou estabilizante de emulsões, 

devido à sua capacidade de aumentar a consistência da fase contínua em tais sistemas [48], 

reduzindo a frequência e intensidade de colisões entre as gotículas dispersas em movimento 

browniano. 

Alguns estudos relatam que polissacarídeos com uso emergente no cenário industrial, 

como o quitosano, podem apresentar vantagens em termos de textura de produtos e/ou de 

processos de homogeneização comparados àqueles convencionalmente utilizados como 

espessantes de emulsões. Ao nosso conhecimento, é pequeno o número de trabalhos que 

propõem estudar o papel técnico-funcional do quitosano em emulsões. No entanto, alguns 

exemplos de estudos discorrendo sobre este biopolímero em tal tipo de sistema são apresentados 

na Tabela 2.  

∆𝐺 = 𝛾 ∙ 𝐴𝑖𝑛𝑡 (2) 
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Tabela 2 - Descrição de estudos que avaliaram emulsões contendo quitosano. 

Descrição do material Pré-tratamento Tratamentos Homogeneização Análises/Resultado Referência 

5% óleo de milho + 95% dispersão 

emulsificante (1,0% (m/v) de lecitina, 

0,02% (m/v) de azida sódica em 

solução de ácido acético 100 mmol∙L-

1; pH 3,0 - HCl); 0,2% (m/v) de 

quitosano em tampão acetato (100 

mmol∙L-1; pH 3,0) 

Mistura das fases 

(misturador 

mecânico) 

Quitosano (0,0% ou 0,04% m/v), 

pH 3,0 e NaCl (0 mmol∙L-1) 

Quitosano (0,036% m/v), pH (3,0; 

4,0; 5,0; 6,0; 7,0 e 8,0) e NaCl (0 

mmol∙L-1) 

Quitosano (0,036% m/v), pH 3,0 e 

NaCl (100 mmol∙L-1) 

+ 1 passagens em 

HAP (34 MPa) 

d4,3 (μm) - 0,0%: 1,5; 0.04%: 6,0; 

Pot. ζ (mV) - 0,0%: -50,0; 0.04%: 

+50,0 

d4,3 (μm) - pH 3,0-5,0: 1,5; pH 

6,0-8,0: 1,8; Pot. ζ (mV) - pH 3,0-

5,0: -55,0; pH 6,0-8,0: -75,0 

d4,3 (μm) - 100 mmol∙L-1: 1,8; Pot. 

ζ (mV): -23,0 

[49] 

5% óleo de milho + 95% dispersão 

emulsificante (1,0% (m/v) de lecitina, 

0,02% (m/v) de azida sódica em 

solução de ácido acético 100 mmol∙L-

1; pH 3,0 - HCl); 0,2% (m/v) de 

quitosano em tampão acetato (100 

mmol∙L-1; pH 3,0) 

Mistura das fases 

(misturador 

mecânico) 

Quitosano (0,036% m/v) x pH (3,0; 

4,0; 5,0; 6,0; 7,0 e 8,0) x NaCl (0 e 

100 mmol∙L-1) 

Pré-emulsificação 

(misturador) + 1 

passagens em HAP 

(34 MPa) 

d4,3 (μm) - 0,0%: 1,0; 0.04%: 1,5; 

Pot. ζ (mV) - 0,0%: -35,0; 0.04%: 

+50,0 

d4,3 (μm) - pH 3,0-5,0: 1,0; pH 

6,0-8,0: > 8,0; Pot. ζ (mV) - pH 

3,0-5,0: -40,0; pH 6,0-8,0: -45,0 

d4,3 (μm) - 100 mmol∙L-1: 1,3; Pot. 

ζ (mV): +23,0 

20% óleo de milho + 80% dispersão 

emulsificante (20 mmol∙L-1 SDS em 

solução de HCl; pH 3,0) 

Pré-emulsificação + 

6 passagens HAP 

(34 MPa) 

Diluição 0,0 - 1,0% (m/v) de 

quitosano em tampão acetato (100 

mmol∙L-1; pH 3,0) 

HUS (2 min, 20 kHz 

e 40% de 

amplitude) 

d3,2 (μm): 0,2 até 1,0 

Potencial ζ (mV): -45,0 até +50,0 

[50] 

20% óleo de milho + 80% dispersão 

emulsificante (Tween 20 2,5% (m/v) 

em solução de HCl; pH 3,0) 

Pré-emulsificação + 

6 passagens HAP 

(34 MPa) 

Diluição 0,0 - 1,0% (m/v) de 

quitosano em tampão acetato (100 

mmol∙L-1; pH 3,0) 

HUS (2 min, 20 kHz 

e 40% de 

amplitude) 

 

d3,2 (μm): 0,3 até 0,5 

Potencial ζ (mV): -10,0 até +40,0 
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Descrição do material Pré-tratamento Tratamentos Homogeneização Análises/Resultado Referência 

Emulsão-primária (EMP): 20% (m/m) 

de óleo + 80% (m/m) dispersão 

emulsificante [Tween 80 0,8% (m/m)], 

em solução de ácido acético (pH 6.0) 

Mistura das fases 

(misturador 

mecânico) 

Emulsão secundária: 5% (m/m) de 

óleo + 20% (m/m) EMP + 75% 

(m/m) dispersão de quitosano 

(0,0%; 0,5% e 1,0% m/m) 

1 passagem em 

HAP (34 MPa) 

z-ave (nm) - 0,0%: 300; 0.5%: 

350; e 1.0%: 380 

Potencial ζ (mV) - 0,0%: -13,0; 

0.5%: -10,0; e 1.0%: -5,0 

[51] 

Emulsão-primária (EMP): 20% (m/m) 

de óleo de atum + 80% (m/m) 

dispersão emulsificante [Tween 80 

0,8% (m/m)], em solução de ácido 

acético (pH 6.0) 

Pré-emulsificação 

(misturador) + 1 

passagem em HAP 

(34 MPa) 

Emulsão secundária: 5% (m/m) de 

óleo + 20% (m/m) EMP + 75% 

(m/m) dispersão de quitosano 

(0,0%; 0,5% e 1,0% m/m) 

HUS (amplitude = 

15%, frequência = 

23 KHz, t = 15 min) 

z-ave (nm) - 0,0%: 300; 0.5%: 

300; e 1.0%: 300 

Potencial ζ (mV) - 0,0%: -13,0; 

0.5%: -10,0; e 1.0%: -5,0 

[51] 

5,0% (m/m) carvona, 1,0% (m/v) 

CLR10 + quitosano (0,00 e 1.00% 

m/m) em tampão acetato (100 

mmol∙L-1; pH 4.0) 

- - 6 passagens em 

HAP (69 MPa) 

z-ave (nm) - 0,0%: 100; 1,0%: 

300 

Potencial ζ (mV) - 0,0%: -50; 

1,0%: +40 

[52] 

Tetradecano (TD) + quitosano (CH) 

disperso em soluções ácidas (50 

mmol∙L-1; HCl, AA, AP). TD:CH = 187 

(15:0,08); 875(35:0,04); 3500 

(35:0,01); e 7000 (35:0,005) 

- - HUS (20 kHz, 10,7 

W/mL; 30 s) 

dh (μm) - HCl: 187: 3,1; 875: 4,1; 

3500: 4,5; e 7000: 4,8; 

AA: 187: 2,2; 875: 2,7; 3500: 3,1; 

e 7000: 3,3;  

AP: 187: 2,2; 875: 2,5; 3500: 2,9; 

e 7000: 3,3 

[53] 

10,0% óleo de girassol + 90,0% 

[0,1% (m/v) em soluções de ác. lático 

pH 3,0; 3,5 e 4,0 adicionadas de 

Tween 20 1,0% (m/v)] 

Misturador (24.000 

r/min, 1 min) 

- 6 passagens HAP 

(69 MPa) 

dh (nm) - 0,0%: 360; 0,1%: 45 e 

360; 

Pot. ζ - 0,0%: -1;0; 0,1%: +50,0; 

η (mPa∙s) - 0,0%: 1,2; 0,1%: 3,0 

[38] 
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Em geral, os estudos apresentados na Tabela 2 destacaram o desempenho do quitosano 

no aumento da viscosidade da fase continua de emulsões. Além do seu papel como agente 

espessante, observa-se a existência de interações entre as cadeias de quitosano e o filme 

interfacial das gotículas (inferidas pelo aumento do diâmetro e da modificação dos valores de 

potencial ζ). Tais interações podem ter contribuído para a repulsão eletrostérica entre as gotículas 

e, consequentemente, para o aumento da estabilidade cinética das gotículas de óleo das emulsões 

O/A. Ademais, alguns estudos propuseram a avaliação de emulsões contendo quitosano 

submetidas a uma variação dos fatores extrínsecos (pH, força iônica e temperatura), a fim de 

explicar como as interações polissacarídeo-interface se estabelecem nas condições pré-

determinadas e como elas podem contribuir para o aumento da estabilidade cinética. 

Emulsões preparadas exclusivamente com quitosano (sem a adição de um agente 

interfacial) mostram, também, uma estabilidade cinética macroscópica que variou entre minutos e 

horas. Embora esses trabalhos tenham sugerido que o quitosano exerceu alguma contribuição no 

sistema como emulsificante, características intrínsecas do biopolímero como massa molar (> 100 

kDa), rigidez da cadeia polimérica e ausência de grupamentos explicitamente hidrofóbicas 

predizem que a sua contribuição para a redução da tensão interfacial é pequena. Nesse caso, 

acredita-se que a estabilização do sistema deu-se pela sua ação espessante. 

Em todos os casos analisados, a adição do quitosano pareceu melhorar a estabilidade 

cinética dos sistemas. Contudo, nota-se a necessidade da realização de estudos que proponham a 

análise de emulsões contendo diferentes concentrações de quitosano em sua fase contínua, a fim 

de relacionar o espessamento desses sistemas com a sua estabilidade, em função do tempo e/ou 

de estresses ambientais (aumento da temperatura, por exemplo). 

Os resultados apresentados na Tabela 2 mostram que o quitosano pode atuar como 

agente espessante e/ou estabilizante de emulsões. Contudo, na maior parte dos sistemas 

analisados, o quitosano foi previamente disperso em soluções de ácido acético e/ou tampões 

acetato. Dessa forma, como no caso das dispersões aquosas, estudos que proponham a 

preparação e avaliação de emulsões contendo o quitosano disperso em meios aquosos contendo 

ácidos orgânicos diversos apresentam-se como uma perspectiva científica relevante. 

 

4. Hidrogéis 

 

A gelificação de um sistema pode ser definida, microscopicamente, como o fenômeno em 

que as macromoléculas (geralmente, polímeros de alta massa molar) são induzidas 

energeticamente a interagir entre si e formar uma rede sólida tridimensional, que contêm em seus 

interstícios uma fase líquida [48]. Já macroscopicamente, géis se apresentam como sólidos 

viscoelásticos, isto é, sistemas com propriedades mecânicas intermediárias às de um líquido 

perfeitamente viscoso e de um sólido perfeitamente elástico, dependo dos esforços a que são 

submetidos [54]. 



18 
 

Hidrogéis, i. e. géis em que a fase dispersa é aquosa, podem ser produzidos a partir de 

biomoléculas (muitas vezes proteínas ou polissacarídeos), que estabelecem interações físicas 

(interações de hidrogênio, interações eletrostáticas e interações hidrofóbicas, entre outras) ou 

químicas (ligações dissulfeto, por exemplo) para criar zonas de junção e manter a fase líquida 

dentro da malha coloidal [55]. 

Geléias, sobremesas lácteas, iogurtes e produtos cárneos processados são alguns 

exemplos de alimentos semissólidos com uma estrutura típica de gel. Além disso, a produção de 

alguns materiais das áreas farmacêutica e cosmética (curativos, bandagens, cremes, entre outros), 

em escala laboratorial ou comercial, está baseada nos princípios da gelificação [20,21,56,57]. 

Alginato, carragena e ágar são exemplos de polissacarídeos tradicionalmente utilizados como 

gelificantes em aplicações biotecnológicas, sendo os mecanismos físico-químicos que regem a 

formação dos géis específicos para cada um deles. Além desses, o quitosano já é usado pela 

indústria médico-farmacêutica para a produção de materiais gélicos, visando explorar as suas 

propriedades mecânicas diferenciadas e a capacidade de carreamento do biopolímero. Em 

formulações alimentícias, no entanto, a aplicação do quitosano para tais finalidades não é de uso 

corrente. Na Tabela 3 são apresentados alguns exemplos de estudos que propuseram a 

preparação de géis contendo quitosano. 
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Tabela 3 - Descrição de estudos que avaliaram géis contendo de quitosano. 

Material Tratamentos Condição de gelificação Análises Resultado Referência 

Quitosano (CH; GD = 72% 

e MM = 820 kDa) 

Goma xantana (GX; MM = 

100 kDa) 

6,5 mg CH/mL de solução de 

HCl (100 mmol∙L-1; pH final 

ajustado com NaOH ≈5,6) 

6,5 mg GX/mL H2O 

Mistura das dispersões de 

CH/GX, congelamento e 

liofilização 

Dispersões 7,0 a 10,0% 

(m/v) da mistura CH/GX 

para formar os géis 

Varredura de frequência 

(0,1 – 100 rad∙s-1, 25 oC, 

deformação = 3,0%) 

G’ (Pa) – 0,1 rad∙s-1: 1,0∙101 

(7,0% m/v); 2,0∙101 (8,0% m/v); 

7,0∙101 (9,0% m/v); e 1,0∙102 

(10,0% m/v) 

G’ (Pa) – 100 rad∙s-1: 8,0∙101 

(7,0% m/v); 1,0∙102 (8,0% m/v); 

2,0∙102 (9,0% m/v); e 3,0∙102 

(10,0% m/v) 

[58] 

Quitosano (CH; GD = 82% 

e MM = 78 kDa) 

Amido de milho (AM) 

Dispersão de CH (1,0% m/m) 

em solução de ácido acético 

(100 mmol∙L-1); suspensão de 

AM (20% m/m) 

Diluição da dispersão CH 

(0,1; 0,25 e 0,5% m/m) 

Mistura CH’s/AM sob 

vácuo; Aquecimento 40 

oC – 90 oC 

Resfriamento até 20 oC 

Varredura de frequência 

(0,1 - 2 rad∙s-1, 20 oC, 

deformação = 1,0%) 

G’ (103 Pa) – 1 rad∙s-1: ≈9,0 (0,0% 

m/m CH); ≈6,5 (0,1% m/m CH); 

≈5,0 (0,25% m/m CH); ≈5,0 (0,5% 

m/m CH); e ≈5,5 (1,0% m/m CH); 

[59] 

Quitosano (CH; GD = 

90,4% e MM = 112 kDa) 

Dispersão de CH 3,0% (m/v) 

em solução de ácido acético 

(2,0% m/v) 

- Teste de compressão 

(deformação = 2%∙min-1) 

𝜏𝑀𝐴𝑋  = 0,03 Pa (ruptura em 20% 

de deformação) 

[60] 

Quitosano (CH; GD = 

90,4% e MM = 112 kDa) 

Dispersão de CH 3,0% (m/v) 

em solução de hidróxido de lítio 

(4,8% m/m) + ureia (8,0% m/m) 

- Teste de compressão 

(deformação = 2%∙min-1) 

𝜏𝑀𝐴𝑋  = 1,65 MPa (ruptura em 70% 

de deformação) 

Quitosano (CH; GD = 

84,7%) 

Dispersão 1,0% (m/v) de CH em 

solução de ácido acético (50 

mmol∙L-1) 

Precipitação com solução 

de NaOH (até pH ≈9,0) 

Lavagem, diálise e gel e 

secagem (80 oC; vácuo)  

Retenção de agua 

Conteúdo de água: ≈97,8% [61] 
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Material Tratamentos Condição de gelificação Análises Resultado Referência 

Quitosano (CH; GD = 

84,7%) 

Alginato de sódio (AS) 

β-glicerofosfato (GP) 

Modificação estrutural localizada 

no C6-OH (CM) com amônia 

quaternária de cadeia longa 

CM (1,7% m/m) + GP 

(CM:CP = 1:1,5) 

Viscosidade (2h após a 

preparação; 𝛾̇ = 10 s-1; 37 

oC) 

η (mPa∙s): 200 (CM + GP); 300 

(CM + AS + GP) 

[62] 

Quitosano (CH; GD = 78%; 

MM = 213 kDa) 

β-glicerofosfato (GP) 

Ácido acético (AA) 

CH = 87 mmol∙L-1 

GP/CH = 2,11 

AA = 0,6 

Titulação de GP sob 

agitação até a 

composição apresentada; 

repouso 24h, 4 oC 

Visco-elasticidade (𝜏 = 1 

Pa; 25 e 47 oC) 

25 oC: 1 Hz (Pa) - G’ = 3,0∙102 e 

G’’ = 3∙100; 10 Hz (Pa) - G’ = 

3,0∙102 e G’’ = 1,0∙102 

37 oC: 1 Hz (Pa) - G’ = 2,0∙104 e 

G’’ = 2∙103; 10 Hz (Pa) - G’ = 

3,0∙102 e G’’ = 7,0∙103  

[63] 

Quitosano (CH; GD = 

85,6%; MM = 530 kDa) 

Alginato de sódio (AS) 

Bicarbonato de sódio 

(NaHCO3) 

[Dispersão de CH 2,0% (m/v) em 

ácido acético (1 mol∙L-1) + 4,0% 

(m/v) NaHCO3]; pH 7-8 

Dispersão de SA 2,0% (m/v)  

Mistuta CH:AS (0,1; 0,2; 

0,5; 1,0 e 2,0) + glucona 

delta-lactona (1 mol∙L-1) 

Visco-elasticidade (𝛾 = 

1%; 0,1 – 10 Hz; 37 oC) 

1 Hz: G’ (Pa) - 4,0∙101 (CH:AS 

0,1); 1,5∙102 (CH:AS 0,2); 2,0∙102 

(CH:AS 0,5); 1,0∙103 (CH:AS 1,0); 

e 3,0∙102 (CH:AS 2,0) 

10 Hz: G’ (Pa) - 5,0∙101 (CH:AS 

0,1); 1,5∙102 (CH:AS 0,2); 8,0∙102 

(CH:AS 0,5); 1,1∙103 (CH:AS 1,0); 

e 4,0∙102 (CH:AS 2,0) 

[64] 

Carboxi-metil-quitosano 

(CMQ; 100-300 kDa); 

Poli(2-hidroxil-etil acrilato); 

Pesulfato potássio (KPS); 

N,N-metileno-bisacrilamida 

0,15 g∙15 mL-1 CMQ + 9,25∙10-6 

mol∙15 mL-1 KPS + 10,4∙10-3 

mol∙15 mL-1 2-HEA + 5,84∙10-4 

mol∙15 mL-1 MBA (3h; 75 oC) 

Hidrogel: lavado e seco 

por 72 horas em um 

liofilizador (-50 oC) 

Visco-elasticidade (1 Hz; 

25 oC) 

G’ (Pa): 3,0∙103; G’’ (Pa): 2,0∙102 [65] 
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Na Tabela 3, alguns processos que envolvem a produção de géis contendo o quitosano 

estão listados. Tais processos estão baseados em: i) adição de uma molécula sequestradora 

de prótons (β-glicerofosfato, por exemplo), que propicia a redução da repulsão eletrostática 

entre as cadeias de quitosano possibilitando a transição sol-gel; ii) exposição controlada das 

cadeias de quitosano ao meio alcalino, que causa a precipitação gradual de cadeias de 

quitosano e um arraste de parte da fase aquosa; iii) reações químicas de modificação das 

cadeias de quitosano inserindo-lhe grupos mais propícios à formação de géis; e iv) substituição 

parcial de polissacarídeos com ação gelificante por quitosano. Nos três primeiros mecanismos 

apresentados, observa-se a adição de reagentes químicos que podem não ser condizentes 

com a produção de alimentos, por motivos de segurança e/ou por rejeição por parte dos 

consumidores. 

De fato, a combinação entre polissacarídeos parece ser uma alternativa viável para a 

produção de géis alimentícios. Contudo, a produção de géis usando a associação de 

polissacarídeos com ação gelificante (ou não) envolve mecanismos específicos, que podem 

influenciar a formação, as propriedades reológicas e, consequentemente, as técnico-

funcionalidades dos géis. Tomando-se como exemplo: Thompson, Paunov, Horozov e 

Stoyanov (2017) [66] propuseram melhorar a resistência térmica de géis pela mistura de 

polissacarídeos ágar e metil-celulose. Assim, géis de ágar (1,0% ou 2,0% m/v) e metil-celulose 

(1,0% ou 2,0% m/v) ou misturas agar:metilcelulose (1.0% m/v:1.0% m/v) foram analisados. O 

módulo de armazenamento (G') do gel de ágar-metilcelulose apresentou comportamento 

constante (7,0∙103 Pa) entre 25 oC e 85 oC, enquanto os valores de G' aumentaram nos géis de 

metilcelulose (7,0∙100 Pa até 6,5∙103 Pa em 1,0% m/v; 10,00 Pa até 10,0∙103 Pa em 2,0% m/v) 

e diminuíram em gel de ágar (6,0∙103 Pa até 10,0∙100 Pa em 1,0% m/V; 13,0∙103 Pa até 

12,0∙100 Pa em 2,0% m/v), nessa mesma faixa de temperatura. Dessa forma, concluiu-se que o 

hidrogel de agar-metilcelulose apresentou melhor resistência térmica (componente elástico 

permaneceu estável entre 25 oC e 85 oC), em relação aos géis dos seus polissacarídeos 

precursores. De acordo com o exemplo, a combinação de polissacarídeos promoveu a 

melhoria das propriedades reológicas (aumento da elasticidade) e da técnico-funcionalidade 

(estabilidade térmica) dos géis. 

Pode-se, assim, hipotetizar que géis obtidos pela combinação do quitosano com 

polissacarídeos comumente utilizados como agentes gelificantes podem, também, originar 

produtos diferenciados, em termos de propriedades viscoelásticas, sensoriais (visuais e 

textura, principalmente) e/ou técnico-funcionais. Pela busca realizada na literatura, poucos 

trabalhos propuseram estudar géis de polissacarídeos, obtidos pela adição ou substituição 

parcial do agente gelificante por quitosano. Além disso, em nenhum dos relatos analisados 

houve a avaliação de alguma técnico-funcionalidade dos materiais gélicos. Assim, a produção 

de hidrogéis combinando diferentes polissacarídeos com ação gelificante é um assunto ainda 

passível de exploração científica, a fim de avaliar se o quitosano é capaz de modular as 

propriedades reológicas e/ou técnico-funcionais dos produtos.  
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5. Conclusão e perspectivas 

 

A partir dessa breve análise da literatura, conclui-se que a utilização do quitosano como 

aditivo na indústria de alimentos deve ser vista como uma possibilidade promissora. Nesse 

sentido, a substituição de outros polissacarídeos convencionalmente utilizados pelo quitosano 

em formulações alimentícias seria justificada por suas propriedades técnico-funcionais e 

biofuncionais. Simultaneamente, essas duas funcionalidades representam uma alternativa 

inovadora para o desenvolvimento de produtos alimentícios. Pelo menos três problemas 

tecnológicos precisam ser solucionados para que o uso do quitosano seja possível em escala 

industrial: i) uma definição sobre as características intrínsecas e pureza do quitosano deve ser 

apresentada e implementada; ii) uma padronização dos processos de obtenção do quitosano 

deve ser atingida; e iii) informações sobre sistemas-modelo (dispersões, emulsões, e hidrogéis, 

por exemplo) contendo quitosano disperso em diferentes ácidos devem estar disponíveis. 

Assim, os artigos experimentais que serão apresentados a seguir objetivam contribuir com 

informações novas e relevantes sobre a problemática apresentada. 
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Chitosan is a polysaccharide well-known for its applicability as a biocompatible, biodegradable, and non-toxic
material to produce drugs excipients and food coatings. Acidicmedia are required to disperse chitosan, and aque-
ous solutions of acetic acid have been typically used for this purpose. However, this acid has several sensory
drawbacks. In this study, chitosan was dispersed [0.1 g·(100 mL)−1] in aqueous media containing acetic (AA),
glycolic (GA), propionic (PA), or lactic (LA) acid, at 10, 20, 30, 40, or 50 mmol·L−1. The increase of acid concen-
tration reduced pH and viscosity of the dispersions, and |ζ potential| of dispersed particles. Conversely, it in-
creased electrical conductivity and density of the dispersions, and hydrodynamic diameter of dispersed
particles. At a given concentration, these effects were slightly more pronounced for dispersions formed with
GA or LA, compared to AA or PA. FT-IR data suggested more intense attractive interactions of chitosan chains
with glycolate and lactate anions, than with acetate and propionate. Chitosan chains interacted more strongly
with hydroxylated acids counter-anions than with their non-hydroxylated counterparts, leading to slight quan-
titative changes of physicochemical properties of these systems. Then, in physicochemical terms, GA, LA or PA are
suitable to replace AA when preparing aqueous chitosan dispersions for technological applications.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Chitosan is an N-deacetylate derivative from chitin [poly-β-(1→ 4)-
N-acetyl-D-glucosamine], which is a polysaccharide industrially ob-
tained from crustacean shells processed by food industries [1]. Among
polysaccharides derived from natural sources, chitosan is the unique
carrying amino (–NH2) groups, conferring to it differentiated physico-
chemical properties, and enabling several biotechnological applications
[2]. The applicability of chitosan in cosmetic or dermatological lotions,
wound management as scaffold in skin, cartilage and bone healing, ex-
cipient for drug delivery, component in bio-based films, and as hypolip-
idemic agent has been investigated throughout the last two decades,
and confirmedbynumerous recent reports [3–6]. Thiswide range of ap-
plications is possible because chitosan is a biocompatible, biodegrad-
able, and non-toxic material [2,6–12].

The exploration of chitosan techno-functionalities needs its previous
dispersion in aqueous media, as it occurs with the majority of proteins
and polysaccharides [7]. Chitosan requires acidic aqueous media to
form dispersions, and aqueous solutions of acetic and/or acetates have
been typically used for this purpose [1,8,9]. However, the strong and
somewhat nasty flavor of this acid is often a drawback when chitosan
dispersions are destined to food or cosmetic formulations. Therefore, a
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Abbreviations: A, first constant of Mark-Houwink-Sakurada relationship (dimension-
less);A2, secondvirial coefficient (cm3·mol)·g−2; c, concentration (g·mL−1);D, constant dif-
fusivity (m2·s−1); DA, acetylation degree (%); DD, deacetylation degree (%); dh, average
hydrodynamic diameter particle (nm); g(2)(t), normalized temporal intensity correlation
functions; k, optical constant; kB, Boltzmann constant (1.3806488 · 10−23
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tering vectormodulus; PDI, polydispersity index of droplet distribution (dimensionless); pH,
hydrogenionic potential (dimensionless); RG, gyration radius (nm); R2, coefficient of deter-
mination; RΘ, Rayleigh ratio; SD, standard deviation in hydrodynamic average diameter de-
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(s−1); β, constant that depends on the number of coherence areas in DLS analyses; εo, per-
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proper physicochemical characterization of aqueous dispersions of chi-
tosan obtained with organic acids other than acetic is a relevant re-
search field. For instance, Amorim et al. [13] studied the dispersibility
of chitosan in aqueous solutions containing citric acid or lactic acid,
both at different concentrations (25, 50, or 100mmol·L−1). Protonation
enthalpies, ζ potential, pH, and electrical conductivity measurements
were analysed together, showing that the concentration and the type
of acid influenced both the kinetics of dispersion and the maximal
dispersibility of chitosan. Such differences were attributed to the differ-
ent intermolecular interaction patterns between chitosan and lactate, or
chitosan and citrate anions. Even if this study contributed greatly to
show that different counter-anionsmight play different roles in the chi-
tosan dispersion process, the two acids chosen (citric and lactic) have
considerably different molecular structures, hampering a more specific
understanding of how the structure of the counter-anions impacted,
at a molecular level, the biopolymer dispersibility and the resulting dis-
persions' properties. To the best of our knowledge, the literature lacks
further studies about the effects of the type of organic acid (with sys-
tematic differences in their molecular structures) on interactions be-
tween acid counter-anions and chitosan in aqueous dispersions.

Many organic acids are naturally present in foods (citric fruits,
berries, fermented milks, to cite only some emblematic examples), or
can be added to food and cosmetic formulations, where they act as an-
tioxidants, preservatives, acid taste enhancers, etc. [10]. Glycolic,
propionic (INS 280), and lactic (INS 270) acids are some examples of
themany organic acids commonly usedwith such purposes in commer-
cial products. In particular, these acids may be seen as systematic struc-
tural variants of acetic acid (glycolic= acetic + –OH at C2; propionic=
acetic+ –CH3 at C2; lactic= acetic+ both –OH and –CH3 at C2). There-
fore, the characterization of chitosan dispersions in aqueous solutions of
these four acids is not only relevant to assess techno-functional proper-
ties of this biopolymer, but also can provide a rational understanding of
how intermolecular interactions between chitosan and the acid
counter-anions affect such dispersions' properties. Hence, this study
was focused on: i) studying physical and rheological properties of aque-
ous dispersions of chitosan in the presence of acetic, glycolic, propionic,
or lactic acids, at variable concentrations, and ii) relating suchproperties
to intermolecular interactions established between chitosan and the
counter-anion released by these acids.

2. Materials and methods

2.1. Materials

Chitosan (Medium Molecular Weight, Sigma-Aldrich Corporation,
USA; Product ID = 448877; Batch number = #LBG4282V) from fresh
shrimp sells Pandalus borealiswas used in all the experiments, after ad-
ditional purification (Section 2.2.1). Organic acids used were: glacial
acetic acid (Vetec, Brazil; purity = 99.7%), glycolic acid (Vetec, Brazil;
purity ≥98.0%), lactic acid (Impex Quimica, Spain; purity = 85%), and
propionic acid (Sigma-Aldrich Corporation, USA; purity ≥99.5%). In all
cases, deionized water (QUV3, Millipore, Italy; electrical resistivity
~18 MΩ·cm−1 at 25 °C) was used. All the acids were used without fur-
ther purification.

2.2. Chitosan characterization

2.2.1. Removal of chitosan impurities
In order to eliminate salts residues and water-soluble

chitooligosaccharides, firstly chitosan was sequentially washed three
times with deionized water, as follows: 1.0 g chitosan was added to
100 mL of water, this mixture was kept under magnetic stirring at room
temperature (25.0± 1.0 °C) for 60min, and during this time its electrical
conductivity was periodically measured (Termo, Orion 145A+, USA).
Next, chitosan was vacuum-filtered using qualitative paper (Cat No
1004 125, Whatman), and the insoluble fraction (washed chitosan) was

recovered. After that, the washed chitosan was frozen at−40.0 ± 1.0 °C
(Terroni, VERTICAL-40, Brazil), lyophilized (Terroni, LS 3000, Brazil),
packed in glass jar, and finally stored at 7 ± 2 °C (Consul, PRATICE 410,
Brazil), prior to further use.

2.2.2. Deacetylation degree (DD)
DD was estimated by applying a Fourier-transform infrared (FT-IR)

spectroscopy approach [11]. FT-IR analyses were carried out directly
on the chitosan powder, using a spectrophotometer (600-IR, Varian,
USA) equipped with an attenuated reflectance accessory (GladiATR,
PIKE Technologies, USA) over the region of 450–3750 cm−1. The spec-
trum was normalized relatively to the highest corrected absorbance,
and two regions (450–1850 cm−1 and 1850–3750 cm−1) were created
by splitting the spectrum. Absorbances of peaks present in these two re-
gionswere calculated through deconvolution in Lorentzian components
by PeakFit (v. 4.12, SeaSolve Software Inc., 1999–2003). Then, acetyla-
tion degree (DA) of the chitosan was estimated using Eq. (1) [11,12]:

DA %ð Þ ¼
A1320

A1420
−0:3822

� �

0:03133
ð1Þ

In Eq. (1), A1320 and A1420 are the normalized absorbances of the
peaks at wavenumbers 1320 and 1420 cm−1, respectively. Then, DD
was obtained by simple difference [DD(%) = 100% − DA(%)].

2.2.3. Viscometric average molar mass (MV)
Chitosan [1.0, 2.0, 3.0, 4.0, and 5.0mgmL−1]was dispersed in a lactic

acid solution (50 mmol·L−1), and flow times from each concentration
were measured in a Cannon-Fenske viscometer (model 513 20, Schott,
Germany). Lactic acid (50 mmol·L−1) was chosen to ensure the disper-
sion of all chitosan present in aqueousmedia [13]. Then, the average in-
trinsic viscosity (½η�) was calculated as described in details elsewhere
[13–15]. From these experimental data, the viscometric-average molar
mass (MV) was estimated by the Mark-Houwink-Sakurada (MHS) rela-
tionship (Eq. (2)):

η½ � ¼ KMHSM
a
V ð2Þ

In Eq. (2), a and K MHS are the constants of Mark-Houwink-
Sakurada (MHS) relationship.

2.2.4. Weight-average molar mass (MW), gyration radius (RG), and second
virial coefficient (A2)

Chitosan (0.476, 0.909, 1.667, 2.307, 3.333, 4.118, and
5.000 mg·mL−1) was dispersed in a lactic acid solution
(50 mmol·L−1). Multiangle Static Light Scattering (MSLS) measure-
ments of chitosan dispersions were performed with a photodiode de-
tector (BI-APD, Brookhaven, USA) and a correlator (TURBOCORR,
Brookhaven, USA) equipped with a laser HeNe (75 mW; λ =
632.2 nm; CVI, Melles Griot, USA), coupled with a thermostatic bath
(25.0 ± 0.5 °C; Q214M, Quimis, Brazil). Then, dispersions were placed
in scattering glass cells, and scattered light intensities were measured
at seven angles (40°, 50°, 60°, 70°, 80°, 90°, and 100°). Light intensity
measurements were derived according to the classical Rayleigh-Debye
relationship (Eq. (3)) [16]:

k � c
ΔRθ

¼ 1
MW

1þ
q2 RG

2
D E
3

0
@

1
Aþ 2A2 � c ð3Þ

In Eq. (3), k is an optical constant, c is the concentration (w/V),ΔRΘ is
the Rayleigh ratio in excess,MW is the weight-average molar mass, q is
the scattering vector modulus, 〈RG2〉 is the root-mean square average ra-
dius of gyration, and A2 is the 2nd virial coefficient.
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2.3. Preparation of acidic aqueous dispersions of chitosan

Firstly, a 50 mmol·L−1 solution was prepared for each acid (acetic,
glycolic, propionic or lactic), which were diluted to obtain 40, 30, 20
and 10mmol·L−1 solutions (thus totaling 20 solutions). Then, chitosan
was added to each of these solutions in appropriate amounts to obtain
the final concentration of 0.1 g·(100 mL)−1 of the biopolymer in each
system. The resulting systems were kept under magnetic stirring at
25.0 ± 0.1 °C in a thermostatic bath (TE-184, Tecnal, Brazil), during
12 h, to ensure the chain hydration and dispersion. After that, disper-
sions were filtered using 0.8 mm cellulose acetate membranes
(Millipore, USA), in order to remove anynon-dispersedmaterial. Thefil-
trates were transferred to glass tubes recovered with aluminum foil in
order to protect against light, then carefully closed in order to avoid con-
tact with external air and, finally, stored at 7.0 ± 1.0 °C in a B.O.D. incu-
bator (SP500, SPlabor, Brazil).

2.4. Evaluation of physicochemical properties

2.4.1. Electrical conductivity, pH, density, and refractive index
Solutions containing acetic (AA), glycolic (GA), propionic (PA), or

lactic (LA) acid (10, 20, 30, 40, and 50 mmol·L−1) had their electrical
conductivity (Termo, Orion 145A+,USA) and pH (digital potentiometer
Hanna, H2221, USA) measured, soon after their preparation. Electrical
conductivity and pH of the chitosan dispersions [0.1 g·(100 mL)−1]
were similarly measured. All of these measurements were carried out
at 25.0 ± 1.0 °C. Density (oscillatory densimeter Schmidt Haensch,
EDM, Germany; 25.00 ± 0.05 °C) and refractive index (digital Abbe re-
fractometer 972A, Kiltler, Brazil; 25.0 ± 0.5 °C) of the chitosan disper-
sions were also measured.

2.4.2. Hydrodynamic average diameter (dh) and ζ potential
Hydrodynamic average diameter (dh) and ζ potential of dispersed

chitosan particles [0.1 g·(100 mL)−1] were evaluated by dynamic light
scattering (DLS) (Zetasizer Nano-ZS, Malvern Instruments, United
Kingdom). Chitosan dispersions were diluted (1:6) with a single chan-
nel micropipette (K1-1000B, Kasvi, Brazil), using as diluent the same
acid solution employed to prepare each dispersion. Then, the diluted
dispersionswere placed in a cuvette for analyses, whichwere all carried
out at 25.0 ± 0.1 °C.

Hydrodynamic diameter distributions were obtained by means of
the amplitude of the decay rate A(Γ), which is estimated by fitting the
normalized temporal intensity correlation functions, g(2)(t), through a
NNLS (Non-Negative Least Square) algorithm, according to Eq. (4)
[17]. Thus, Γ distribution is turned to dh by Eqs. (5) and (6):

g 2ð Þ tð Þ ¼ 1þ β
Z ∞

0
A Γð Þe−ΓtdΓ

� �2
ð4Þ

Γ ¼ q2 � D ð5Þ

dh ¼ kBT
3πμD

ð6Þ

In Eqs. (4)–(6), β is a constant that depends on the number of coher-
ence areas in the detector and Γ is the decay rate, q is the scattering vec-
tormodulus,D is the constant diffusivity, kB is the Boltzmann constant, T
is the temperature, μ is the viscosity of the diluent, and dh is the particle
hydrodynamic average diameter for each population. Refractive index
and viscosity of each dispersionwere used to correct the dh values. Poly-
dispersity index (PDI)was calculated for each dh estimated according to
Eq. (7) [14]:

PDI ¼ SD
dh

� �2

ð7Þ

In Eq. (7), SD is the standard deviation corresponding to each dh
value.

ζ potential was estimated from the electrophoretic mobility of dis-
persed chitosan chains due to a controlled electric field, applied to the
systems. Then, the speed and the direction of the particle movement
due to this electric field allowed calculating the electrophoreticmobility
(Eq. (8)). Finally, the Smoluchowski model for the double electrical
layer was considered to calculate the ζ potential values (Eq. (9)):

μe ¼
v

E
!��� ��� ð8Þ

μe ¼
εrεoζ
μ

ð9Þ

In Eqs. (8) and (9), μe is the electrophoreticmobility, v is the speed of

particles, E
!

is the electric field, εr is the dielectric constant of the me-
dium, εo is the permittivity of free space, ζ is the zeta potential, and μ
is the viscosity.

2.4.3. Rheological properties
Rheological measurements of acidic chitosan dispersions

[0.1 g·(100 mL)−1] were performed using a rotational rheometer
(Haake Mars II, Thermo Scientific Corporation, Germany), equipped
with a stainless steel cone-plate geometry sensor (cone angle = 1°;
diameter = 60 mm; gap = 0.052 mm). During the analyses, samples
were kept at 25.0 ± 0.1 °C by using an ultrathermostatic bath (Phoenix
2C30P, Thermo Scientific Corporation, Germany). Flow curves were de-
termined by progressively varying the shear rate from 0.1 to 300 s−1 in
three cycles (1st up cycle, down cycle, and 2nd up cycle; 180 s each cycle)
and measuring the corresponding shear stresses.

2.5. Evaluation of intermolecular interactions between chitosan and the or-
ganic acids

Intermolecular interactions between chitosan and the acids used to
form thedispersionswere studied through FT-IR. First, suitable amounts
of chitosan were added to 100 mmol·L−1 acid solutions (AA, GA, PA, or
LA), in order to obtain aqueous biopolymer dispersions with 0.5, 1.0,
and 1.5 g·(100 mL)−1. Similarly, dispersions containing
1.0 g·(100 mL)−1 chitosan in 50, 75, or 100 mmol·L−1 acid solutions
(AA, GA, PA, or LA) were prepared. All systems were stirred for 24 h,
at room temperature, frozen at −40.0 ± 1.0 °C, and then lyophilized.
FT-IR analyses were carried out on the lyophilized materials, over the
wavenumber interval 450–3750 cm−1. Then, absorbances from FT-IR
spectra were calculated through deconvolution in Lorentzian compo-
nents by PeakFit (v. 4.12, SeaSolve Software Inc., 1999–2003). A control
system consisting of washed and lyophilized chitosan only (without
acid) was also analysed.

2.6. Data analyses

All measurements were carried out in three repetitions. SAS soft-
ware (version 9.3, SAS Institute Incorporation, USA; licensed by the
Universidade Federal de Viçosa) was used to analyse the experimental
data. Newtonian model was fitted to experimental data for τ ¼ f ð _γÞ,
from rheological measurements. Coefficient of determination (R2) and
mean absolute percentage error (MAPE) (Eq. (10)) were used to evalu-
ate the adequacy of fitting in all cases.

MAPE ¼ 1
n

Xn
i¼1

Yi−Ŷ i

� �
Yi

������
������ � 100% ð10Þ
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In Eq. (10), Yi is the ith experimental score, Ŷ i is the i
th score predicted

applying the adjusted model and n is the number of predicted/experi-
mental score pairs. To be considered adequately fitted to experimental
data, models had to present R2 values ≥0.9 and MAPE values ≤10%.

3. Results and discussion

3.1. Chitosan characterization

By using the relationship involving the integral intensities of the FT-
IR bands at wavenumbers 1320 cm−1 and 1420 cm−1 (Eq. (1)) [11,12],
DD value of the chitosan used in the present study was estimated as
74.4% (for details, see Supplementary material). This value is somehow
inferior to that informed by the manufacturer (81.0%). Indeed, during
the chitosan production process, chitin is submitted to high tempera-
tures (~150 °C) and strongly alkaline reaction media; therefore,
chitooligosaccharides (chitosans with degrees of polymerization ≤20
and with DD usually ≥95.0%) are produced together, due to hydrolysis
of the amide group [18]. As these chitooligosaccharides have been elim-
inated during the chitosanwashing, a small reduction of the average DD
value of the remaining chitosan was in fact expected.

The dissimilarity between the DD values provided by the manufac-
ture and the one obtained experimentally emphasizes the importance
of checking experimentally the DD of commercial chitosan prior to
use. DD's experimental determination become even more significant
in the present study because chitosan underwent a preliminary purifi-
cation. As commented previously, DD value greatly influences biological
activities and physicochemical properties of chitosan, including its
dispersibility in acidic aqueousmedia. DD values ≥70.0% have been cor-
related to high dispersion rates [2,9]. Also noteworthy, other authors
have proposed alternative relationships to calculate deacetylation de-
gree (or acetylation degree) of chitosans using spectroscopic analyses
[11,12]. One difficulty inherent to such approaches is the fact that the
moisture content of chitosan can increase the intensity of bands
(above 1750 cm−1), leading to illogical, even negative, values of DD
[19]. Then, an exhaustive dehydration of the sample to be analysed, as
well as choosing the appropriate set of bands to be taken for DD estima-
tion, is critical for the reliability of the obtained value.

Intrinsic viscosity of chitosan dispersed in lactic acid solution
(50mmol·L−1) was estimated as ½η�=25.8 dL·g−1, from the simple av-
erage between [η]H = 34.3 dL·g−1 and [η]K = 17.3 dL·g−1 (for details,
see Supplementarymaterial). AfterDDvalue calculation, the constants a
= 0.88 and KMHS = 8.50 · 10−5 dL·g−1 of MHS relationship (Eq. (6))
were easily obtained [20]. Then, the viscometric-average molar mass (
MV ) of chitosan was estimated as 1700 ± 300 kDa. The weight-
average molar mass (MW) was estimated through multiple-angle light
scattering (MSLS) measurements, which gave the value of 1200 ±
500 kDa. The corresponding Zimm plot built by double extrapolation
to 0° and 0.0 mg·mL−1 from other angles and concentrations of chito-
san (for details, see Supplementary material). Differences between MV

and MW are frequent, and are associated to different fractions of poly-
mer chains considered in the calculations to average value [21]. MV

and MW values also indicate that the previous washing process may
have removed chitooligosaccharides from the commercial chitosan.

MSLSmeasurements also allowed estimatingRG=260±60nmand
A2=−(5.6±4.0)·10−5 (cm3·mol)·g−2. Both RG and A2 values give in-
formation about polymer chain compaction in the aqueous media. Gy-
ration radius (RG) is the average distance between the center of mass
of a dispersed polymer chain and arbitrary points on its surface, at a
given conformation [22]. RG value is representing a good decompression
and hydration in aqueous medium of the chitosan chains. Negative
values of second virial coefficient (A2), as observed in our results, indi-
cate the effective attractive interaction between the polyelectrolyte
chains, despite the positive charge of the chains [23]. This observation
suggests that in addition to electrostatic repulsion between chitosan

chains dispersed, counter-anions are also interacting with the colloidal
network, and can influence A2 value.

3.2. Physicochemical properties

Chitosan [0.1 g·(100 mL)−1] added to acidic aqueous solution
showed fully dispersed when macroscopically/visually assessed. Differ-
ent physicochemical propertieswere observed according to the concen-
tration and type of acid present in the different properties analysed.
Results for pH and electrical conductivitymeasurements of the aqueous
media without or with chitosan are compiled in Fig. 1. Both increased
with the increase of acid concentration from 10 to 50 mmol·L−1, re-
gardless of the acid used to form the dispersions. pH values are used
to represent H+ concentration in aqueous media, while electrical con-
ductivity measurements take into account the counter-ion and the pro-
tons fromorganic acid [22].Modifications in both electrical conductivity
and pH values are demonstrating changes in the equilibrium of the dis-
sociation of the acid molecules. According to Fig. 1 – A, which addresses
pH results, in the aqueous media without chitosan the increase in acid
concentration from 10 to 50 mmol·L−1 led to a reduction in pH (3.5
to 3.1 in systems containing AA; 3.0 to 2.5 for GA; 3.6 to 3.1 for PA;
and 3.0 to 2.3 for LA). In these cases, systems containing GA and LA pre-
sented pH values clearly inferior to the counterparts containing AA and
PA, at a given concentration. This observation can be explained by an in-
ductive effect: the carbon atom of the carboxyl group present in GA and
LA supports a higher positive charge (when compared to AA and PA),
due to the hydroxyl group attached to their C2 carbon, which exerts
an attraction on electronic clouds of the molecule towards the oxygen
atom of this hydroxyl group. Consequently, protons of GA and LA are
more easily released from the –COOH group [24,25]. This is further sup-
ported by the pKa values of these organic acids (AA= 4.75; GA= 3.83;
PA= 4.87; and LA= 3.85). Indeed, it is well-known that, the lower the
pKa, themore easily theH+ is released by organic acids [26]. In Fig. 1 – B,
results for electrical conductivity of the systems without chitosan are
represented: the increase in acid concentration from 10 to
50 mmol·L−1 promoted a raise in electrical conductivity of aqueous
media without chitosan (163 to 402 μS·cm−1 in systems containing
AA; 477 to 1124 μS·cm−1 for GA; 156 to 345 μS·cm−1 for PA; and 467
to 1118 μS·cm−1 for LA). Both H+ cations and the counter-anions re-
leased by the organic acids in aqueous media are excellent electrical
conductors (small and electrically charged chemical entities). So, in ac-
cordance, as the acid concentration increased, the electrical conductiv-
ity of the systems also increased. Not surprisingly, values of electrical
conductivity were sharply higher in aqueous media containing GA and
LA than in the counterparts with AA and PA, at the same concentration.
In fact, due to their molecular nature (hydroxyl group at C2) and the
consequent lower pKa values, explained above, GA and LA release
their proton more easily than the two other acids (at the same concen-
tration), generating more conductor entities within the medium.

Also in Fig. 1 – A, one can see that pH values of aqueous dispersions
of chitosan were slightly higher, compared to the counterpart systems
without chitosan, at the same concentration of acid. Dispersions of chi-
tosan containing AA and PA showed higher pH values (Fig. 1 – A) than
those seen in GA and LA from 10 to 50 mmol·L−1 (4.4 to 3.5 in systems
containing AA; 3.5 to 2.5 for GA; 4.5 to 3.6 for PA; and 3.6 to 2.7 for LA).
This result for pH was expected, since H+ cations from aqueous media
protonated amino groups present in chitosan chains whose pKa is ~6.4
[27]. In other words, chitosan added to the acidic aqueous medium
causes an equilibrium shift, resulting in the deprotonation of more
acid molecules present in the medium, but the protons released are
not all free; a fraction of them binds to chitosan's amino groups (R
−NH2+H+⇌ R−NH3

+). In Fig. 1 – B, for systems containing chitosan,
an analogous effect of the acid concentration was observed: as the acid
concentration increased from 10 to 50 mmol·L−1, a raise in electrical
conductivity values of aqueous media with chitosan was found (210.3
to 355.3 μS·cm−1 in systems containing AA; 355.3 to 1000.7 μS·cm−1
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for GA; 196.1 to 309.3 μS·cm−1 for PA; and 345.0 to 989.3 μS·cm−1 for
LA), and higher values for electrical conductivity also can be seen in sys-
tems containing GA or LA. However, these values tended to be smaller
than those measured for the counterpart systems without chitosan (at
the same concentration of acid), which would be expected since the
electrical conductivity considers all electrostatically charged chemical
species present in aqueousmedium. Thisfinding reinforces the previous
conclusion that the protonation of chitosan chains during their disper-
sion reduces the concentration of free protons in the bulk, although it
also shifts the equilibrium towards the deprotonation of the acids. Chi-
tosan added to the systemswith GA or LA provided a greater deproton-
ation of the acids (due to the presence of the hydroxyl group in C2),
which led to a more pronounced reduction of pH and increased electri-
cal conductivity, when compared to those systems containing AA or PA.

To the best of our knowledge, the literature on the subject reports re-
sults of pH and electrical conductivity of chitosan dispersions only for
media containing acetic acid [1,8,9], precluding comparisons of our re-
sults. On the other hand, the comparisons of pH and electrical conduc-
tivity of chitosan dispersions here reported – with four organic acids
and five different concentrations each – bring new information about
how chitosan chains behave when dispersed in acidic aqueous media,
and corroborate that the nature of the acid counter-anion impacts the
dispersion of this biopolymer in aqueous media [13,15].

Results for density, hydrodynamic average diameter, ζ potential, and
viscosity for chitosan dispersions 0.1 g·(100 mL)−1 in aqueous

solutions of the four acids studied (from 10 to 50 mmol·L−1) are
given in Fig. 2. As shown, regardless the acid used to form the disper-
sions, ζ potential and viscosity values of the chitosan dispersions de-
creased, whereas density and hydrodynamic average diameter values
increased, when increasing the acid concentration from 10 to
50 mmol·L−1. Indeed, changes in acid concentration can influence the
balance of interactions chitosan-water and chitosan-chitosan, and
then induce modifications in physical and colloidal properties of this
biopolymer [8]. The type of acid also markedly affected the magnitude
of each of these physical properties, as described and discussed in the
paragraphs thereafter.

According to Fig. 2 – A, dispersions containing 0.1 g·(100mL)−1 chi-
tosan showed a raise in density values as the acid concentration in-
creased from 10 to 50 mmol·L−1 (998.0 to 998.4 kg·m−3 in systems
containing AA; 998.2 to 998.9 kg·m−3 for GA; 997.3 to 998.1 kg·m−3

for PA; and 997.7 to 998.8 kg·m−3 for LA). Chitosan dispersions in aque-
ousmedia containingGA or LA showed higher density values, compared
to those prepared with AA or PA. This first finding suggests that inter-
molecular interactions occurring between chitosan and hydroxylated
acid counter-anions are different from those formed between the dis-
persed biopolymer and non-hydroxylated counter-anions. More specif-
ically, the higher electro-polarizability observed in the counter-anions
glycollate and lactate could have promoted stronger interactions with
the protonated chains of chitosan,whichwould justify the higher values
of density measured in systems containing GA or LA.

Fig. 1. pH (A) and electrical conductivity (B) of aqueous solutions containing AA ( ), GA ( ), PA ( ), or LA ( ), at different concentrations, without or with chitosan
[0.1 g·(100 mL)−1].
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In Fig. 2 – B, one can see that the hydrodynamic average diameters
(dh) of dispersed chitosan chains increased as the acid concentration in-
creased from10 to50mmol·L−1 (15.30 to 27.76nm in systems contain-
ingAA; 16.54 to 32.71 nm for GA; 14.91 to 26.85 nm for PA; and 16.21 to
31.35 nm for LA). PDI values from dh were also calculated (for details,
see Supplementary material). Their values, between 0.027 and 0.097,
are indicative of narrow hydrodynamic average diameter distributions.
PDI values ≤0.05 have been correlated to highly monodisperse stan-
dards, which are rarely seen. PDI ≤ 0.1 for a given distribution of dis-
persed particle sizes have been pointed out as indicative of
considerable uniformity of sizes within the distribution [28]. Values of
dh were quite similar for dispersions prepared at acid concentration of
10 mmol·L−1. However, in systems containing 50 mmol·L−1 of GA
and LA, dh values were sharply smaller compared to those prepared
with AA and PA. This suggests different interactions patterns between
chitosan and hydroxylated acid counter-anions, and may indicate
more elongated chitosan chains, compared to systems in which AA
and PA were used. It is noteworthy that this inference is corroborated
by the density values above reported.

ζ potential of dispersed chitosan chains were alsomeasured and the
corresponding results are represented in Fig. 2 – C. As expected, ζ poten-
tial signs were all positive, due to the cationic nature of chitosan. ζ po-
tential values decreased as the acid concentration increased from 10
to 50 mmol·L−1 (+77.8 to +69.3 mV in systems containing AA;
+78.4 to +65.9 mV for GA; +74.5 to +68.0 mV for PA; and + 78.2 to
+67.6 for LA). This decrease in the ζ potential values is likely to reflect

changes in the intermolecular interactions between protonated chito-
san chains and the counter-anions from organic acids. More specifically,
the released counter-anions may form electrostatic interactions with
protonated amino groups or ion-dipole interactions with the hydroxyl
groups of chitosan, being both attractive interactions. The presence of
these counter-anions around the chitosan chains attenuates the density
of positive charges on the electrical layer around the dispersed biopoly-
mer chains, leading to smaller ζ potential values. Moreover, lower
values of ζ potential were observed in aqueous media containing
50 mmol·L−1 GA or LA, and these observations also pointed out to a
more intense attractive interaction between chitosan chains and
glycollate or lactate counter-anions. Such explanation is also supported
by results of density and dh, which showed greater values according to
the increase in acid concentration.

Finally, rheological properties of the chitosan dispersions were
analysed. None of them showed hysteresis during rheological analysis,
i.e., the three flow curves corresponding to the 1st up-down cycle, and
2nd up cyclewere superposed. Therefore, only the 2nd up curveswere rep-
resented in rheograms (for details, see Supplementary material). More-
over, as these curves were linear with τ0 approaching zero, the
Newtonianmodel was tested and fittedwell to experimental data for τ ¼
f ð _γÞ. In fact, values of R2 ≥0.94 andMAPE ≤5.3%, indicated the adequacy of
the adjusted models to experimental data. Hence, the viscosities of chito-
san dispersions containing the different acids were calculated and repre-
sented in Fig. 2 – D. Chitosan dispersions had their viscosity diminished
as the acid concentration increased from 10 to 50 mmol·L−1 (7.68 to

Fig. 2. Density (A), average hydrodynamic diameter of dispersed particles (B), ζ potential of dispersed particles (C), and viscosity (D) of chitosan dispersions [0.1 g·(100 mL)−1] in
solutions of AA ( ), GA ( ), PA ( ), or LA ( ), at different concentrations.

145L.S. Soares et al. / International Journal of Biological Macromolecules 128 (2019) 140–148

29



Fig. 3.Three regions (800–1300 cm−1, 1300–1800 cm−1, and 2500–3500 cm−1) of FT-IR spectra obtained fromnative chitosan (CH), and lyophilizedpellets containing chitosanpreviously
dispersed in solutions of acetic (AA), glycolic (GA), propionic (PA), or lactic (LA) acid, at concentrations of 50 mmol·L−1 ( ), 75 mmol·L−1 ( ), or 100 mmol·L−1 ( ).
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6.19 mPa·s in systems containing AA; 7.12 to 4.88 mPa·s for GA; 7.74 to
6.30 for PA; and 7.05 to 4.66 for LA). Although noticeable for the entire
concentration range, such differenceswere quite tenuous for chitosan dis-
persions containing 10 mmol·L−1 of acid and became more and more
pronounced as the acid concentration increased up to 50 mmol·L−1.
This decrease in viscosities values triggered by higher acid concentrations
is compatiblewith inferencesmade fromdensities, dh, and ζ potentials re-
sults: as discussed, the increasing counter-ion concentration caused stron-
ger attractive interactions of them with the protonated chitosan chains,
which led to a reduction in chains compaction and attenuation of their
electrical charges density. Then, these results indicated elevation of the
intra-chain electrostatic repulsion, resulting in increased dh of the dis-
persed chitosan chains. Conversely, higher acid concentrations seem to
have hampered chitosan-water interactions in aqueousmedia containing
all different acids, affording lower viscosity values in these systems. Once
again, glycollate and lactate counter-anions had amore strong effect in re-
lation to acetate and propionate (at the same acid concentration), since
they led to systems with smaller viscosities.

Based on this ensemble of results, the effects of different organic acid
counter-anions on physicochemical properties (pH, electrical conduc-
tivity, density, dh, ζ potential, and viscosity) of aqueous chitosan disper-
sionswas evidenced. In particular, these results demonstrated that such
properties were dependent not only on the acid concentration in the
aqueous media, but also on the molecular structure of the acid. Acids
generating counter-anions with greater electro-polarizability
(i.e., those with a hydroxyl group at C2) clearly exerted stronger effects
on the variations of the above mentioned physicochemical properties,
compared to their non-hydroxylated counterparts. However, the spe-
cific intermolecular interactions behind such effects could not be in-
ferred from the results presented and discussed so far. This is why
additional spectroscopic analyses were undertaken, and corresponding
results are discussed in the next section.

3.3. Intermolecular interactions between chitosan and the organic acids
counter-anions

Firstly, a comparison between absorbances of chitosan powder (CH)
and lyophilized dispersions containing variable chitosan concentrations
[0.5, 1.0, and 1.5 g·(100 mL)−1] in 100 mmol·L−1 acid solutions (AA,
GA, PA, or LA) was performed (see spectra in Supplementary material).
Eleven characteristic peaks of chitosan were observed in the region of
450–3750 cm−1: 900 cm−1, 942 cm−1, 1075, 1150, and 1256 cm−1

(C\\O stretching), 1319 cm−1 (amide bending), 1372 cm−1 (C\\Hbend-
ing), 1419 cm−1 (OH and CH bending), 1572 cm−1 (NH2 bending),
1647 cm−1 (C_O stretching vibration of amide I), 2874 cm−1 (CH
stretching), and 3360 cm−1 (OH stretching), based on assignment of ab-
sorption bands in accordance with literature data [11,12,29], and also on
small variations of peak absorbance among dispersions containing differ-
ent concentrations of chitosan. Secondly, absorbances of CH were com-
pared with lyophilized chitosan dispersions [1.0 g·(100 mL)−1] at
variable concentrations of AA, GA, PA, and LA (50, 75, and
100 mmol·L−1). Three regions of each spectrum (800–1300 cm−1,
1300–1800 cm−1, and 2500–3500 cm−1) that were considered strategic,
due to changes in characteristic peaks, were expanded and presented in
Fig. 3. Chitosan [1.0 g·(100 mL)−1] dispersed in solutions containing 50,
75, or 100 mmol·L−1 of acid did not present substantial differences be-
tween their characteristic peaks absorbances (calculated through
deconvolution in Lorentzian components), for the same organic acid
(for details, see Supplementary material). Moreover, no substantial
changes were observed in absorbances of peaks corresponding to
1075 cm−1, 1150 cm−1, 1256 cm−1, 1319 cm−1, 1372 cm−1,
1647 cm−1, 2874 cm−1, and 3360 cm−1, comparing CH and lyophilized
dispersions. The absence of interactions in 1319 and 1650 cm−1 bands
was not surprising, because it has been pointed out as unusual interac-
tions of organic molecules with the acetamide groups [19]. Tenuous var-
iations in the 3360 cm−1 peak would be expected, considering the small

water content in all samples [30]. In summary, this set of peaks did not
allow inferring any specific interaction between chitosan and organic
acids in lyophilized dispersions.

Differences in absorbance values were observed between CH and all
the other systems for peaks at 900 cm−1 and 942 cm−1, indicating intra-
chain conformational changes [23,31], which can be justified from the
previous dispersion of chitosan powder and subsequent lyophilization.
Absorbance values were increased in lyophilized dispersions compared
to CH peaks at 1419 cm−1, suggesting the existence of molecular inter-
actions involving hydroxyl groups of chitosan (hydrogen bonds, dipole-
dipole, and ion-dipole interactions, for instance). Higher absorbance
values were also found in dispersions containing AA and PA for the
peak at 1572 cm−1, while dispersions preparedwith GA and LA showed
amore subtle increase for this same peak. In fact, the spectral region be-
tween 1500 and 1800 cm−1 is a rich data source due to amine and
amide absorption bands [29], which are widely used to characterize
modifications in the molecular structure of chitosan. Moreover, new
peaks at 1524 cm−1 in GA dispersions, and at 1527 cm−1 in LA can be
identified, which indicates a peak unfolding and its shifting to smaller
wavenumbers. These differences could be explained from two aspects:
i) vibration energy of NH3

+/glycollate and NH3
+/lactate are greater

than NH3
+/acetate and NH3

+/propionate, causing a displacement of
these peaks towards smaller wavenumbers, which is related to com-
plexes formed between these two chemical species [31]; ii) glycollate
and lactate counter-anionshave a different dipolemoment, as discussed
in previously, compared to acetate or propionate [26]. These results led
us to believe that glycollate and lactate counter-anions interact more
strongly with the chitosan chains, promoting a more expressive reduc-
tion of pH, ζ potential, and viscosity of the dispersions, along with a
greater increase of electrical conductivity, density, and dh, compared
to dispersions containing acetic or propionic acids.

4. Conclusions

Chitosan dispersions in aqueous solutions of AA, PA, GA, or LA showed
slight differences of their physicochemical, which depended on both na-
ture and concentration of the acid. The increase of acid concentration
from 10 to 50 mmol·L−1 triggered the reduction of the values of pH, |ζ
potential|, and viscosity, while increasing the values of electrical conduc-
tivity, density, and hydrodynamic diameter of dispersed chitosan parti-
cles. All of these changes were more pronounced for systems containing
hydroxylated acids (GA ans LA), compared to those formed with non-
hydroxylated acids (AA or PA), at the same concentration. Moreover,
spectrophotometric analyses (FT-IR) pointed out to more intense attrac-
tive interactions of chitosan chains with glycolate and lactate anions,
than with acetate and propionate. Chitosan chains seemed to interact
more stronglywith hydroxylated acids counter-anions (glycolate and lac-
tate) than with their non-hydroxylated counterparts (acetate and propi-
onate), which led to slight quantitative changes of physicochemical
properties of these systems. Therefore, at least in physicochemical
terms, GA, LA or PA are suitable to replace AA when preparing aqueous
dispersions of chitosan for technological purposes.
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Abbreviations and symbols 

CSD chitosan stock-dispersions 

CI creaming index (%) 

dP Laplace pressure gradient (Pa) 
dr infinitesimal radius variation (nm) 
DA degree of acetylation (%) 

DD degree of deacetylation (%) 

dh hydrodynamic average diameter (nm) 

K consistency index (Pa∙sn) 

G’ storage modulus (Pa) 

G’’ loss modulus (Pa) 

MAPE mean absolute percentage error (%) 

𝑀̅𝑉 viscometric-average molar mass (kDa) 

n flow behavior index (dimensionless) 

ni the number of predicted/experimental score pairs 

PDI polydispersity index (dimensionless) 

r droplet radius (nm) 

R² coefficient of determination 

SD standard deviation of average hydrodynamic diameter (nm) 

VI initial volume of the emulsion placed in the conical centrifuge tubes (mL) 

VC creamed oil volume formed at the top of the tubes (mL) 

𝑌𝑖 the ith experimental score applying the adjusted model 

𝑌̂𝑖 the ith score predicted applying the adjusted model 

z-ave z-average or cumulants average diameter (nm) 

ΔG Gibbs free energy change caused by emulsification process 

ΔAint interfacial area change during the emulsification process 

ΔPL Laplace pressure (Pa) 

γ interfacial tension (mN m-1) 

ζ zeta potential (mV) 

𝜏 shear stress (Pa) 

𝛾̇ shear rate (s-1) 

E⃗⃗  electric field (N∙C-1) 

[𝜂]H Huggins intrinsic viscosity (dL∙g-1) 

[𝜂]K Kraemer intrinsic viscosity (dL∙g-1) 

[𝜂̅] average intrinsic viscosity (dL∙g-1) 

 

Abstract 

Chitosan is a derivate from chitin, which is a polysaccharide obtained of crustaceans processed 

by seafood industries. This biopolymer has been used in several biotechnological applications, 

but its presence in food products as an ingredient or additive is not common. In this study, 

0.125; 0.250; 0.500; 0.750 and 1.000 g∙(100 g)-1 chitosan were dispersed in acid aqueous 

media (50 mmol∙L-1) containing acetic, glycolic, propionic or lactic acids. Chitosan dispersions 

containing 2.000 g∙(100 g)-1 Tween 20 (75% m/m) were added to sunflower oil (25% m/m), in 

order to prepare O/W emulsions through ultrasonic homogenizer (20 kHz, 500 W, 4 min). Small 

oil droplets (< 600 nm) were produced in the emulsions with different chitosan concentrations. 

Emulsions containing > 0.500 g∙(100 g)-1 chitosan presented a lower increase in hydrodynamic 

average diameter and PDI of oil droplets between t = 0 d and t = 28 d, and showed no phase 

separation when exposed to centrifugation, freeze-thawing, and freeze-thaw-heating cycles, 
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which indicated the stabilizer action of this biopolymer. Furthermore, the increase in chitosan 

concentration promoted the augment in consistency indexes and storage moduli of emulsions, 

demostrating its thickening action. Thus, chitosan may be a suitable new alternative as 

thickener/stabilizer agent to acid emulsions, being its performance influenced by the biopolymer 

concentration and not by the acid type. 

 

1. Introduction 

 

Emulsions are colloidal systems in which at least one immiscible liquid is dispersed 

within another liquid as micrometric or nanometric droplets [42]. Emulsification process causes 

an augment in ΔG of that system, due to the fact that there is an increase of the interfacial area 

(ΔAint) during the droplets formation, according to Equation 1. 

In Eq. 1, ΔG is the Gibbs free energy change, γ is the interfacial tension, and ΔAint is the 

interfacial area change during the emulsification process. 

As a consequence, a high energy input is necessary to produce emulsions, and shear 

mixers, colloid mills, high pressure homogenizers, and microfluidizers are the most common 

devices used to promote droplet disruption [42]. However, emergent approaches include the 

use of membranes, microchannels and ultrasonic homogenizers to input high energy rates to 

disperse one liquid into small droplets [68]. The use of ultrasound devices to produce 

formulations containing oil and aqueous media as ingredients in pharmaceutical and cosmetic 

industries has been explored due to its safety and non-toxicity characteristics [69,70]. On the 

other hand, this technology is still considered as emergent to food applications, being used only 

in laboratory scale for enzymes inactivation, bioactive compounds extraction, and emulsions 

production [68,70]. Indeed, high-intensity ultrasonic waves act in the droplets disruption mainly 

due to cavitation phenomena, which is caused by rarefaction and condensation cycles of 

ultrasound waves [42,71]. The former occurs when the instantaneous pressure that a fluid 

experiences falls down below a critical value, which is a variable value, dependent on the 

energy content required to promote the droplets formation with smaller diameters when 

compared to their diameters immediately before this cycle. It grows accordingly as the fluid 

continues expanding, and some of the surrounding liquid evaporates and moves within it in the 

form of bubbles. On the other hand, during the condensation event these bubbles collapse, 

generating an intense shock wave that propagates and causes droplets (in its vicinity) to be 

deformed until disruption. The efficiency of ultrasonic homogenizers is determined by the 

amplitude, frequency, and duration of ultrasonic waves. Moreover, some characteristics of the 

sample to be sonicated can influence the ultrasonic homogenization efficiency; for instance, its 

viscosity could reduce the ultrasonic waves propagation [72]. 

In addition, Eq. 1 show that reducing γ seems to be a strategy to facilitate 

emulsification, and this can be achieved with the addition of surfactants (surface-active agents) 

into the system. Surfactants are amphiphilic molecules that are capable of lowering the 

∆𝐺 = 𝛾 ∙ ∆𝐴𝑖𝑛𝑡 (1) 
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interfacial tension of colloidal systems, enabling the production of kinetically stable emulsions 

[45,73]. Hydrophilic and hydrophobic regions present in the molecular structure of surfactants 

will interact with immiscible liquids, reducing the energetically unfavorable contact between 

them (consequently, ΔG becomes less positive) [43]. 

During the emulsions preparation, the immiscible liquids (separated in at least two 

phases) are mixed together and the surfactant molecules, previously added into one of them, 

adsorb on the interface. Thus, the interactions between the phases is favored and, hence, the 

oil droplets formation is facilitated. The energy input necessary to form the droplets during the 

emulsifying process must be higher than Laplace pressure gradient (dP/dr) (Eq. 2). Moreover, 

Eq. 2 presents the resolution of Equation (3), and the change in the Laplace pressure (ΔPL) 

term can be observed. 

In Eq. 2 and 3, r is the droplet radius, and γ is the interfacial tension between two liquids. 

According to Eq. 3, ΔPL is responsible for maintaining the spherical shape of the 

droplet, and its value tends to increase with a decrease in droplet diameter, i.e., higher energy 

input should be used to form smaller droplets. Discussions up to this point demonstrate the 

importance of the energy input and a judicious choice of surfactants for obtaining emulsions. 

Apart from the contribution of surfactants to emulsion formation, ionic surfactants can 

favor their kinetic stabilization, since they contain charged groups that contribute to electrostatic 

and steric repulsion among droplets [45,46,73]. Surfactants used to prepare emulsions are 

commonly called emulsifiers [74]. Another way to confer additional kinetic stability to emulsions 

is through the addition of thickening agents [47]. Conventional polysaccharides (xantana gum, 

modified celluloses, galactomannans, and others) are broadly used as emulsion 

thickeners/stabilizers due to their ability to increase the consistency of the emulsions’ 

continuous phase [48,75], which reduces the frequency and intensity of collisions among 

dispersed droplets that experiment constant Brownian movement. 

Reports have shown that some polysaccharides underused in the food industries, such 

as chitosan, present textural and/or processual advantages compared to those conventionally 

used as thickeners of emulsions. Chitosan is an N-deacetylate derivate of chitin [poly-β-(1→4)-

N-acetyl-D-glucosamine], which is a polysaccharide obtained mostly from seashell skeleton of 

animals processed by seafood industries [76]. Chitosan is a biodegradable, biocompatible, and 

non-toxic material with a variety of applications [19,20,77–80]. Moreover, numerous studies in 

humans have been reporting that the oral intake of chitosan (with doses varying from 3 g to 6 g, 

daily) can promote its hypolipidemic activity. Chitosan cannot be dispersed in pure water, and 

dilute acid solutions have been used with this purpose, since NH2 groups become protonated by 

H+ cations present in these aqueous media. Therefore, intra and inter-chain electrostatic 

repulsions of chitosan molecules are allowed, thereby favoring their hydration [18]. Once 

dispersed, chitosan acts as thickener by changing the rheology (i.e. mechanical and flow 

𝑑𝑃

𝑑𝑟
=  

2𝛾

𝑟2
 

(2) 

∆𝑃𝐿 = 
2𝛾

𝑟
 

(3) 
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properties of the dispersion) and/or textural properties of aqueous media containing this 

biopolymer [2,14]. Studies have also evaluated the role of chitosan in the formation and 

stabilization of oil-in-water (O/W) emulsions, containing emulsifiers of low molar mass or 

proteins as interfacial agents [13]. For instance, Klinkesorn and Namatsila [51] investigated the 

formation of O/W emulsions containing 5.0 g∙(100 g)-1 tuna oil, 0.2 g∙(100 g)-1 Tween 80 as 

emulsifier, and 0.0 to 10.0 g∙(100 g)-1 chitosan dispersed in 10 mmol∙L-1 acetic acid, at pH 6.0. 

Emulsions were mixed in high-speed homogenizer and passed through a two-stage high-

pressure valve homogenizer (34.5 MPa). Oil droplets showed ζ potential values varying from -

13 mV to +10 mV (0.0 - 10.0 g∙(100 g)-1 chitosan) and z-ave diameters between 300 nm and 

550 nm (0.0 to 10.0 g∙(100 g)-1 chitosan), indicating a molecular interaction between chitosan 

and Tween 80 adsorbed on the interface of the droplets. O/W emulsions containing more than 

4.0 g∙(100 g)-1 chitosan presented highly flocculated droplets when analysed by optical 

microscopy. However, the serum volume fraction was reduced from 90% to 0% with the 

increase of chitosan concentration (from 0.0 to 10.0 g∙(100 g)-1), after 180 h. These results 

demonstrate the importance of chitosan concentration to produce kinetically stable O/W 

emulsions. Kaasgaard & Keller [52] studied emulsions prepared with 5.0 g∙(100 g)-1 carvone as 

dispersed phase, 1.0 mL∙(100 g)-1 negatively charged citric acid ester small-molecule (CITREM 

LR10) as emulsifier, and different chitosan concentrations from 0.00 to 1.00 g∙(100 g)-1 

dispersed in acetate buffer (pH 4.0) as a continuous phase. The authors observed oil droplets 

diameters of 100 nm in emulsions prepared without chitosan, at one-day storage period, and 

this result was attributed to the oil:surfactant ratio and to the emulsification process (6 passes 

through high pressure homogenizer, 69 MPa). Moreover, O/W emulsions containing chitosan 

(from 0.15 to 1.00 g∙(100 g)-1) presented oil droplets diameters of 250 nm at one-day storage 

period. The studies performed by Klinkesorn & Namatsila [51], Kaasgaard & Keller [52], and 

other reports have used acetic acid or acetate buffer solutions to disperse chitosan [8,13,51,81], 

which can be a drawback for cosmetic or food applications due to its unpleasant taste. 

Therefore, techno-functional exploration of this biopolymer in emulsions seems to be 

conditioned to its dispersion in aqueous media containing acids other than acetic. To the best of 

our knowledge, only one study focused on evaluating O/W emulsions prepared with chitosan 

dispersions in aqueous media containing different organic acids as continuous phase. Soares et 

al. [38] prepared O/W emulsions containing chitosan (0.1 g∙(100 mL)-1) dispersed in lactic acid 

aqueous solutions (pH 3.0, 3.5, or 4.0), and 1.0 mL∙(100 mL)-1 Tween 20 emulsifier as the 

continuous phase. Then, sunflower oil [10.0 mL∙(100 mL)-1] and the continuous phase [90.0 

mL∙(100 mL)-1] were mixed in high-speed homogenizer (24,000 r/min, 1 min) and passed 

repeatedly 6 times through a high-pressure homogenizer (69 MPa). O/W emulsions containing 

chitosan presented oil droplets with similar ζ potential (next to +50 mV) and hydrodynamic 

average diameter (two populations of diameters: 45 nm and 360 nm), as well as viscosities 

(about 3 times higher than those prepared without chitosan). These results showed that lactic 

acid may be used to prepare chitosan dispersions to be used as continuous phase to produce 

kinetically stable O/W emulsions, during 7 d. Later, these authors have examined the use of 
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other organic acids to obtain aqueous chitosan dispersions [39]. They studied the 

physicochemical properties of 0.1 g∙(100 mL)-1 chitosan dispersions prepared in aqueous media 

containing acetic, glycolic, propionic, or lactic, at 10, 20, 30, 40, or 50 mmol∙L-1. Thus, glycolic, 

propionic or lactic acid are suitable to replace acetic acid to prepare chitosan dispersions for 

technological purposes. However, higher chitosan concentrations may be required for it to act 

as thickener in cosmetics or food formulations. 

Therefore, the formulation of O/W emulsions containing chitosan dispersed in aqueous 

solutions prepared with acetic, glycolic, propionic, and lactic acids is a relevant proposal to 

enable future industrial applications of this biopolymer mainly in the food field. Thus, in order to 

understand if chitosan can be used as a thickener and/or stabilizer agent for O/W emulsions, 

the purposes of this paper are to: i) prepare chitosan dispersions in aqueous media containing 

acetic, glycolic, propionic or lactic acid; ii) produce O/W emulsions, containing chitosan 

dispersions and Tween 20 emulsifier as a continuous phase, using an ultrasound device to 

disrupt the oil phase (sunflower oil colored with Sudan III red dye); iii) characterize O/W 

emulsions in terms of rheological measurements, microstructure, hydrodynamic average 

diameter, PDI, and ζ potential of oil droplets; and iv) evaluate the kinetic stability and the 

destabilization of O/W emulsions exposed to stress conditions. 

 

2. Materials and methods 

 

2.1 Materials 

Chitosan (Medium Molecular Weight, Sigma-Aldrich Corporation, USA; Product ID = 

448877; Batch number = #STBF8484V) from seashell skeleton was used in all the experiments. 

Other chemicals were of analytical grade and used without any purification process: glacial 

acetic acid (Vetec, Brazil; purity = 99.7%), glycolic acid (Vetec, Brazil; purity ≥ 98.0%), lactic 

acid (Impex Quimica, Spain; purity = 85%), propionic acid (Sigma-Aldrich Corporation, USA; 

purity ≥ 99.5%), Tween 20 (Sigma-Aldrich Corporation, USA; Product ID = P1379), and Sudan 

III red dye (Sigma-Aldrich Corporation, USA; purity ≥ 80%). Sunflower oil (Bunge Alimentos, 

Brazil) was of food grade. Deionized water was obtained from a Mili-Q system (≈ 18.2 MΩcm-1, 

25 oC; Reference A+, Millipore, Italy). 

 

2.1.1 Chitosan characterization 

Before use, chitosan was washed three times with deionized water, in order to reduce 

water-soluble chitooligosaccharides content and salts residues [39]. Washed chitosan was 

recovered using a vacuum filtration system, and qualitative paper (Cat No 1004 125, Whatman). 

Then, the remaining solid chitosan was frozen, lyophilized (Terroni, LS 3000, Brazil), and stored 

at 7 ± 2 °C (Consul, Pratice 410, Brazil). Chitosan powder was analysed using a FT-IR 

spectrophotometer (600-IR, Varian, USA) equipped with an attenuated reflectance accessory 

(GladiATR, PIKE Technologies, USA). Next, the degree of acetylation (DA) was estimated from 

the empirical relationship between normalized absorbances of the peaks at wavenumbers 1320 
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and 1420 cm-1 [82,83]. Degree of deacetylation (DD) was obtained by simple difference [DD(%) 

= 100% - DA(%)], and DD value of the chitosan used in the present study was estimated as 

72.5%. In order to obtain the average intrinsic viscosity ([𝜂̅]), chitosan [0.02, 0.04, 0.06, 0.08, 

and 0.10 g∙(100 g)-1] was dispersed in acetic acid-sodium acetate buffer [84], and flow times of 

each dispersion were measured in a Cannon-Fenske viscometer (model 513 20, Schott, 

Germany). Then, viscometric-average molar mass (𝑀̅𝑉) of chitosan was calculated as 430 ± 30 

kDa using the Mark-Houwink-Sakurada (MHS) relationship [84,85].  

 

2.2 Experimental design 

A factorial design 6 x 4 (totaling 24 systems) was adopted to understand the effect of 

two independent variables (chitosan concentration and the type of organic acid used to disperse 

this biopolymer) on the formation and the destabilization of O/W emulsions. Six chitosan 

concentrations were 0.000 g∙(100 g)-1, 0.125 g∙(100 g)-1, 0.250 g∙(100 g)-1, 0.500 g∙(100 g)-1, 

0.750 g∙(100 g)-1, and 1.000 g∙(100 g)-1; and four organic acids were acetic, glycolic, propionic, 

or lactic acid (50 mmol∙L-1). Treatments were repeated three times, and results were presented 

as average ± standard deviation. 

 

2.3 Preparation of chitosan dispersions 

Previously, a 50 mmol∙L-1 solution was prepared for each acid (acetic, glycolic, 

propionic or lactic). Then, 1.000 g∙(100 g)-1 chitosan was added to appropriate amounts of these 

solutions (AUY220, Shimadzu, Japan), in order to obtain four chitosan stock-dispersions (CSD). 

Resulting systems were stirred during 4 h using a mechanical agitator (MA-039, Marconi, Brazil) 

equipped with a helical propeller (270 r/min), within a thermostatic bath (TE-184, Tecnal, Brazil), 

at 25.0 ± 0.1 oC. Subsequently, CSD were centrifuged (7830 r/min; 5430, Eppendorf, Germany) 

during 20 min, in order to remove insoluble impurities. 

CSD were transferred to amber bottles and stored at 7 ± 2 °C. Chitosan diluted-

dispersions were prepared by CDS dilution to 0.125 g∙(100 g)-1, 0.250 g∙(100 g)-1, 0.500 g∙(100 

g)-1, and 0.750 g∙(100 g)-1 using the same solution for each acid (50 mmol∙L-1) as a diluent.  

 

2.4 Preparation of O/W emulsions 

2.0 g∙(100 g)-1 Tween 20 emulsifier was added to chitosan dispersions containing 

acetic, glycolic, propionic, or lactic acid, and the resulting mixtures were used as continuous 

phases for preparing oil-in-water (O/W) emulsions. Additionally, control systems, without 

chitosan (0.000 g∙(100 g)-1) were prepared to each one of organic acid. 0.02 g∙(100 g)-1 Sudan 

III red dye was used to color sunflower oil (oily phase of the O/W emulsions). Then, emulsions 

were prepared with 18.75 g of aqueous phase and 6.25 g oil phase (totaling 25.00 g). The 

emulsification process was performed in two steps: i) the two phases were mixed using a vortex 

stirrer (Phoenix, Tecnal, Brazil) during 20 s; and ii) O/W emulsions were obtained by an 

ultrasonic homogenizer (Vibra Cell, Sonics and Materials, Inc., USA), operating at 20 kHz with a 

power output of 500 W for 4 min. In order to control systems temperature (≤ 40 oC) during the 
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droplets formation, the tubes containing the emulsions were immersed in an ice bath during the 

sonication process [86]. 10 mL of O/W emulsions were transferred to Falcon 15 mL conical 

centrifuge tubes and identified. Then, they were stored at room temperature (25 ± 1 oC) in a 

dark environment to avoid light and oxygen pro-oxidative effects. 

 

2.5. Characterization of O/W emulsions 

Emulsions containing different concentrations of chitosan (0.000 g∙(100 g)-1, 0.125 

g∙(100 g)-1, 0.250 g∙(100 g)-1, 0.500 g∙(100 g)-1, 0.750 g∙(100 g)-1, and 1.000 g∙(100 g)-1) 

prepared with acetic, glycolic, propionic, or lactic acid solutions were characterized in terms of 

flow behavior, viscoelasticity, microstructure, and visual appearance, apart from hydrodynamic 

average diameter, PDI, and ζ potential of oil droplets, after preparation of the emulsions (t = 0 

d). 

 

2.5.1. Rheological analyses 

Rheological measurements of emulsions were performed, at 25.0 ± 0.1 oC, using a 

rotational rheometer (Discovery Hybrid Rheometer 1 (DHR-1), TA Instruments, USA), equipped 

with a stainless steel parallel plate sensor (diameter = 25 mm; gap = 1 mm). 

Flow curves were determined by progressively varying the shear rate (𝛾̇) from 0.1 to 

200.0 s-1 in three flow curves (1st up-down cycle, and 2nd up cycle; 300 s each cycle), and 

measuring the corresponding shear stresses (𝜏). Ostwald de Waele model (Equation 4) was 

fitted to 𝜏 = 𝑓(𝛾̇) data using the SAS software (SAS Institute Inc., North Carolina, USA). 

𝜏 = 𝐾 ∙ (𝛾̇)𝑛 (4) 

In Eq. 4, K is the consistency index and n is the flow behavior index. 

Coefficient of determination (R²) and mean absolute percentage error (MAPE) (Equation 

5) were used to evaluate the adequacy of fitting in all cases. 

MAPE (%) =
1

𝑛𝑖

∑|
(𝑌𝑖 − 𝑌̂𝑖)

𝑌𝑖

| x 100%

𝑛

𝑖=1

 
(5) 

In Eq. 5, 𝑌𝑖 is the ith experimental score, 𝑌̂𝑖 is the ith score predicted by applying the adjusted 

model, and ni is the number of predicted/experimental score pairs. In this paper, experimental 

data are considered well-fitted when models present R2 values  0.9 and MAPE values  10%. 

The viscoelasticity of emulsions was studied in dynamic oscillatory assays. Firstly, the 

linear viscoelastic range of the emulsions was determined upon performing a strain sweep (0.01 

to 2.5%), at a constant frequency of 1 Hz. After that, the frequency sweep was carried out from 

0.1 to 10 Hz, at constant strain amplitude of 0.125% (according to the determined linear 

viscoelastic range). Results were presented in terms of the storage modulus (G') and loss 

modulus (G'') as a function of the frequency. 

 

2.5.2. Microstructure 

The microstructure of the emulsions was studied using an optical microscope (CX40, 

Olympus, USA). Emulsion aliquots (3 μL) were sampled at 0.5 - 1.0 cm below the surface and 
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poured onto microscope slides. Then, the microscope slides were covered with glass cover 

slips and observed at a magnification of x100. Images were taken using a digital camera, and at 

least 10 images were taken for each emulsion. 

 

2.5.3. Hydrodynamic average diameter, PDI, and ζ potential of oil droplets 

Hydrodynamic average diameter, PDI, and ζ potential of the oil droplets were evaluated 

by dynamic light scattering (DLS) (Zetasizer Nano-ZS, Malvern Instruments, United Kingdom), 

at 25.0 ± 0.1 °C. Emulsions were sampled at 0.5 - 1.0 cm below the surface and then diluted 

(1:250) to prevent multiple scattering effects, using as diluent the same acid solution (used to 

disperse chitosan in the continuous phase) added to 2.0 g∙(100 g)-1 Tween 20 emulsifier. 

Diluted emulsions were placed in a cuvette for carrying out the instrumental analyses. 

Diameters distributions were obtained by means of the amplitude of the decay rate, which is 

obtained by fitting the normalized temporal intensity correlation functions, by Non-Negative 

Least Square algorithm (NNLS) [38,39,87]. PDI also was calculated. This index is usually a 

number calculated from of the correlation data (the cumulants analysis), considering all peaks 

present. However, in this study PDI was estimated from hydrodynamic average diameter (dh) 

and standard deviation (SD) relationship (Equation 6) for each oil droplet distributions [88]. 

PDI = (
SD

𝑑ℎ

)
2

 
(6) 

ζ potential of oil droplets was estimated from the electrophoretic mobility phenomena. 

Emulsions diluted within the cuvette were subjected to a controlled electric field. Then, 

electrophoretic mobility was estimated from the speed and the direction of the particle 

movement due to this electric field, and ζ potential values were calculated considering the 

Smoluchowski model for the double electrical layer. 

 

2.6. Destabilization of O/W emulsion 

Destabilization of the emulsions because of flocculation/creaming was evaluated by 

visually monitoring the development of an upper phase during twenty eight-day storage period 

at room temperature (25 ± 1 oC). The extension of the oil creaming was quantified in terms of 

creaming index (CI %) according to Equation 7. 

CI (%) = (
VC

VI

) × 100% 
(7) 

In Eq. 7, VI represents the initial volume of the emulsion placed in the conical centrifuge tubes 

and VC is the creamed oil volume formed at the top of the tubes measured in each time after 

emulsion preparation. 

Results of CI (%) were presented as a function of time. Hydrodynamic average 

diameter, and PDI from hydrodynamic diameter distribution of oil droplets were also evaluated 

at fourteen (t = 14 d) and at twenty eight-day storage period (t = 28 d), in order to compare their 

values with those observed at t = 0 d and to identify the destabilization process that might occur 

during storage time. 
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Emulsions were exposed to three stress conditions for the purpose of studying their 

destabilization: i) emulsions were frozen at – 18 ± 1 oC (2800, Metalfrio, Brazil) during 24 h, and 

evaluated after 24 h; ii) freeze-thawed emulsions (24 h each step) were heated at 100 ± 5 oC 

(MA 032, Marconi, Brazil) during 1 h, and cooled to room temperature (25 ± 1 oC); and iii) 

emulsions were centrifuged (7830 r/min) during 10 min, and evaluated after 24 h. Results were 

presented in terms of hydrodynamic average diameter, PDI from hydrodynamic diameter 

distribution of oil droplets, and CI (%) values. 

 

3. Results 

 

3.1. Rheological analyses 

3.1.1. Flow behavior of O/W emulsions 

Rheograms of O/W emulsions show that none of the emulsions had hysteresis during 

rheological analyses, i. e. the three flow curves corresponding to the 1st up-down cycle, and 2nd 

up cycle were superposed. Then, 2nd up curves were used to mathematical fitting. Experimental 

data for 𝜏 = 𝑓(𝛾̇) were inspected visually, and flow behavior curves of O/W emulsions showed a 

pseudoplastic behavior (rheograms of 2nd up curves can be seen in Figure SM3, Appendix II). 

Upon testing some rheological models, Ostwald de Waele model was well fitted to 𝜏 = 𝑓(𝛾̇) 

values, resulting in R2  0.991 and MAPE  6.1% according to Table 1. R2 and MAPE values 

indicated the good adequacy of the fitted models. Rheological parameters of the Ostwald de 

Waele model adjusted to chitosan emulsions prepared with acetic, glycolic, propionic or lactic 

acid are also presented in Table 1. 
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Table 1 - Rheological parameters (K and n) and adequacy fitting of the Ostwald de Waele model adjusted to O/W emulsions containing different chitosan 

concentrations dispersed in acid continuous phase prepared with acetic, glycolic, propionic or lactic acid. 

Chitosan concentration 

g∙(100 g)-1 

Type of acid 

AA GA PA LA 

Parameters 

Adequacy of fitting  

Parameters 

Adequacy of fitting  

Parameters 

Adequacy of fitting  

Parameters 

Adequacy of fitting 

R2 MAPE (%) R2 MAPE (%) R2 MAPE (%) R2 MAPE (%) 

0.000 
K (Pa∙sn) 0.30 ± 0.02 

0.911 4.5 
K (Pa∙sn) 0.46 ± 0.01 

0.949 2.2 
K (Pa∙sn) 0.20 ± 0.02 

0.911 5.8 
K (Pa∙sn) 0.34 ± 0.02 

0.890 3.7 
n 0.20 ± 0.01 n 0.14 ± 0.01 n 0.30 ± 0.02 n 0.15 ± 0.01 

0.125 
K (Pa∙sn) 0.26 ± 0.02 

0.948 6.1 
K (Pa∙sn) 0.38 ± 0.02 

0.947 5.3 
K (Pa∙sn) 0.28 ± 0.03 

0.930 6.0 
K (Pa∙sn) 0.31 ± 0.02 

0.969 4.7 
n 0.35 ± 0.01 n 0.28 ± 0.01 n 0.36 ± 0.02 n 0.34 ± 0.01 

0.250 
K (Pa∙sn) 0.25 ± 0.02 

0,971 4.9 
K (Pa∙sn) 0.28 ± 0.02 

0.959 5.3 
K (Pa∙sn) 0.31 ± 0.03 

0.966 5.0 
K (Pa∙sn) 0.22 ± 0.02 

0.969 4.8 
n 0.48 ± 0.02 n 0.39 ± 0.02 n 0.41 ± 0.02 n 0.45 ± 0.02 

0.500 
K (Pa∙sn) 0.37 ± 0.02 

0.986 4.4 
K (Pa∙sn) 0.49 ± 0.03 

0.976 4.7 
K (Pa∙sn) 0.38 ± 0.02 

0.991 5.0 
K (Pa∙sn) 0.41 ± 0.02 

0.992 4.6 
n 0.49 ± 0.01 n 0.40 ± 0.01 n 0.50 ± 0.01 n 0.53 ± 0.01 

0.750 
K (Pa∙sn) 0.45 ± 0.02 

0.995 4.4 
K (Pa∙sn) 0.70 ± 0.05 

0.979 0.9 
K (Pa∙sn) 0.64 ± 0.02 

0.997 2.1 
K (Pa∙sn) 0.48 ± 0.01 

0.998 0.8 
n 0.56 ± 0.01 n 0.44 ± 0.01 n 0.43 ± 0.01 n 0.58 ± 0.01 

1.000 
K (Pa∙sn) 0.78 ± 0.03 

0.997 3.1 
K (Pa∙sn) 0.95 ± 0.04 

0.996 3.3 
K (Pa∙sn) 0.86 ± 0.03 

0.997 2.3 
K (Pa∙sn) 1.11 ± 0.04 

0.998 
0.9 n 0.57 ± 0.01 n 0.50 ± 0.01 n 0.53 ± 0.01 n 0.53 ± 0.01 
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O/W emulsions prepared without chitosan showed K values from 0.20 Pa to 0.46 Pa∙sn 

and n values from 0.14 to 0.30. K values from 0.26 Pa to 0.38 Pa∙sn and n values from 0.28 to 

0.36 were observed in O/W emulsions containing 0.125 g∙(100 g)-1 chitosan in the continuous 

phase, and K values from 0.22 Pa to 0.31 Pa∙sn and n values from 0.39 to 0.48 in those 

prepared with 0.250 g∙(100 g)-1. Emulsions prepared with continuous phases containing lower 

concentrations, (0.125 g∙(100 g)-1 and 0.250 g∙(100 g)-1), or without chitosan may have been 

more influenced by the experimental error and variations in the oil droplets diameters. 

Moreover, droplet-droplet and droplet-continuous-phase interactions can influence the system 

structure, complicating the experimental elucidation of emulsions behavior. 

O/W emulsions containing higher chitosan concentrations in their continuous phase 

showed: K values from 0.37 Pa∙sn to 0.49 Pa∙sn and n values from 0.40 to 0.53 for 0.500 g∙(100 

g)-1; K values from 0.45 Pa∙sn to 0.70 Pa∙sn and n values from 0.43 to 0.58 for 0.750 g∙(100 g)-1; 

and K values from 0.78 Pa∙sn to 1.11 Pa∙sn and n values from 0.50 to 0.57 for 1.000 g∙(100 g)-1. 

Emulsions containing 0.500 g∙(100 g)-1; 0.750 g∙(100 g)-1 and 1.000 g∙(100 g)-1 chitosan in 

acetic, glycolic, propionic or lactic acid in the continuous phase showed a raise in K values with 

increasing biopolymer concentration. Moreover, the type of acid used to disperse chitosan in the 

continuous phase of emulsions did not influence the values of K e n, at a given chitosan 

concentration. These results pointed out that chitosan added in O/W emulsions promoted a 

thickening effect, contributing to reduce the emulsions destabilization. In addition, a similar 

behavior was seen for the n values of these emulsions, which indicates that the shear rate 

range values were not greatly affected by the increase in the chitosan concentrations.  

 

3.1.2. Viscoelasticity of O/W emulsions 

Frequency sweeps were performed to evaluate the viscoelasticity of O/W emulsions. 

The curves of G’ and G’’ observed from 0.1 to 10 Hz are presented in Figure 1. 
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Figure 1 - G’ and G’’ in frequency sweeps (from 0.1 to 10 Hz ) of O/W emulsions containing 

chitosan dispersed in different acid continuous phase. (●) 0.000 g∙(100 g)-1, (○) 0.125 g∙(100 g)-

1, ( ) 0.250 g∙(100 g)-1, (∆) 0.500 g∙(100 g)-1, ( ) 0.750 g∙(100 g)-1, and (□) 1.000 g∙(100 g)-1 of 

chitosan. 
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O/W emulsions prepared without chitosan showed similar G’ and G’’ from 0.1 to 10 Hz, 

independent of the type of organic acid used to prepare the continuous phase. G’ presented 

values of 1∙101 Pa which increased over the frequency range until reaching 6∙101 Pa, whereas 

G’’ values were raised from 2∙100 Pa to 10∙100 Pa. O/W emulsions containing chitosan 

presented an increase in the initial and final values of G’ and G’’ as the biopolymer 

concentration was incremented. In addition, the type of acid used to disperse chitosan in the 

continuous phase of emulsions did not influence the behavior of G’ and G’’. Emulsions prepared 

with higher chitosan concentrations (1.000 g∙(100 g)-1) presented G’ values of 1∙102 Pa at 0.1 

Hz increasing to 3∙102 Pa at 10 Hz, and G’ values grew from 3.0∙101 Pa to 8.0∙101 Pa within the 

same shear frequency range. The increase of chitosan concentration in O/W emulsions 

contributed to a lower increase of G' and G" values, at frequencies from 0.1 to 10 Hz. 

 

3.2. Microstructure of O/W emulsions 

Microphotographs observed at a magnification x100 revealed different behaviors 

between O/W emulsions prepared without chitosan and those containing chitosan dispersed in 

their continuous phase. Microstructures of O/W emulsions containing different chitosan 

concentrations and 2.0 g∙(100 g)-1 Tween 20 in the continuous phase are shown in Figure 2.  
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Figure 2 – Optical micrographs of O/W emulsions containing different chitosan concentrations (0.000 g∙(100 g)-1 to 1.000 g∙(100 g)-1) dispersed in acid 

continuous phase prepared with acetic (AA), glycolic (GA), propionic (PA) or lactic (LA) acid. 
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No evidence of droplet aggregation was observed in emulsions prepared without 

chitosan analysed by optical microscopy. O/W emulsions containing chitosan (0.125, 0.250, 

0.500, 0.750, and 1.000 g∙(100 g)-1) presented aggregates, which can be attributed to a three-

dimensional network containing oil droplets and dispersed chitosan chains. However, it was not 

possible to establish any relationship between chitosan concentration in the emulsions and the 

appearance of the aggregates from micrographs presented in Figure 2. Mechanisms such as 

bridging flocculation of oil droplets could have led to their aggregation with chitosan chains. 

Furthermore, oil droplets flocculation did not necessarily cause phase separation of O/W 

emulsions. Differences were not noticed between O/W emulsions, whose continuous phase 

contained acetic, glycolic, propionic or lactic acid. 

 

3.3. Hydrodynamic average diameter, PDI, and ζ potential of oil droplets 

Hydrodynamic average diameter, PDI from hydrodynamic diameter distribution, and ζ 

potential of oil droplets emulsions were analysed after O/W emulsions preparation (t = 0 d), and 

the results are presented in Figure 3. 
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Figure 3 - Hydrodynamic average diameter (A), PDI from hydrodynamic diameter distribution (B), and ζ potential (C) of oil droplets present in O/W emulsions 

containing different chitosan concentrations in the continuous phase prepared with acetic ( ), glycolic ( ), propionic ( ), or lactic ( ) acid. Error bars in 

Figure 3 (A, B and C) represent the standard deviation. 
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Hydrodynamic average diameter, PDI from hydrodynamic diameter distribution, and ζ 

potential of oil droplets showed similar values to each chitosan concentration in the continuous 

phase of O/W emulsions containing acetic, glycolic, propionic or lactic acid. As depicted in 

Figure 3 – A, the hydrodynamic average diameters of oil droplets increased as the chitosan 

concentration was raised in the continuous phase of emulsions (from 210 nm to 290 nm for 

continuous phase containing 0.000 g∙(100 g)-1 chitosan; 330 nm to 420 nm for 0.125 g∙(100 g)-1; 

370 nm to 430 nm for 0.250 g∙(100 g)-1; and 430 nm to 560 nm for 0.500 g∙(100 g)-1; 460 nm to 

510 nm for 0.750 g∙(100 g)-1; and 440 nm to 530 nm for 1.000 g∙(100 g)-1 chitosan). The PDI 

calculated from hydrodynamic diameter distribution of oil droplets presented small values to 

O/W emulsions containing between 0.000 and 0.500 g∙(100 g)-1 chitosan (from 0.01 to 0.04 for 

continuous phase containing 0.000 g∙(100 g)-1 chitosan; 0.02 to 0.05 for 0.125 g∙(100 g)-1; 0.02 

to 0.03 for 0.250 g∙(100 g)-1; and 0.03 to 0.05 nm for 0.500 g∙(100 g)-1). PDI values of oil 

droplets in the O/W emulsions prepared with a continuous phase containing 0.750 g∙(100 g)-1 

and 1.000 g∙(100 g)-1 chitosan showed higher values than the other emulsions (from 0.06 to 

0.09 for continuous phase containing 0.750 g∙(100 g)-1, and 0.11 to 0.15 for 1.000 g∙(100 g)-1 

chitosan).  

ζ potential values of oil droplets in the O/W emulsions were also measured and the 

corresponding results are represented in Figure 3 – C. ζ potential values of oil droplets values 

were raised as the chitosan concentration was increased in the continuous phase of O/W 

emulsions (from 0.5 mV to 3.2 mV for continuous phase containing 0.000 g∙(100 g)-1 chitosan; 

0.9 mV to 3.6 mV for 0.125 g∙(100 g)-1; 1.9 mV to 4.1 mV for 0.250 g∙(100 g)-1; 3.2 mV to 4.8 mV 

for 0.500 g∙(100 g)-1; 5.2 mV to 6.9 mV for 0.750 g∙(100 g)-1; and 7.7 mV to 9.2 mV for 1.000 

g∙(100 g)-1 chitosan). ζ potential values are pointing out a progressive raise in the density of 

positive charges according to chitosan concentration increment in the continuous phase of 

emulsions between 0.000 and 1.000 g∙(100 g)-1, indicating the existence of intermolecular 

interactions between protonated chitosan chains and the O/W interface covered with Tween 20 

[13,38,51]. 

 

3.4. Destabilization of O/W emulsions 

3.4.1. Destabilization kinetics 

Creaming extension of O/W emulsions containing different chitosan concentrations and 

2.0 g∙(100 g)-1 Tween 20 in the continuous phase was evaluated through creaming index (CI 

%). Then, CI (%) kinetics curves were presented as a function of time in Figure 4. 
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Figure 4 - Visual appearance of O/W emulsions (2nd repetition) after 28 d storage period (on the 

left) and CI (%) as a function of time for O/W emulsion containing chitosan dispersed in different 

acid continuous phase (on the right). (●) 0.000 g∙(100 g)-1, (○) 0.125 g∙(100 g)-1, ( ) 0.250 

g∙(100 g)-1, (∆) 0.500 g∙(100 g)-1, ( ) 0.750 g∙(100 g)-1, and (□) 1.000 g∙(100 g)-1 of chitosan. 

Error bars in Figure 3 (A, B and C) represent the standard deviation.   
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Emulsions destabilization was evaluated by visually monitoring the development of an 

upper phase during twenty eight-day storage period at room temperature (25 ± 1 oC) and a 

similar behavior can be seen in the kinetics curves of O/W emulsions prepared with the same 

chitosan concentration. CI (%) equilibrium occurred after short times (≤ 96 h) for emulsions 

prepared with 0.000 g∙(100 g)-1, 0.125 g∙(100 g)-1 and 0.250 g∙(100 g)-1 chitosan in the 

continuous phase containing acetic, glycolic, propionic or lactic acid. O/W emulsions prepared 

with 0.500 g∙(100 g)-1 chitosan in their continuous phase containing the four organic acids 

reached an equilibrium in the CI (%) value at 192 h. However, emulsions prepared with 0.750 

g∙(100 g)-1 and 1.000 g∙(100 g)-1 chitosan in the continuous phase containing acetic, glycolic, 

propionic or lactic acid did not seem to have achieved the equilibrium in CI (%) after 672 h and, 

therefore, were considered as more kinetically stable emulsions. 

The destabilization kinetics was also evaluated in terms of hydrodynamic average 

diameter, PDI from hydrodynamic diameter distribution of oil droplets, and CI (%) values at 

fourteen-day (t = 14 d) or at twenty eight-day storage period (t = 28 d) are presented in Figure 5. 
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Figure 5 - Hydrodynamic average diameter of oil droplets, PDI from oil droplets hydrodynamic diameter distribution, and CI (%) of O/W emulsions containing 

different chitosan concentrations in the continuous phase prepared with acetic ( ), glycolic ( ), propionic ( ), or lactic ( ) acid, at t = 14 d (A) and at t = 

28 d (B). Error bars in Figure 3 (A, B and C) represent the standard deviation. 
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Hydrodynamic average diameter, PDI from hydrodynamic diameter distribution of oil 

droplets and CI (%) of O/W emulsions presented similar values to each chitosan concentration 

in the continuous phase of O/W emulsions containing acetic, glycolic, propionic or lactic acid, at 

t = 14 d or at t = 28 d. Figure 5 – A shows an increase in hydrodynamic average diameters of oil 

droplets at t = 14 d when compared with values obtained at t = 0 for all emulsions (from 370 nm 

to 560 nm for continuous phase without chitosan; 330 nm to 470 nm for 0.125 g∙(100 g)-1; 420 

nm to 520 nm for 0.250 g∙(100 g)-1; 640 nm to 720 nm for 0.500 g∙(100 g)-1; 530 nm to 570 nm 

for 0.750 g∙(100 g)-1; and 470 nm to 510 nm for 1.000 g∙(100 g)-1). Hydrodynamic average 

diameters of oil droplets presented a more expressive increase in O/W emulsions without 

(0.000 g∙(100 g)-1) and with 0.500 g∙(100 g)-1 chitosan, and their PDI values were raised 

between t = 14 d and t = 0 d (from 0.02 to 0.05 for continuous phase containing 0.000 g∙(100 g) -

1 chitosan; and 0.05 to 0.09 for 0.500 g∙(100 g)-1). PDI obtained from hydrodynamic diameter 

distribution of oil droplets showed similar values for the other emulsions between t = 14 d and t 

= 0 d (from 0.02 to 0.03 for continuous phase containing 0.125 g∙(100 g)-1 chitosan; 0.03 to 0.04 

for 0.250 g∙(100 g)-1; 0.07 to 0.10 for 0.750 g∙(100 g)-1; and 0.15 to 0.19 for 1.000 g∙(100 g)-1). CI 

(%) values were reduced as chitosan concentration was increased in the continuous phase of 

all emulsions (from 63% to 70% for continuous phase containing 0.000 g∙(100 g)-1 chitosan; 

61% to 65% for 0.125 g∙(100 g)-1; 61% to 65% for 0.250 g∙(100 g)-1; 51% to 54% for 0.500 

g∙(100 g)-1; 21% to 28% for 0.750 g∙(100 g)-1; and 0% to 5% for 1.000 g∙(100 g)-1). 

As it can be seen in Figure 5 – B, hydrodynamic average diameters of oil droplets at t = 

28 d is showing similar values comparing with those obtained at t = 14 d for all emulsions (from 

430 nm to 520 nm for continuous phase containing 0.000 g∙(100 g)-1 chitosan; 350 nm to 500 

nm for 0.125 g∙(100 g)-1; 340 nm to 500 nm for 0.250 g∙(100 g)-1; 630 nm to 700 nm for 0.500 

g∙(100 g)-1; 540 nm to 600 nm for 0.750 g∙(100 g)-1; and 480 nm to 530 nm for 1.000 g∙(100 g)-

1). Similar PDI values of oil droplets distribution can be noticed between O/W emulsions, 

comparing t = 14 d and t = 28 d, (from 0.02 to 0.03 for continuous phase containing 0.000 

g∙(100 g)-1 chitosan; 0.02 to 0.03 for 0.125 g∙(100 g)-1; 0.03 to 0.04 for 0.250 g∙(100 g)-1; 0.04 to 

0.10 for 0.500 g∙(100 g)-1; 0.09 to 0.11 for 0.750 g∙(100 g)-1; and 0.10 to 0.15 for 1.000 g∙(100 g)-

1). O/W prepared without chitosan or 0.125 g∙(100 g)-1 and 0.250 g∙(100 g)-1 chitosan presented 

similar CI (%) values between t = 14 d and t = 28 d, and this observation is due to the fact that 

the creaming phenomenon had already reached up an equilibrium state at t = 14 d. CI (%) 

values for the other O/W emulsions were increased from t = 14 d to t = 28 d (between 54% and 

57% for continuous phase containing 0.500 g∙(100 g)-1 chitosan; 34% and 40% for 0.750 g∙(100 

g)-1; 4% and 10% for 1.000 g∙(100 g)-1). However, CI (%) values presented the same behavior 

observed at t = 14 d, i.e. there was a reduction in their value according to increase of chitosan 

concentration in the continuous phase of O/W emulsions. None of the emulsions analysed 

during t = 28 d showed irreversible phase separation regardless the CI (%) value, which 

indicates that the increase in average hydrodynamic diameter of oil droplets did not result in the 

rupture of its interfacial layer. 
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3.4.2. Destabilization under stress conditions 

Destabilization of O/W emulsions was also assessed, when exposed to three stress 

conditions: i) emulsions were frozen and then thawed; ii) freeze-thawed emulsions were then 

heated; and iii) emulsions were centrifuged. These systems were analysed in terms of visual 

appearance (Figure 6) and hydrodynamic average diameter, PDI from hydrodynamic diameter 

distribution of oil droplets, or CI (%) values of O/W emulsions (Figure 7). 
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Figure 6 - Visual appearance of O/W emulsions (2nd repetition) at t = 0 d and after: centrifugation, freeze-thawed, and freeze-thawed-heated cycle for systems 

containing chitosan dispersed in acid continuous phase prepared with acetic, glycolic , propionic or lactic acid. 
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Figure 7 - Hydrodynamic average diameter of oil droplets, PDI from oil droplets hydrodynamic diameter distribution, and CI (%) of O/W emulsions containing 

different chitosan concentrations in the continuous phase prepared with acetic ( ), glycolic ( ), propionic ( ), or lactic ( ) acid exposed to freeze-

thawed cycle (A), freeze-thawed-heated cycle (B), and centrifugation (C). Error bars in Figure 3 (A, B and C) represent the standard deviation.  
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Hydrodynamic average diameter, PDI from hydrodynamic diameter distribution of oil 

droplets and CI (%) presented similar values to each chitosan concentration in the continuous 

phase of O/W emulsions containing acetic, glycolic, propionic or lactic acid, when they were 

exposed to stress conditions. Emulsions without or containing 0.125 g∙(100 g)-1, and 0.250 

g∙(100 g)-1 chitosan in the continuous phase presented a phase separation after freeze-thawed 

and freeze-thawed-heated cycles (Figure S6). As a result, hydrodynamic average diameter 

values cannot be determined for these O/W emulsions. As illustrated in Figure 7 - A, emulsions 

exposed to freeze-thawed cycle presented an increase in hydrodynamic average diameters 

(from 600 nm to 700 nm for continuous phase containing 0.500 g∙(100 g)-1 chitosan; 464 nm to 

598 nm for 0.750 g∙(100 g)-1; and 504 nm to 597 nm for 1.000 g∙(100 g)-1), and in PDI values of 

oil droplets when compared with those at t = 0 d (from 0.08 to 0.19 for continuous phase 

containing 0.500 g∙(100 g)-1 chitosan; 0.09 to 0.19 for 0.725 g∙(100 g)-1; and 0.09 to 0.14 for 

1.000 g∙(100 g)-1). Figure 7 - B, which is related to emulsions that have been freeze-thawed-

heated, also show an increase in hydrodynamic average diameters (from 663 nm to 762 nm for 

continuous phase containing 0.500 g∙(100 g)-1 chitosan; 470 nm to 635 nm for 0.725 g∙(100 g)-1; 

and 517 nm to 570 nm for 1.000 g∙(100 g)-1), and in PDI values of oil droplets comparing with 

those at t = 0 d (from 0.04 to 0.14 for continuous phase containing 0.500 g∙(100 g)-1 chitosan; 

0.03 to 0.17 for 0.725 g∙(100 g)-1; and 0.11 to 0.15 for 1.000 g∙(100 g)-1), when emulsions were 

submited to freeze-thawed cycle. These results indicated that destabilization processes in 

emulsions containing 0.500 g∙(100 g)-1, 0.750 g∙(100 g)-1, and 1.000 g∙(100 g)-1 chitosan in the 

continuous phase exposed to freeze-thaw and freeze-thaw-heated cycles were accelerated. In 

addition to phase separation shown by emulsions containing 0.000 g∙(100 g)-1, 0.125 g∙(100 g)-

1, and 0.250 g∙(100 g)-1 chitosan, hydrodynamic average diameter and PDI values of emulsions 

prepared with 0.500 g∙(100 g)-1 have showed a greater destabilization of oil droplets exposed to 

both cycles, indicating that the increase in biopolymer concentration can have some effect in the 

oil droplets maintenance. 

CI (%) values of freeze-thawed emulsions were reduced according to increase of 

chitosan concentration in the continuous phase (from 69% to 81% for continuous phase 

containing 0.000 g∙(100 g)-1 chitosan; 60% to 80% for 0.125 g∙(100 g)-1; 62% to 73% for 0.250 

g∙(100 g)-1; 42% and 48% for 0.500 g∙(100 g)-1; 4% to 13% for 0.750 g∙(100 g)-1; and 0% 1.000 

g∙(100 g)-1). Higher CI (%) values were observed (Figure 7 – C) in freeze-thawed-heated 

emulsions compared to freeze-thawed systems only (from 79% to 90% for continuous phase 

containing 0.000 g∙(100 g)-1 chitosan; 80% to 81% for 0.125 g∙(100 g)-1; 63% to 66% for 0.250 

g∙(100 g)-1; 40% and 48% for 0.500 g∙(100 g)-1; 23% to 28% for 0.750 g∙(100 g)-1; and 4% to 

13% for 1.000 g∙(100 g)-1). Summarizing, after being exposed to the stress conditions, CI (%) 

values observed for freeze-thawed and freeze-thawed-heated O/W emulsions containing 0.000 

g∙(100 g)-1, 0.125 g∙(100 g)-1, 0.250 g∙(100 g)-1 chitosan showed phase separation, which is 

considered the final destabilization event of emulsions since it is irreversible [42]. 

Hydrodynamic average diameter of oil droplets in O/W emulsions cannot be evaluated 

after centrifugation due to rough upper layer formation at tubes top, preventing the removal of 



 

59 
 

the aliquot to be diluted. Thus, centrifuged emulsions were evaluated in terms of CI (%) values, 

and results are showed in Figure 7 – C. After centrifugation, CI (%) values from O/W emulsions 

were reduced according to increase of chitosan concentration in the continuous phase (from 

63% to 68% for continuous phase containing 0.000 g∙(100 g)-1 chitosan; 58% to 65% for 0.125 

g∙(100 g)-1; 54% to 65% for 0.250 g∙(100 g)-1; 42% and 48% for 0.500 g∙(100 g)-1; 23% to 32% 

for 0.750 g∙(100 g)-1; and 7% to 17% for 1.000 g∙(100 g)-1). These results demonstrate that 

chitosan acted as a stabilizer, reducing the creaming of emulsions subjected to stress caused 

by centrifugal force. 

 

4. Discussion 

 

1.000 g∙(100 g)-1 chitosan added to acidic aqueous media containing acetic, glycolic, 

propionic or lactic acid (50 mmol∙L-1) was fully dispersed when visually assessed, as also 

occurred with diluted chitosan dispersions (from 0.125 to 0.750 g∙(100 g)-1). Then, O/W 

emulsions were produced using chitosan dispersions and Tween 20 as the continuous phase by 

an ultrasonic homogenizer. 

Hydrodynamic average diameters of oil droplets were increased accordingly as chitosan 

concentration was raised at t = 0 d, and this observation can be related to the efficiency of 

ultrasonic waves in the different systems. As it was expected, the increase in chitosan 

concentration in the continuous phase favored the thickening of the systems, which could 

decrease the propagation of ultrasonic waves and reduce their efficiency to form smaller 

droplets. Apart from the increase in average diameters at t = 0 d, PDI values obtained from 

hydrodynamic diameter distribution of oil droplets for emulsion containing 0.000 to 0.500 g∙(100 

g)-1 were ≤ 0.05 pointing out a considerable uniformity of diameters within the distribution [89]. 

Emulsions containing 0.750 to 1.000 g∙(100 g)-1 chitosan presented higher PDI values (≤ 0.15), 

indicating that the increase of chitosan concentration promoted a higher range of oil droplets 

diameters. Texture and kinetic stability of emulsion are highly influenced by the droplet size 

distribution, and its evaluation and control are important [42,90]. However, the production of 

monodispersed emulsions with small droplet size is very difficult, even if an adequate amount of 

energy and emulsifiers are added to the systems [74]. Results of the present study and the 

Klinkesorn & Namatsila [51] or Kaasgaard & Keller [52] showed that chitosan addition caused 

an increase in oil droplets diameters, which could be attributed to a biopolymer layer formed 

around the oil droplets. In this case, chitosan concentration could influence the layer thickness 

until a threshold concentration in which its diffusion from emulsion bulk to interfacial region is 

not energetically favorable anymore. Moreover, hydrodynamic average diameters of oil droplets 

from different emulsions presented in this study were also similar to those showed by 

Klinkesorn & Namatsila [51] and Kaasgaard & Keller [52], who used high pressure in the 

emulsification process. These results demonstrated the efficiency of ultrasonic homogenization 

when compared to high pressure process for emulsions production, since the ultrasonic waves 

could promote the oil droplets dispersion in aqueous media with different consistencies. 
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ζ potential values of oil droplets in O/W emulsions without chitosan or containing 0.125, 

0.250 and 0.500 g∙(100 g)-1 chitosan in their continuous phase were -5.0 mV < ζ potential 

values < +5.0 mV, which is considered electrostatically neutral. However, oil droplets of 

emulsions prepared with a continuous phase containing 0.750 g∙(100 g)-1 and 1.000 g∙(100 g)-1 

chitosan presented low ζ potential values (< +10.0 mV). There was an increase in ζ potential 

values of oil droplets as chitosan concentration was raised. This trend was also observed in the 

studies performed by Kaasgaard & Keller (- 55.0 mV for 0.00 g∙(100 g)-1 up to + 55.0 mV for 

1.00 g∙(100 g)-1) [52], and Klinkesorn & Namatsila (- 13.0 mV for 0.0 g∙(100 g)-1 up to + 10.0 mV 

for 10.0 g∙(100 g)-1) [51]. The increase of positive ζ potential values are related to raise in the 

density of positive charges, which suggests attractive intermolecular interactions between 

protonated chitosan chains and the O/W interface covered with Tween 80 [13,38,51]. Moreover, 

the adsorption of chitosan chains on the O/W interface covered with Tween 80 emulsifier was 

proven for emulsions containing between 1.0 and 10.0 g∙(100 g)-1 chitosan by confocal 

microscopy [51]. An increase in electrostatic repulsion among the oil droplets was expected, 

since there was a raise on their electric charge [42]. However, our results suggested that 

electrical charge density at interfaces was not sufficient to cause droplet stabilization by 

electrostatic mechanisms, since emulsions containing chitosan presented aggregates in their 

microstructure. In this case, bridging flocculation could have contributed to oil droplets with 

chitosan aggregation. Klinkesorn & Namatsila [51] also observed aggregates in emulsions 

containing ≥ 4.0 g∙(100 g)-1 chitosan in their continuous phase, indicating that the aggregation 

phenomenon between droplets and chitosan chains is dependent on the concentration of 

chitosan and the type of acid solvent used to disperse it. 

Under process conditions (500 W, 20 kHz, 4 min), after their preparation the emulsions 

showed a homogeneous aspect, when assessed macroscopically/visually. Then, the systems 

were evaluated by visually monitoring the development of an upper phase, in order to quantify 

the extension of oil creaming. O/W emulsions without chitosan or containing 0.125 and 0.250 

g∙(100 g)-1 chitosan in the continuous phase showed a rapid destabilization, that reached an 

equilibrium of CI (%) values at ≤ 96 h. However, the destabilization that became visible later 

could have happened microscopically even right after the moment of its preparation, and might 

have caused variability in the values of consistency and behavior index obtained by the flow 

curves. Moreover, K values were increased as chitosan was raised in O/W emulsions from 

0.500 to 1.000 g∙(100 g)-1. Regarding the frequency sweeps, all emulsions analysed were more 

elastic than viscous (G' ≥ G''), and this observation might be related to the ultrasonic 

homogenization performance in the production of small oil droplets [42]. Both parameters G’ 

and G’’ were increased as chitosan concentration was increased, and O/W emulsions 

containing 1.000 g∙(100 g)-1 chitosan showed G’ and G’’ values almost ten times higher than 

those prepared without chitosan. Observations about the increase in K, G’, and G’’ values 

indicate that chitosan can improve emulsions structuration, reducing the frequency and intensity 

of collisions between oil droplets in Brownian motion and, consequently, improving the kinetic 

stability [91]. 
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Results discussed up to this point refer to the characterization of emulsions at t = 0 d. 

These emulsions were prepared with six chitosan concentrations, previously dispersed in 

organic acid solutions (acetic, glycolic, propionic or lactic acid). Expressive differences were not 

seen for emulsions containing these acids used to chitosan dispersion, at a given concentration 

of the biopolymer. Aqueous media containing glycolic, propionic or lactic acids were suitable to 

replace acetic acid to prepare chitosan dispersions. Thus, emulsions containing chitosan 

dispersions in acids other than acetic in the continuous phase can be prepared for cosmetic 

and/or food applications. Chitosan acted as a thickener agent, since biopolymer chains 

interacted with water molecules (dipole-dipole, hydrogen bonds and/or ion-dipole interactions, 

for instance) in acid aqueous media, altering emulsions rheological properties. The existence of 

intermolecular interactions between protonated chitosan chains and the O/W interface covered 

with Tween 20 could explain the increase of hydrodynamic average diameter and ζ potential of 

droplets. Then, the electrostatic and/or steric repulsion among droplets could be favored, 

improving the kinetic stability of emulsions. So far, attention has been given to demonstrate 

chitosan influence on the oil droplets formation and as a thickener for emulsions. The sections 

ahead will highlight the chitosan as a potential stabilizer. 

Hydrodynamic average diameters of oil droplets were increased at t = 28 d comparing 

to t = 0 d for all emulsions, but none of them showed visually phase separation. On the other 

hand, PDI presented similar values at the same time interval, indicating a good kinetic stability 

of the oil droplets formed. An increase in average hydrodynamic diameters and/or PDI values of 

oil droplets is related to the existence of some destabilization processes, which will not 

necessarily lead to phase separation at a short time interval [92]. Similar behavior was observed 

for emulsions analysed at a fifteen-day storage period by Kaasgaard & Keller [52], who reported 

oil droplets diameters of 100 nm (without chitosan) and 450 nm (with 0.15 to 1.00 g∙(100 g)-1). 

These results show the same values of oil droplets diameters for emulsions without chitosan, 

while there was an increase in those containing the biopolymer. As previously mentioned, 

emulsions containing ≤ 0.250 g∙(100 g)-1 chitosan reached up the creaming equilibrium at t ≤ 96 

h. In this case, 0.125 and 0.250 g∙(100 g)-1 chitosan added to the continuous phase have 

neither influenced the small droplets formation during emulsification process nor contributed to 

the increase in the kinetic stability of the emulsions when compared to emulsions without 

chitosan. As chitosan concentration was raised from 0.500 to 1.000 g∙(100 g)-1, it was 

noticeable that there was a reduction in CI (%) as a function of time, and in CI (%) at t = 28 d. 

However, emulsions prepared with 0.750 g∙(100 g)-1 did not seem to have achieved the 

equilibrium in CI (%) after 672 h, and were considered as more kinetically stable emulsions. 

Klinkesorn & Namatsila [51] also observed a reduction in the creaming index (from 90% to 0%) 

as chitosan concentration was increased (0.0 to 10.0 g∙(100 g)-1) for emulsions stored during 

172 h. These results are similar to those observed in the present study, i.e. emulsions 

containing 1.000 g∙(100 g)-1 showed no creaming at t = 172 h. These findings demonstrate that 

chitosan acted as a stabilizing agent and that its performance was dependent on the 

concentration added into the emulsions. 
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Emulsions were exposed to environmental stresses, in order to simulate adverse 

conditions to their kinetic stability. Centrifugation cycles aimed to accelerate emulsions 

destabilization, which would naturally occur by the gravitational force. Freeze-thawed and/or 

freeze-thaw-heated cycles intended to change the temperature systems abruptly, simulating a 

hypothetical situation that emulsified systems would undergo during storage and transport. 

Regarding the emulsions exposed to stress conditions, CI (%) values for O/W emulsions were 

reduced accordingly as chitosan concentration increased (from 63%-68% to 7%-17%), but none 

of them showed phase separation. CI (%) values after centrifugation were similar to those 

observed at t = 28 d to each chitosan concentration present in the continuous phase of O/W 

emulsions. In this case, the centrifugation cycle accelerated the creaming destabilization 

process, which would naturally occur under the action of gravitational force. Emulsions 

containing 0.000, 0.125 and 0.250 g∙(100 g)-1 chitosan in the continuous phase presented a 

phase separation after freeze-thawed and freeze-thawed-heated cycles, which also indicated 

that 0.125 and 0.250 g∙(100 g)-1 chitosan added to continuous phase did not affect their stability 

compared to those without chitosan. O/W emulsion containing 0.500 g∙(100 g)-1, 0.750 g∙(100 

g)-1, and 1.000 g∙(100 g)-1 chitosan exposed to freeze-thawed and freeze-thawed-heating cycles 

presented an increase in hydrodynamic average diameter and PDI of oil droplets values 

comparing with those values at t = 0; however, they did not present phase separation. 

Moreover, CI (%) values of freeze-thawed and freeze-thawed-heated emulsions were reduced 

according to increase of chitosan concentration in the continuous phase. As it is expected, oil 

droplets were freeze-thawed before the continuous aqueous phase, causing the solid oil 

droplets to be excluded from the space taken up by the ice. As a result, the droplets are forced 

to pack with one another during thaw cycle [93]. Consequently, destabilization is expected due 

to the formation of aggregated droplets that coalesce, suggesting that freezing conditions cause 

the rupture of O/W interface covered with Tween 20 [93,94]. Chitosan chains interacting with 

Tween 20 molecules on the O/W interface preclude previously-formed freeze oil droplets 

coalescence during thawing, and this behavior was chitosan concentration-dependent. In 

regards to systems that have been heated upon freeze-thaw, the increase in emulsions 

temperature to values about 100 oC could have caused the phase separation due to the 

attainment of the cloud point of Tween 20, which is around 76 oC, according to Sigma Aldrich 

[95,96]. Cloud point can be defined as the temperature that promotes a dehydration of the head 

group of a nonionic surfactant molecule, causing the surfactant insolubility and carrying on to 

phase separation [97]. In this case, chitosan layer around oil droplets could have attenuated the 

Tween 20 emulsifier insolubility and reduced the coalescence, foreclosing the phase separation. 

In addition to the thickening effect in the continuous phase, the aggregation between oil droplets 

and chitosan could also have contributed to increase the kinetic stability and to reduce 

destabilization caused by environmental stress in the emulsions. Chitosan did not preclude 

destabilizing mechanisms, since the hydrodynamic diameters of the oil droplets were increased 

after freeze-thawed and freeze-thawed-heating cycles. These observations indicate that the 

stabilizer action of chitosan and its performance was dependent on the concentration, since 
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emulsions containing 0.500 to 1.000 g∙(100 g)-1 showed a greater thickening effect, which 

contributed to prevent the phase separation phenomenon.  

 

5. Conclusions 

 

O/W emulsions were produced using chitosan dispersions and Tween 20 as the 

continuous phase by an ultrasonic homogenizer. Small oil droplets (< 600 nm) were observed at 

t = 0 d, which highlighted: i) the efficiency of ultrasonic waves to promote the oil droplets 

disruption in emulsions with different textures; and ii) the role of the emulsifier to form the 

interfacial area. Emulsions containing > 0.500 g∙(100 g)-1 chitosan presented a lower increase in 

hydrodynamic average diameter and PDI of oil droplets between t = 0 d and t = 28 d, and 

showed no phase separation when exposed to centrifugation, freeze-thawing, and freeze-thaw-

heating cycles, which indicated the stabilizer action of this biopolymer. Furthermore, the 

increase in chitosan concentration promoted the augment in consistency indexes and storage 

moduli of emulsions, demostrating its thickening action. Thus, chitosan may be considered as a 

potential thickener/stabilizer agent for emulsions, when added in concentrations ≥ 0.500 g∙(100 

g)-1. Furthermore, aqueous media containing glycolic, propionic or lactic acids were suitable to 

replace acetic acid to prepare chitosan dispersions, considering future industrial applications for 

this biopolymer. 
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Capítulo IV 

Partial replacement of gelling 

agents by chitosan: impact on the 

color, viscoelastic properties, and 

release of Yellow sunset (INS 110) 

from carrageenan or starch 

hydrogels 
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Abbreviations and symbols 

a first constant of Mark-Houwink-Sakurada relationship (dimensionless) 

A1320 normalized absorbance of the peak at wavenumbers 1320 cm-1 

A1420 normalized absorbance of the peak at wavenumbers 1420 cm-1 

a* position between red and green in the CIELab coordinates 

b* position between Yellow and blue in the CIELab coordinates 

C Yellow sunset (INS 110) concentration (g∙(100 g)-1) 

CReal Yellow sunset (INS 110) corrected concentration (g∙(100 g)-1) 

CTotal Yellow sunset (INS 110) total concentration (g∙(100 g)-1) 

DA degree of acetylation (%) 

DD degree of deacetylation (%) 

G’ storage modulus (Pa) 

G’’ loss modulus (Pa) 

k release constant for Yellow sunset (INS 110) 

KMHS second constant of Mark-Houwink-Sakurada relationship (dimensionless) 

J compliance or strain per stress unit in creep-recovery tests (Pa-1) 

J0 instantaneous elastic term in creep-recovery tests (Pa-1) 

J1 retarded elastic term in creep-recovery tests (Pa-1) 

MAPE mean absolute percentage error  

n exponent of release for INS 110 (dimensionless) 

R release of Yellow sunset (INS 110) (%) 

R² coefficient of determination 

t time (s) 

tan δ tangent of the phase shift (o) 

VE existing volume in the tube at each time of the diffusivity experiment (mL) 

VT total solution volume in the tube at the beginning of the diffusivity experiment (mL) 

𝑌𝑖 the ith experimental score applying the adjusted model 

𝑌̂𝑖 the ith score predicted applying the adjusted model 

γ strain in creep-recovery tests (%) 

λret retardation time (s) 

μ0 viscous modulus associated with Newtonian viscosity in creep-recovery test (Pa) 

τ0 decaying stress after the time in stress-relaxation tests (Pa) 

τeq equilibrium stress in stress-relaxation tests (Pa) 

𝑀̅𝑉 viscometric-average molar mass (kDa) 

[𝜂̅] average intrinsic viscosity (dL∙g-1) 

 

Abstract 

The mixture of biopolymers appears as a strategy to improve techno-functional properties of 

gels, and the combination of chitosan with other food-grade polysaccharides seems to be an 

attractive alternative for this purpose. In this study, appearance, color and rheological properties 

of carrageenan (1.5 g∙(100 mL)-1) or starch (10.0 g∙(100 mL)-1) hydrogels partially replaced by 

5.0%, 7.5% or 10.0% (w/v) chitosan, containing 0.02 g∙(100 mL)-1 Yellow sunset (INS 110), 

were analysed. Additionally, the release of INS 110 from hydrogels to sucrose solution (20.0 

g∙(100 mL)-1) was evaluated. Hydrogels without or with a partial replacement of carrageenan or 

starch by chitosan have neither showed significant differences for color parameters nor 

expressive changes for viscoelastic properties, according to transient tests and frequency 

sweeps (< 5 Hz). All carrageenan hydrogels presented similar release of INS 110 (about 40%), 

while hydrogels with a partial replacement of starch by chitosan presented lower INS 110 
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release (5%, 8%, and 15% for 5.0%. 7.5% and 10.0% w/v, respectively), after 316 h. Thus, our 

findings pointed out that the replecement of starch by chitosan did not promote major changes 

on color and viscoelastic characteristics of hydrogels, but altered drastically the INS 110 release 

to an aqueous phase. Therefore, the replacement of gelling agents by chitosan has 

demonstrated to be a potential strategy to reduce INS 110 release from starch hydrogels, in 

which this biopolymer may act simultaneously as a biofunctional and a technico-functional 

agent. 

 

1. Introduction 

 

Gelation phenomena occur when macromolecules are induced to interact among 

themselves, and form a tridimensional solid network containing a liquid phase in their interstices 

[98]. Biomolecules (often proteins and/or polysaccharides) dispersed in aqueous media can be 

used to produce “hydrogels”, since they will establish either chemical (disulfide bonds) or 

physical interactions (hydrogen bonds, electrostatic interactions, and hydrophobic interactions, 

for instance) to create junction zones, in order to hold water molecules inside them [55,99]. 

Jellies, dairy desserts, yogurts, and processed meat products are some examples of foods with 

a gel-like structure. Gels play an important role in sensory attributes of foods, modulating 

texture, color and flavor of the products [100]. Macroscopically, gels are materials that partially 

recover from physical deformations caused by mechanical stresses. Thus, gels present 

mechanic characteristics of solids (a partially elastic character) and fluids (a partially viscous 

character), and frequently are referred as soft semisolid or viscoelastic materials [101]. 

Beyond their appreciated sensory/texture properties, another essential function of gelled 

food formulations is to retain or to progressively release vitamins and food additives, at low 

rates. Food dyes present a particular importance among food additives, since the sensory 

attribute “color” often indicates the products quality and exerts a great impact on consumers 

purchase decision [102–104]. Hence, the release or the diffusion of colorants from the gelled 

matrix to the contacting fluid (a pudding with sugar syrup, for instance) may be undesirable, 

being accelerated if adequate formulation and/or storage strategies are not adopted. Such 

strategies should enhance, or at least keep rheological characteristics in food products. Some 

approaches for this purpose have been proposed in food structure engineering, including the 

use of protein-polysaccharide complexes [105], protein fibrils or nanorods [47], structurally 

modified polysaccharides [106], or still the combination of polysaccharides [107]. 

Hydrogels containing a combination of polysaccharides in their formulation have been 

reported by some authors. These studies have proposed to evaluate the techno-functionalities 

of materials, besides their physical characterization (viscoelastic properties, color, swellling, and 

others). For instance, Thompson et al. (2017) studied rheological and thermal properties of agar 

(1.0% or 2.0% w/v) and methylcellulose (1.0% or 2.0% w/v) gels, when compared to a mixture 

between these gelling agents (1.0% (w/v) agar: 1.0% (w/v) methylcellulose). Storage modulus 

(G') of agar-methylcellulose hydrogel showed a constant behavior (7.0∙103 Pa) between 25 oC 
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and 85 oC, while G' presented an increase in methylcellulose gels (7,0∙100 Pa to 6.5∙103 Pa in 

1.0% (w/v); 10.0∙100 Pa to 10.0∙103 Pa in 2.0% (w/v)) and a decrease in agar gels (6.0∙103 Pa to 

10.0∙100 Pa in 1.0% (w/v); 13.0∙103 Pa to 12.0∙100 Pa in 2.0% (w/v)), as a function of 

temperature. Therefore, agar-methylcellulose hydrogel showed an elastic component stable at 

temperatures from 25 oC to 85 oC, which did not occur with agar or methylcellulose gels [66]. 

Zhu, Sheng & Tong (2015) analyzed the effect of adding pullulan (PU) in carboxymethyl 

(CMGe) films, containing 4.0% (w/v) polysaccharide (1:0; 0.75:0.25; 0.5:0.5; and 0:25:0.75 to 

CMGe:PU ratio). The addition of PU to CMGe decreased values of water vapor permeability 

(2.64∙10-6∙(g∙m∙Pa-1∙h-1∙m-2); 1.56∙10-6∙(g∙m∙Pa-1∙h-1∙m-2); 1.37∙10-6∙(g∙m∙Pa-1∙h-1∙m-2), and 

1.36∙10-6∙(g∙m∙Pa-1∙h-1∙m-2) respectively to 1:0; 0.75:0.25; 0.5:0.5; and 0:25:0.75 CMGe:PU ratio) 

leading to an improvement of barrier properties of the films [108]. These last two works 

exemplify how the mixture of different polysaccharides can be used as a strategy to prepare 

materials with a techno-functional performance superior than those prepared with the 

biopolymers separately. 

In this context, traditional gelling agents combined with chitosan could be used in food 

applications to make gel-based products with different techno-functionalities. The 

polysaccharide known as chitosan is an N-deacetylate derivate of chitin [poly-β-(1→4)-N-acetyl-

D-glucosamine], which is the second most abundant natural biopolymer obtained from 

exoskeletons of crustaceans and also from cell walls of fungi [76]. The monomer of each 

deacetylated unit (glucosamine) presents an amino group (NH2), conferring differentiated 

physicochemical properties to chitosan dispersed in acidic aqueous media [1]. Chitosan has 

been used in several biotechnological studies, since it is a biofunctional, biocompatible, 

biodegradable, and non-toxic biopolymer [17,23]. Furthermore, studies have been reporting that 

the daily intake of chitosan by humans (with doses varying from 3 g to 6 g) can promote its 

hypolipidemic activity. Then, chitosan added to gel-based foods could play a techno-functional 

and a biofunctional role, simultaneously. 

In this paper, appearance, color, and rheological properties of carrageenan or starch 

hydrogels with partial replacement by chitosan were analysed. Moreover, the colorant Yellow 

sunset (INS 110) was added to the dispersed phases of carrageenan/chitosan or 

starch/chitosan hydrogels, in order to evaluate the release of the additive from these materials 

towards a sucrose aqueous solution. Results of this study aims to verify if the combination of 

chitosan with other gelling polysaccharides may be useful to modulate rheological and release 

properties of hydrogels. 

 

2. Materials and methods 

 

2.1. Materials 

Chitosan (Medium Molecular Weight, Sigma-Aldrich Corporation, USA; Product ID = 

448877; Batch number = #LBG4282V) from fresh shrimp shells Pandalus borealis was used in 

all the experiments. Before use, chitosan was washed three times with deionized water, 
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according to procedure described elsewhere [39]. This procedure aims to reduce water-soluble 

chitooligosaccharides content and salts residues. Washed chitosan was recovered using a 

vacuum filtration system, and qualitative paper (Cat No 1004 125, Whatman). Then, the 

remaining solid chitosan was frozen, lyophilized (Terroni, LS 3000, Brazil), and stored at 7 ± 2 

°C (Consul, Pratice 410, Brazil) prior to further use. Carrageenan (Sigma-Aldrich Corporation, 

USA; predominantly κ carrageenan and lesser amounts of λ carrageenan), soluble starch 

(Vetec, Brazil), lactic acid (Impex Quimica, Spain; purity = 85%), sucrose (Vetec, Brazil), and 

Yellow sunset (INS 110) (Sigma-Aldrich Corporation, USA; purity = 90%) were analytical grade 

reagents, used as bought, without further purification. Deionized water (QUV3, Millipore, Italy; 

electrical resistivity ≅ 18.2 MΩcm-1, at 25 oC) was used in all experiments. 

 

2.1.1. Chitosan characterization 

Chitosan degree of deacetylation (DD) was estimated by applying FT-IR spectroscopy 

approach [82,83]. FT-IR analyses were carried out directly on the chitosan powder using a 

spectrophotometer (600-IR, Varian, USA) equipped with an attenuated reflectance accessory 

(GladiATR, PIKE Technologies, USA), over the region of 450 - 3750 cm-1, at an interval of 1.93 

cm−1. Acquired transmittance values (%) were converted to absorbance values (%), and 

normalized relatively to the highest corrected absorbance, and two regions (450 - 1850 cm-1 and 

1850 - 3750 cm-1) were created. Absorbances of peaks present in each region were calculated 

through deconvolution in Lorentzian components by PeakFit (v. 4.12, SeaSolve Software Inc., 

1999-2003). Firstly, degree of acetylation (DA) was estimated using the empirical relationship 

between normalized absorbances of the peaks at wavenumbers 1320 and 1420 cm-1, as 

presented in Equation 1 [82,83]. Then, DD was obtained by difference [DD(%) = 100% - 

DA(%)]. 

DA(%) =
(
𝐴1320

𝐴1420
− 0.3822)

0.03133
 

(1) 

In Eq. (1), A1320 and A1420 are the normalized absorbances of the peaks at wavenumbers 1320 

cm-1 and 1420 cm-1, respectively. 

Chitosan presented DD = 74.4% (for details, see Supplementary Material), and this 

value is somehow inferior to that informed by the manufacturer (81.0%). The difference between 

the value obtained and the reported value may be related to elimination of water-soluble 

chitooligosaccharides (chitosan molecules with degrees of polymerization  20 and with DD 

usually  95.0%), during chitosan washing. 

Viscometric average molar mass (𝑀̅𝑉) of chitosan also was estimated following an 

already standardized procedure [39,84,88]. Chitosan [0.05, 0.10, 0.15, 0.20, and 0.25 g∙(100 g)-

1] was dispersed in acetic acid-sodium acetate buffer (0.2 mol L-1 acetic acid and 0.1 mol L-1 

sodium acetate; pH = 4.41; and ionic strength = 0.1 mol L-1) [12,84]. Flow times of each 

dispersion were measured in a Cannon-Fenske viscometer (model 513 10, Schott, Germany). 

From flow times data, average intrinsic viscosity ([𝜂̅]) was calculated, and viscometric-average 

molar mass (𝑀̅𝑉) could be estimated by the Mark-Houwink-Sakurada (MHS) relationship [84]. 
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[𝜂̅] = 𝐾𝑀𝐻𝑆 ∙ 𝑀̅𝑉
𝑎
 (2) 

In Eq. (2), a and KMHS are the constants of MHS relationship. 

Intrinsic viscosity of chitosan was estimated as [𝜂̅] = 8.91 dL∙g-1, from the simple 

average between [𝜂]H = 8.90 dL∙g-1 and [𝜂]K = 8.91 dL∙g-1. The constants a = 0.93 and 𝐾𝑀𝐻𝑆 = 

3.6∙10-5 dL·g-1 of MHS relationship (Equation 2) were obtained according to the procedure 

described by Kasaai (2007) [84]. Then, viscometric-average molar mass (𝑀̅𝑉) of chitosan was 

estimated 𝑀̅𝑉 = 640 ± 10 kDa, and its value is in accordance with the specification of chitosan 

molecular mass presented by Sigma-Aldrich [4]. 

 

2.2. Experimental design 

Carrageenan or starch hydrogels were prepared, without or with a partial replacement 

of gelling agent by chitosan, as summarized in Table 1. All systems were replicated three times, 

and all measurements results were presented as average ± standard deviation. 

 

Table 1 - Composition of carrageenan or starch hydrogels, without or with a partial replacement 

of gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan 

Carrageenan hydrogels 
Carrageenan 

g∙(100 mL)-1 

Chitosan 

g∙(100 mL)-1 

Total  

g∙(100 mL)-1 

100.0% carrageenan 1.50 0.00 1.50 

95.0% carrageenan + 5.0% chitosan 1.43 0.08 1.50 

92.5% carrageenan + 7.5% chitosan 1.39 0.11 1.50 

90.0% carrageenan + 10.0% chitosan 1.35 0.15 1.50 

Starch hydrogels 
Starch  

g∙(100 mL)-1 

Chitosan 

g∙(100 mL)-1 

Total  

g∙(100 mL)-1 

100.0% starch 10.00 0.00 10.00 

95.0% starch + 5.0% chitosan 9.50 0.50 10.00 

92.5% starch + 7.5% chitosan 9.25 0.75 10.00 

90.0% starch + 10.0% chitosan 9.00 1.00 10.00 

*The polysaccharides concentration used to prepare hydrogels were in accordance with that 

riquered by the biopolymers to perform their techno-functional action. 

 

2.3. Preparation of polysaccharides dispersions and hydrogels 

Firstly, a 50 mmol∙L-1 lactic acid solution was prepared, colored with 0.02 g∙(100 mL)-1 

Yellow sunset (INS 100). Next, 2.5 g∙(100 mL)-1 of chitosan was dispersed in this colored acidic 

solution, which was then kept under stirring in a thermostatic bath (TE-184, Tecnal, Brazil) at 

25.0 ± 0.1 oC, during 24 h [12,38]. According to Table 1, carrageenan or starch powder were 

added to INS 110 acidic solution. Then, adequate amounts of polysaccharides dispersions were 

mixed during 1 min (DI25 Basic, Yellow Line, Germany), and heated up to 90 oC ± 1.0 oC using 

a heating plate for 3 min (TE-0851, Tecnal, Brazil). Finally, polysaccharides dispersion was 
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placed in centrifuge tubes (50 mL; 30 mm internal diameter and 115 mm height), and placed at 

7.0 ± 1.0 oC (BOD SP500, SPlabor, Brazil) during 24 h. 

 

2.4. Hydrogels characterization 

2.4.1. Visual and colorimetric analyses 

Hydrogels were visually examined and photographed, after 24 h of their preparation. 

Instrumental color analyses of hydrogles placed in Petri plates (49 mm internal diameter and 12 

mm height) were performed based on CIE-Lab system (ColorQuest XE, HunterLab, USA). 

Results were presented in terms of L*a*b* color coordinates. Positive values for a* indicate a 

predominant reddish color component, while negative values a greenish color component; 

positive values for b* a yellowish color component, and negative values indicate a blueish color 

component; and L* = 0 indicate total opacity, while L* = 100 maximum brightness [109].  

 

2.4.2. Rheological analyses 

Rheological measurements were performed using a rotational rheometer (DHR-1, TA 

Instruments, USA), equipped with a stainless steel plate-plate geometry sensor (diameter = 25 

mm; gap = 10 mm), at 25.0 ± 0.1 oC. Hydrogels were removed from centrifuge tubes, and slices 

of 10 mm thickness were carefully cut using a stainless steel blade, and placed into plate-plate 

geometry, in order to proceed to transient and dynamic-oscillatory analyses.  

Creep-recovery assays were performed by applying an instantaneous shear stress of 

10 Pa (𝜏0) on the hydrogel for 180 s (creep time), and were monitored for additional 180 s 

(recovery time). The Burgers’ model expressed in terms of compliance (Equation 3) was fitted to 

the creep data (details about Burgers’ model were presented in the SM). 

𝐽 = 𝐽0 + 𝐽1 [1 − exp (
−𝑡

𝜆𝑟𝑒𝑡

)] +
𝑡

𝜇0

 
(3) 

In Eq (3), J is the compliance (
𝛾(𝑡)

𝜏0
) or strain per stress unit, J0 is the instantaneous elastic term, 

J1 is the retarded elastic term, λret is the retardation time, and μ0 is the viscous term associated 

to newtonian viscosity.  

In stress-relaxation assays, hydrogels were compressed so that a final axial 

deformation of 1.25% was reached. The stress required to maintain this deformation was 

recorded during 400 s. Then, the Maxwell’s model (Equation 4) was fitted to relaxation curves. 

𝜏 = 𝜏0 ∙ exp (
−𝑡

𝜆𝑟𝑒𝑡

) + 𝜏𝑒𝑞 
(4) 

In Eq. (4) τ0 is the decaying stress after the time (t), τeq is the equilibrium stress, and λret is the 

retardation time. 

For dynamic oscillatory assays, the linear viscoelastic range of the hydrogels was 

determined by initially performing a strain sweep (0.1 to 10%) at a constant frequency (1.59 Hz). 

Then, frequency sweeps were carried out from 0.1 to 50 Hz (at frequencies > 50 Hz materials 

became unsustainable) at constant strain amplitude = 0.125%, as determined by the linear 

viscoelastic range. Storage modulus (G'), loss modulus (G''), and tan δ were continuously 

recorded as a function of frequency. 
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2.4.3. Release of Yellow sunset (INS 110) 

Hydrogels (20 mL) were formed in conical centrifuge tubes (50 mL), covered with 25 mL 

of a 20 g∙(100 mL)-1 sucrose solution, and stored at 7.0 ± 1.0 oC. Aliquots of this sucrose 

solution (400 µL) were periodically taken (0, 1, 2, 4, 8, 12, 24, 48, 72, 96, 120, 144, 168, 192, 

216, 240, 264, and 312 h), and placed in a multiwall plate. UV absorbances of all solutions were 

measured using a plate reader (Biochrom Asys Expert Plus, Biochrom, United Kingdom), at 480 

nm [110]. Then, Yellow sunset (INS 110) concentration could be determined (details were 

presented in the Supplementary Material). The real concentration was corrected to the existing 

volume of solution in each time (Equation 5), and the percentage of Yellow sunset released 

from hydrogels was calculated (Equation 6). 

𝐶𝑅𝑒𝑎𝑙 =
𝑉𝑇 ∙ 𝐶

𝑉𝐸

 
(5) 

𝑅 (%) =
𝐶𝑅𝑒𝑎𝑙

𝐶𝑇𝑜𝑡𝑎𝑙

∙ 100% 
(6) 

In Eq. (5) and (6), CReal is the Yellow sunset (INS 110) corrected concentration, C is the INS 110 

estimated concentration, VT is the total solution volume in the tube (at the beginning of 

experiment), VE is the existing volume in the tube at each time of the experiment, R (%) is the 

percentage INS 110 released, and CTotal is the total concentration of INS 110 within the 

hydrogels (at the beginning of the experiment). 

The empirical Korsmeyer-Peppas’s model [111–113] was adjusted to R (%) of INS 110 

from hydrogels as a function of time, assuming a time-dependent Power law function (Equation 

7). 

𝑅 (%) = 𝑘 ∙ 𝑡𝑛 (7) 

In Eq. (7), k is the constant of release that incorporates the structural/geometric characteristics 

of the matrix and n is the exponent of release for INS 110. 

 

2.5. Statistical analyses 

Statistical analyses were carried out using SAS software (version 9.3, SAS Institute 

Incorporation, USA). Color parameters (L*a*b*) were submitted to analyses of variance 

(ANOVA) to compare statistical differences (p < 0.05) between hydrogels without or with 

chitosan for each gelling agent. Nonlinear regression models were adjusted to creep or 

relaxation data as a function of time, according to Eq. (3) and (4). Linear regression models 

were adjusted to release kinetics of INS 110 as a function of time, as presented in Eq. (7). The 

coefficient of determination (R²) and mean absolute percentage error (MAPE) (Eq. 8) were used 

to evaluate the adequacy of fitting in both cases. 

𝑀𝐴𝑃𝐸 =
1

𝑛
∑|

(𝑌𝑖 − 𝑌̂𝑖)

𝑌𝑖

| ∙ 100

𝑛

𝑖=1

% 
(8) 

In Eq. 8, 𝑌𝑖 is the ith experimental score, 𝑌̂𝑖 is the ith score predicted by applying the adjusted 

model, and n is the number of predicted/experimental score pairs. Models with R2 values  0.9 

and MAPE values  10% were considered adequate to experimental data fit. 
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3. Results and discussion 

 

3.1. Appearance and color of carrageenan/chitosan and starch/chitosan hydrogels 

Hydrogels with a partial replacement of gelling agents (carrageenan or starch) by 0.0%, 

5.0%, 7.5% or 10.0% (w/v) chitosan, containing 0.02 g∙(100 mL)-1 of INS 110, were produced 

and photographed 24 h later (Figures 1A and 1B, respectively). 

 

 

Figure 1 - Carrageenan (A) and starch (B) hydrogels, without or with a partial replacement of 

gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan. 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and 

starch was 10.0 g·(100 mL)-1. 

 

Carrageenan hydrogels were translucent, presenting an orange/reddish tonality. 

Moreover, visually detectable differences were not observed among them. On the other hand, 

starch hydrogels were opaque, showing an orange tonality, with subtle visually detectable 

variations as the chitosan percentage substitution was increased. Specific gelation mechanisms 

of starch or carrageenan could explain the differences in the hydrogels optical properties [98]. 

Carrageenan gelification occurs in a two-step mechanism: i) from 75 oC to 80 oC, disperse 

carrageenans present random coil structures, as a result of electrostatic repulsions inter-chains; 

ii) carrageenan chains change conformation to helix structure during their cooling (or upon), 

while cations (Na+, K+, Ca2+, for instance) stabilize junction zones between two helixes, creating 

a “shield effect” in the negatively charged sulfate groups, and forming a three-dimensional 

network [105]. Starch gelatinization begins with the collapse of the starch granule (swelling and 

partial or total disruption) in an aqueous media under heating (60 until 70 oC), promoting water 

intermolecular interactions with amylose and/or amylopectin [116]. The three-dimensional 

network is then created by the amylose double helices linked to each other using loops of 

amorphous amylose segments. Thus, amylopectin chains (and dispersed amylose chains) 

interacting with water molecules are the disperse phase entrapped by biopolymer network. 

Starch opaque gels result from the ternary phase separation occurring in the water-amylose-

amylopectin system. 

Instrumental color analyses (CIE-Lab) were also performed on all hydrogels, and results 

are presented in Table 2. 
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Table 2 - L*a*b* color parameters to carrageenan or starch hydrogels, without or with a partial 

replacement of the gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan. 

Carrageenan hydrogels* a* b* L* 

100.0% carrageenan 25.0 ± 1.0 43.8 ± 0.5 48.4 ± 0.3 

95.0% carrageenan + 5.0% chitosan  26.1 ± 0.3 42.0 ± 2.0 47.8 ± 0.7 

92.5% carrageenan + 7.5% chitosan 26.1 ± 0.4 43.6 ± 0.2 48.0 ± 0.4 

90.0% carrageenan + 10.0% chitosan 26.0 ± 0.1 42.0 ± 1.0 47.4 ± 0.5 

Starch hydrogels* a* b* L* 

100.0% starch 21.3 ± 0.1 28.0 ± 2.0 50.0 ± 2.0 

95.0% starch + 5.0% chitosan 21.3 ± 0.2 26.5 ± 0.8 50.0 ± 2.0 

92.5% starch + 7.5% chitosan 22.0 ± 0.5 28.3 ± 0.1 52.0 ± 1.0 

90.0% starch + 10.0% chitosan 22.0 ± 2.0 29.0 ± 5.0 53.0 ± 3.0 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and 

starch was 10.0 g·(100 mL)-1. 

**Significant differences (p > 0.05) were not observed by ANOVA for carrageenan or starch 

hydrogels without or with a partial replacement of gelling agents by chitosan. 

 

Carrageenan or starch hydrogels without or with a partial replacement of gelling agent 

by 5.0%, 7.5% or 10.0% (w/v) chitosan did not show significant differences for L*a*b* color 

coordinates (values were about 26.0, 42.0 and 48.0 in carrageenan, and about 22.0, 28.0 and 

51.0 in starch hydrogels, respectively to a*, b* and L*) by ANOVA (p > 0.05). 

Interactions or reactions between different gelling agents change simultaneously the 

formation of 3D network and its solvent cross-linking ability, which are macroscopically 

observed by altering the color and opacity of the materials [114]. For instance, Sinthusamran et 

al. (2017) studied the fish gelatin (FG) (5.0% w/v) gels mixed with κ-carrageenan (CG) at 

different proportions (0.0%, 25.0%, 50.0%, 75.0% and 100.0% of total solid), and observed that 

the addition of carrageenan had an impact on L* a*b* and color parameters of FG/CG mixed 

gels. Moreover, L* was the color parameter mainly affected (71.0 for 100% FG and 48.0 for 

25/75.0), and this result was attributed to the chemical interactions between gelatin and 

carrageenan chains [115]. 

Color analyses indicated that chitosan did not influence the color of polysaccharide 

hydrogels. Such findings are important for technological applications of carrageenan/chitosan 

and starch/chitosan hydrogels, since chitosan could offer advantages from a techno-functional 

point of view, since it is a macromolecule with several proven physiological properties. In this 

case, a partial replacement of the gelling agent by chitosan could be a strategy for the 

production of hydrogels with appearance and color closer to those prepared without it. 

 

3.2. Rheological characterization of carrageenan/chitosan and starch/chitosan hydrogels 

Transient compression tests (creep-recovery and stress-relaxation tests) and frequency 

sweeps were performed, in order to describe elastic and viscous components of carrageenan or 
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starch hydrogels with a partial replacement by chitosan. Creep-recovery curves of carrageenan 

or starch hydrogels without and with partial replacement of gelling agent by 5.0%, 7.5% or 

10.0% (w/v) chitosan are presented in Figure 2. 

 

 

 

Figure 2 - Creep-recovery curves for carrageenan (A) and starch (B) hydrogels, without (●) or 

with a partial replacement of gelling agent by 5.0% (○); 7.5% ( ); or 10.0% w/v (Δ) chitosan.  

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and 

starch was 10.0 g·(100 mL)-1. 

 

Carrageenan hydrogels without or with a partial replacement of gelling agent by 5.0%, 

7.5% or 10.0% (w/v) chitosan presented compliance values varying from 6.0∙10-3 Pa-1 to 1.3∙10-2 

Pa-1 (Figure 2-A), and these values were much lower than starch hydrogels (Figure 2-B). Starch 

hydrogels without chitosan showed strain values between 1.5∙10-1 Pa-1 and 2.0∙10-1 Pa-1 (Figure 

2-B), and an increase in compliance values was observed accordingly as starch was replaced 
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by chitosan (3.0∙10-2 Pa-1 to 3.0∙10-1 Pa-1 for 5.0% (w/v) of chitosan; 3.0∙10-1 Pa-1 to 4.0∙10-1 Pa-1 

for 7.5% (w/v); and 3.0∙10-1 Pa-1 to 5.0∙10-1 Pa-1 for 10.0% (w/v)). 

All materials showed typical curves of viscoelastic materials due to permanent 

deformation, after 180 s related to the recovery test. Then, in order to describe the 

viscoelasticity terms of elastic and viscous parameters, Burger's model (Equation 3) was 

adjusted to J = f (t) data for creep curves of hydrogels. The third term of Burger’s model related 

to a viscous behavior was not significant (p > 0.05), which is coherent with creep curves that did 

not present a long time viscous flow. Thus, the viscous parameter was negligible in the model. 

Elasticity parameters and adequacy of fitting of Burger’s model for carrageenan and starch 

hydrogels are presented in Table 3 (p. 76). 

In all cases, Burger’s model was well-fitted to creep curves with R2 ≥ 0.97 and MAPE ≤ 

2.1%, indicating the model reliability to describe such data. Model parameters were quite close 

in carrageenan hydrogels without or with a partial replacement of gelling agent by 5.0%, 7.5% 

or 10.0% (w/v) of chitosan (6.0∙10-3 Pa-1 to J0, 5.0∙10-3 Pa-1 to J1 and 7.0∙101 s to λret). Starch 

hydrogels without chitosan presented a lower value for instantaneous elastic term (J0 = 1.5∙10-1 

Pa-1) than hydrogels prepared with a partial replacement of gelling agent for chitosan (J0 about 

3.0∙10-1 Pa-1). This observation can indicate that chitosan could subtly decrease hydrogels 

resistance that undergo instantaneous stress (compression stress). In regards to the retarded 

elastic term (J1 about 5.0∙10-2 Pa-1), starch hydrogels without chitosan and with a partial 

replacement of gelling agent by 5.0% (w/v) chitosan presented similar values, while hydrogels 

containing a partial replacement of starch by 7.5% or 10.0% (w/v) chitosan were also similar 

and presented higher values (J1 about 1.0∙10-1 Pa-1). These observations were in accordance 

with creep curves (Figure 2 – B), since a more pronounced behavior in terms of retarded elastic 

term can be observed to starch hydrogels with a partial replacement of starch by 7.5% or 10.0% 

(w/v) chitosan. The increase of compliance as a function of time in terms of J0 and J1 is related 

to the energetic transition of the amylopectin-water intermolecular interactions. In addition, the 

reduction of water cross-linking in the interstices of amylose network is expected as a response 

to the stress instantaneously applied and kept over time [116]. In this case, the partial 

replacement of starch by chitosan may have reduced amylopectin-water interactions of starch 

hydrogels, allowing a higher conformational freedom to water molecules, and reducing the 

elasticity of the hydrogels. 

However, from the magnitude of the variations observed, the increase of chitosan 

concentration in starch hydrogels may not have expressively impaired their final compliance. 

Starch hydrogels without chitosan and with a partial replacement of gelling agent by 5.0%, 7.5% 

or 10.0% (w/v) chitosan presented similar values for the retardation time (λret about 7.0∙101 s). In 

general, carrageenan and starch hydrogels presented expressive differences to three analyzed 

parameters (J0, J1 and λret), which can be explained by the intrinsic characteristics of the 

gelification of each polysaccharide. 

 



 

76 
 

Table 3 - Model parameters and adequacy of fitting to Burger’s model adjusted to creep data for carrageenan and starch hydrogels, without or with a partial 

replacement of gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan 

 Adjusted parameters Adequacy of fitting 

Carrageenan hydrogels* J0 (Pa-1) J1 (Pa-1) λret (s) R2 MAPE (%) 

100.0% carrageenan 6.1∙10-3 ± 6.0∙10-5 5.0∙10-3 ± 1.0∙10-4 8.3∙101 ± 1.0∙10-1 0.99 2.1 

95.0% carrageenan + 5.0% chitosan  6.4∙10-3 ± 5.0∙10-5 6.8∙10-3 ± 2.0∙10-4 1.1∙102 ± 1.0∙10-1 0.99 0.8 

92.5% carrageenan + 7.5% chitosan 6.1∙10-3 ± 1.0∙10-4 8.9∙10-3 ± 3.0∙10-4 8.3∙101 ± 1.0∙10-1 0.99 2.1 

90.0% carrageenan + 10.0% chitosan 6.8∙10-3 ± 1.0∙10-4 7.2∙10-3 ± 1.0∙10-4 6.8∙101 ± 1.0∙10-1 0.99 1.1 

Starch hydrogels* J0 (Pa-1) J1 (Pa-1) λret (s) R2 MAPE (%) 

100.0% starch 1.5∙10-1 ± 1.0∙10-4 4.5∙10-2 ± 2.0∙10-3 7.4∙101 ± 1.0∙10-1 0.97 0.9 

95.0% starch + 5.0% chitosan  2.4∙10-1 ± 2.0∙10-4 6.6∙10-2 ± 2.0∙10-3 6.4∙101 ± 1.0∙10-1 0.98 0.7 

92.5% starch + 7.5% chitosan 3.1∙10-1 ± 3.0∙10-4 1.3∙10-1 ± 5.0∙10-3 7.6∙101 ± 1.0∙10-1 0.99 0.9 

90.0% starch + 10.0% chitosan 3.1∙10-1 ± 4.0∙10-4 2.1∙10-1 ± 7.0∙10-3 8.7∙101 ± 1.0∙10-1 0.99 1.1 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and starch was 10.0 g·(100 mL)-1. 
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Figure 3 shows the stress relaxation curves of carrageenan or starch hydrogels, without 

or with a partial replacement of gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan, which 

were submitted to a controlled, constant axial deformation of 1.25%. 

 

 

 

Figure 3 - Stress-relaxation curves for carrageenan (A) and starch (B) hydrogels, without (●) or 

with a partial replacement of the gelling agent by 5.0% (○); 7.5% ( ); or 10.0% w/v (Δ) of 

chitosan. 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and 

starch was 10.0 g·(100 mL)-1. 

 

Carrageenan hydrogels without or with a partial replacement of gelling agent by 5.0%, 

7.5% or 10.0% (w/v) chitosan showed a decrease in values of initial stress as the chitosan 

concentration increased (1.0∙104 Pa, 8.0∙103 Pa, 7.0∙103 Pa, and 2.0∙103 Pa, respectively to 

0.0%, 5.0%, 7.5% and 10.0% (w/v) chitosan) (Figure 3 – A). Starch hydrogels without or with a 

partial replacement of gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan  presented similar 
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values of initial stress (1.0∙102 Pa). However, when compared to carrageenan gels, starch 

hydrogels showed lower initial stress values (Figure 3-B). In order to mathematically model the 

hydrogels relaxation as a function of time, the Maxwell’s model (Equation 6) was adjusted to τ = 

f (t) data (Table 4), and results are presented in Table 4 (p. 79). 

Adjusted models showed R2 ≥ 0.96 and MAPE ≤ 3.8 for all analyses, indicating a good 

adequacy of the Maxwell’s model to describe the relaxation behavior of these hydrogels. 

Maxwell’s model parameters presented similar values for carrageenan hydrogels without or with 

a partial replacement of gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan (1.0∙103 Pa to τeq, 

1.0∙103 Pa to τ0 and 1.0∙102 s to λret). Starch hydrogels without or with a partial replacement of 

gelling agent by 5.0, 7.5 or 10.0% (w/v) chitosan presented similar values in the model 

parameters (about 2.0∙102 Pa to τeq, 1.0∙102 Pa to τ0 and 1.0∙102 s to λret), according to Figure 3 

– B. Results suggested that the partial replacement of carrageenan or starch by chitosan in 

hydrogels did not promote expressive alterations of measured parameters during stress-

relaxation tests. 

Carrageenan hydrogels showed low compliance values as a function of time in the 

creep test. Then, high values of tension were expected for maintenance of these hydrogels 

during stress-relaxation tests, where a deformation is imposed to materials over time. On the 

other hand, the opposite behavior was expected for the hydrogels with or without a replacement 

of starch by chitosan; hydrogels containing starch presented higher compliance values as a 

function of time in the creep test than those with carrageenan. Thus, lower values of tension 

were expected for them, comparing with carrageenan hydrogels. 
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Table 4 - Model parameters and adequacy of fitting to Maxwell’s model adjusted to relaxation data for carrageenan and starch hydrogels, without or with a 

partial replacement of the gelling agent by chitosan. 

 Adjusted parameters Adequacy of fitting 

Carrageenan hydrogels* τeq (Pa) τ0 (Pa) λret (s) R2 MAPE (%) 

100.0% carrageenan 4.6∙103 ± 5.0∙101 4.2∙103 ± 6.0∙101 1.1∙102 ± 4.0∙10-2 0.96 3.4 

95.0% carrageenan + 5.0% chitosan  3.0∙103 ± 5.0∙101 4.0∙103 ± 5.0∙101 1.7∙102 ± 3.0∙10-2 0.98 2.6 

92.5% carrageenan + 7.5% chitosan 2.6∙103 ± 4.0∙101 2.9∙103 ± 4.0∙101 1.2∙102 ± 4.0∙10-2 0.96 2.2 

90.0% carrageenan + 10.0% chitosan 1.1∙103 ± 6.0∙100 9.7∙102 ± 7.0∙100 1.1∙102 ± 2.0∙10-2 0.98 1.9 

Starch hydrogels* τeq (Pa) τ0 (Pa) λret (s) R2 MAPE (%) 

100.0% starch 1.8∙102 ± 3.0∙100 1.9∙102 ± 2.0∙100 2.4∙102 ± 2.0∙10-2 0.99 1.2 

95.0% starch + 5.0% chitosan  2.0∙102 ± 1.0∙100 1.1∙102 ± 1.0∙100 1.1∙102 ± 3.0∙10-2 0.97 1.2 

92.5% starch + 7.5% chitosan 1.9∙102 ± 1.0∙100 1.2∙102 ± 2.0∙100 1.1∙102 ± 3.0∙10-2 0.97 1.8 

90.0% starch + 10.0% chitosan 1.8∙102 ± 1.0∙100 1.3∙102 ± 2.0∙100 1.0∙102 ± 3.0∙10-2 0.97 2.1 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and starch was 10.0 g·(100 mL)-1. 
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In addition to transient compression tests (creep-recovery and stress-relaxation tests), 

frequency sweeps (0.1 to 50 Hz; 25.0 ± 0.1 oC) of hydrogels were also performed, in order to 

gain additional information about their change in internal stress. The corresponding results 

(mechanical spectra) are represented in Figure 4. 

 

Figure 4 - Frequency sweeps from 0.1 to 50 Hz for carrageenan and starch hydrogels, without 

(A) and with replacement of the gelling agent by 5.0% (B); 7.5% (C); or 10.0% w/v (D) chitosan. 

G’ (●), G’’ (○), and tan δ ( ). 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and 

starch was 10.0 g·(100 mL)-1.  
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Elastic modulus (1.1∙104 Pa), viscous modulus (1.1∙103 Pa), and tan δ (1.1∙100) 

presented similar values in hydrogels without or with a partial replacement of carrageenan by 

5.0%, 7.5% or 10.0% (w/v) chitosan, from 0.1 to 50 Hz. Carrageenan hydrogels showed G’ > G’’ 

(about 10 times), which indicated a predominance of elastic character in the hydrogels. 

Furthermore, carrageenan hydrogels showed a behavior commonly found in “true gels”, since 

G’ and G’’ remained constant as a function of the frequency [54,117]. Results observed in 

frequency sweeps for carrageenan hydrogels were in accordance with those presented in 

transient tests: i) creep-recovery showed similar compliance values for materials without or with 

a partial replacement by 5.0%, 7.5% or 10.0% (w/v) chitosan; and ii) in stress-relaxation, 

carrageenan hydrogels were elastic and resistant when they were deformed. Thus, the 

predominantly elastic character of the carrageenan hydrogels without or with chitosan was 

observed in the tests under compression or shear stresses. Results presented in this study 

indicated that the partial replacement of carrageenan by chitosan could not change 

intermolecular interactions between colloidal network and water molecules, preserving the 

rheological parameters of the hydrogels. 

Starch hydrogels presented differences in the mechanical spectra, when compared to 

those prepared using carrageenan. Hydrogels without or with a partial replacement of starch by 

5.0%, 7.5% or 10.0% (w/v) presented low variations of both elastic (8.0∙102 Pa) and viscous 

modulus (3.0∙102 Pa), from 0.1 to 10 Hz. Moreover, the elastic character in starch hydrogels 

was also observed to be predominant, since G’ > G’’ for all systems, from 0.1 to 10 Hz. Then, in 

starch hydrogel without chitosan, G" was increased progressively until it crossed G' (about 50 

Hz). At the frequency range of 0.1 to 5 Hz, hydrogels with a partial replacement of starch by 

5.0%, 7.5% or 10.0% (w/v) chitosan presented a similar behavior to each other and little 

variation of G’ and G’’ values (5.0∙102 Pa to G’ and 1.0∙102 Pa to G’’). Then, G" increased 

progressively until it crossed G' (about 20 Hz). These results indicate that starch hydrogels were 

more susceptible to shear than carrageenan hydrogels. The transition of G' and G'' modulus as 

a function of frequency, along with the increase of G'' surpassing G', are suggesting a 

reorganization of water-polysaccharide interactions at a molecular level [118]. In this case, the 

colloidal network disruption and release of the solvent from interstices in starch hydrogels would 

be aggravated from replacement by chitosan. Moreover, the addition of chitosan seems to alter 

the interactions of amylopectin with water molecules, in starch hydrogels. As expected, 

hydrogels with a partial replacement of starch by 5.0%, 7.5% or 10.0% (w/v) chitosan also 

showed an increase in tan δ values, at > 5 Hz, when G’’ values were raised. Thus, tan δ values 

corroborated the hypothesis about colloidal network disruption mentioned above. Starch 

hydrogels were classified as “weak gels” [54], since G’ and G’’ present variable values at 

frequencies > 5 Hz. Starch hydrogels with a partial replacement by 5.0%, 7.5% or 10.0% (w/v) 

chitosan showed alterations in their structure at frequencies > 5 Hz, and these observations 

were in accordance with creep-recovery tests, which showed higher compliance values as a 

function of time. Moreover, the compliance values were increased as the starch was replaced 

by chitosan, and hydrogels with 5.0% (w/v) chitosan presented lower compliance values than 
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others that were also partially replaced. At frequencies < 5 Hz, starch hydrogels without or with 

a partial replacement of gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan presented a 

predominantly elastic character, in terms of G’, G’’ and tan δ.  

Rheological results are relevant in the hydrogels characterization, since interactions 

between biopolymers can modify their elastic or viscous modulus. For instance, Sinthusamran 

et al. (2017) also studied the dynamic rheological properties of fish gelatin (FG) (5.0% (w/v)) 

gels containing κ-carrageenan (CG) at different levels (0.0%, 25.0%, 50.0%, 75.0% and 100.0% 

of total solid), and observed that the value of elastic modulus Gʹ of FG/CG mixed gel decreased 

as CG content increased (9.0∙103 Pa for 0.0% (w/v) CG to 1.2∙103 Pa for 75.0% (w/V)); while 

the G’’ of FG/CG mixed gel increased as CG content increased (9.0∙101 Pa – 4.0∙102 Pa for 

0.0% (w/v) CG to 1.2∙102 Pa - 1.1∙103 Pa for 75.0% (w/v)), at 0.01 to 100 Hz. Shortly, the 

substitution of FC for CG had a significant effect on the textural and viscoelastic properties of 

the materials. However, the replacement of carrageenan or starch by 5.0%, 7.5% or 10.0% 

(w/v) chitosan did not promote expressive changes on viscoelastic properties of the hydrogels 

studied by transient and oscillatory tests (< 5 Hz). 

Thus, the present study showed that a partial replacement of gelling agents by chitosan 

did not promote changes in color or viscoelastic properties of hydrogels. 

 

3.3. Release of INS 110 colorant by carrageenan/chitosan and starch/chitosan hydrogels 

Yellow sunset (INS 110) is widely used as food additives to make more attractive foods 

due to its low risk to human health, when used in concentrations recommended by the main 

international institutions related to the consumers’ health [119,120]. As other food colorants, the 

release of INS 100 from semi-solid systems towards fluids in contact with them usually occurs. 

Then, this experiment aimed to produce hydrogels with a partial replacement of carrageenan or 

starch by chitosan containing Yellow sunset (INS 110), in order to evaluate the release of this 

colorant when these hydrogels were covered with a sucrose solution 20.0% (w/v). Release (%) 

of Yellow sunset (INS 110) from hydrogels as a function of time is represented in Figure 5 (p. 

83). 

INS 110 release from carrageenan hydrogels (Figure 5-A), without or with a partial 

replacement of gelling agent by chitosan presented a similar behavior during the first 12 h, 

varying from 0.0% to 10.0%. Carrageenan hydrogel without chitosan released 32.0% of INS 110 

to sucrose solution, whereas this value was 27.0% for hydrogels with a partial replacement by 

5.0%, 7.5% and 10.0% (w/v) chitosan, after 120 h. From 120 h to 312 h, the release of INS 110 

was increased for all carrageenan hydrogels, and the system without chitosan reached up 

43.0%. The release of INS 110 increased accordingly as the partial replacement of carrageenan 

for chitosan was raised on hydrogels: 35.0% for 5.0% (w/v), 37.0% for 7.5% (w/v), and 40.0% 

for 10.0% (w/v) chitosan, after 312 h. Thus, the Yellow sunset (INS 110) release was reduced in 

19%, 18%, and 6%, respectively for 5.0%, 7.5% and 10.0% (w/v) chitosan added to 

carrageenan hydrogels. 
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Figure 5 - Release (%) of Yellow sunset (INS 110) from carrageenan (A) and starch (B) 

hydrogels, without (●) or with a partial replacement of the gelling agent by 5.0% (○); 7.5% ( ); 

or 10.0% w/v (Δ) chitosan. 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and 

starch was 10.0 g·(100 mL)-1. 

 

Hydrogels without or with a starch partial replacement by 5.0%, 7.5% or 10.0% (w/v) 

chitosan presented different behavior to INS 110 release (Figure 5-B). Starch hydrogel without 

chitosan released 26.0% of INS 110 to sucrose solution, while hydrogels containing a partial 

replacement of starch by 5.0%, 7.5% and 10.0% (w/v) chitosan presented 4.0%, 8.0%, and 

12.0% of release, after 120 h. The release of INS 110 was increased in all starch hydrogels 

after 312 h, and starch hydrogel without chitosan released 33.0% Yellow sunset (INS 110) to 

sucrose solution. INS 110 release was increased according to the partial replacement of starch 
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for chitosan was raised on hydrogels: 6.0% for 5.0% (w/v), 8.0% for 7.5% (w/v), and 15.0% for 

10.0% (w/v) chitosan, after 312 h. This is an important observation, since Yellow unset (INS 

110) release was reduced 492%, 305%, and 114% with a partial replacement of starch agent 

for 5.0%, 7.5% or 10.0% (w/v) chitosan, respectively. These results demonstrate that the partial 

replacement of starch by chitosan in hydrogels promotes a better retention in the Yellow sunset 

(INS 110), when compared to systems formulated with carrageenan replaced at the same 

concentrations by 5.0%, 7.5% and 10.0% (w/v) chitosan. In order to describe the release 

kinetics of Yellow sunset (INS 110) from different carrageenan/chitosan and starch/chitosan 

hydrogels to a sucrose solution, the Korsmeyer-Peppas’ model (Equation 13) was adjusted to 

release curves. Model parameters and adequacy of fitting of Korsmeyer-Peppas’ model for 

carrageenan and starch hydrogels are presented in Table 5. 

 

Table 5 - Model parameters and adequacy of fitting to Korsmeyer-Peppas’ model adjusted to 

release of Yellow sunset (INS 110) from carrageenan and starch hydrogels, without or with a 

partial replacement of the gelling agent by chitosan 

 Adjusted parameters 
Adequacy of 

fitting 

Carrageenan hydrogels* k (h-1) n R2 
MAPE 

(%) 

100.0% carrageenan 4.1 ± 0.4 0.42 ± 0.02 0.99 7.1 

95.0% carrageenan + 5.0% chitosan 3.5 ± 0.3 0.42 ± 0.02 0.99 6.6 

92.5% carrageenan + 7.5% chitosan 3.5 ± 0.3 0.40 ± 0.02 0.99 8.8 

90.0% carrageenan + 10.0% chitosan 2.9 ± 0.3 0.47 ± 0.02 0.99 6.0 

Starch hydrogels* k (h-1) n R2 
MAPE 

(%) 

100.0% starch 8.4 ± 0.6 0.24 ± 0.02 0.97 6.5 

95.0% starch + 5.0% chitosan 1.1 ± 0.2 0.28 ± 0.03 0.90 8.3 

92.5% starch + 7.5% chitosan 2.4 ± 0.3 0.22 ± 0.03 0.87 7.4 

90.0% starch + 10.0% chitosan 4.0 ± 0.5 0.24 ± 0.02 0.90 5.5 

*In carrageenan hydrogels the total polysaccharide concentration was 1.5 g·(100 mL)-1, and 

starch was 10.0 g·(100 mL)-1. 

 

In Table 5, the Korsmeyer-Peppas’ model was well-fitted to creep curves presenting R2 

≥ 0.91 and MAPE ≤ 10.0%, which indicates a good reliability to describe matematically the 

release of INS 100 in carrageenan and starch hydrogels, without or with chitosan. In 

Korsmeyer-Peppas’ model, k is the constant of release, which gives information about the 

increase in the Yellow sunset release (INS 110) as a function of time. Carrageenan hydrogels 

without or with a replacement of this gelling agent by chitosan presented k values from 2.93 to 

4.14 (h-1), demonstrating a similar release of INS 100 between these systems. Moreover, n is 

the exponent of release for INS 110 in Korsmeyer-Peppas’ model, and this term predicts that 
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the effective release would decrease with increasing time (n < 1.0). Carrageenan and 

carrageenan/chitosan hydrogels also presented similar n values (from 0.40 to 0.47), indicating 

that for all systems the release of INS 110 was similarly reduced as a function of time. Chitosan 

added to carrageenan hydrogels seemed not to have changed the INS 110 release to sucrose 

solution 20.0% (w/v), since expressive differences cannot be observed between hydrogels 

without or with a partial replacement of carrageenan by 5.0%, 7.5% or 10.0% (w/v) chitosan. 

On the other hand, starch gel without chitosan presented k = 8.40 (h-1), while hydrogels 

with a partial replacement of starch by chitosan showed lower values (k = 1.09 h-1 for 5.0% 

(w/v); k = 2.44 h-1 for 7.5% (w/v); and k = 3.97 h-1 for 10.0% (w/v) chitosan). These results were 

in accordance with the release curves presented in Figure 5-B, since a higher concentration of 

Yellow sunset was released for starch hydrogel without chitosan. Starch and starch/chitosan 

hydrogels showed similar n values (from 0.22 to 0.28), which indicated that INS 110 release 

was similar as a function of time for these systems. Hydrogels with lower substitutions of starch 

by 5.0% and 7.5% (w/v) chitosan presented the highest percentages of Yellow sunset (INS 110) 

retention. These observations might be explained by the hypothesis that some chitosan chains 

in the starch hydrogels were positioned within the interstices of the colloidal network, along with 

the amylose and amylopectin chains, contributing to the cross-linking of the INS 110 present in 

the solvent. In this case, the increase in starch substitution percentage for 10.0% (w/v) chitosan 

could cause the diffusion of some part of the chitosan from the interstices to the colloidal 

network along with the amylose chains, reducing the retention of INS 110, as well as hindering 

the hydrogel formation. 

Modification to Korsmeyer-Peppas’s model (Eq. 7) have been proposed [121–124]. In 

Equation 8, the latency (l), i. e. the time required for the release of compound from the matrix to 

be initiated ,was added to the Korsmeyer-Peppas’s model. Furthermore, another modification to 

Korsmeyer-Peppas’s model considering an immediate release of the compound (burst effect) 

can also be used [113,122]. 

𝑅(%) = 𝑘 ∙ (𝑡 − 𝑙)𝑛 (8) 

𝑅(%) = 𝑘 ∙ 𝑡𝑛 + 𝑏 (9) 

In Eq. (8) and (9), k is the constant of release, n is the exponent of release, l is the latency time, 

and b is the burst effect term. 

 

Models for R (%) as a function of time presented in the Eq. (8) and (9) were adjusted to 

INS 110 release data. However, l and b terms were not significant (p > 0.05) for all systems, 

indicating that R (%) = f(t) of INS 110 from hydrogels without or with a partial replacement of 

gelling agent for chitosan (5.0%, 7.5% or 10.0% w/v) did not present a latency time and/or the 

burst effect. 

Finally, the replacement of starch by chitosan did not promote major changes in the 

visual, color and viscoelastic characteristics of the resulting hydrogels, but altered the Yellow 

sunset (INS 110) release. The partial replacement of starch by chitosan may be a new strategy 

to increase the retention of compounds in hydrogels matrices. Moreover, chitosan is a 
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polysaccharide with several biofunctional properties, which could offer advantages beyond the 

techno-functional role. Thus, chitosan can be seen as a functional alternative for the food 

industry. 

 

4. Conclusion 

 

Hydrogels without or with a partial replacement of carrageenan or starch by 5.0%, 7.5% 

or 10.0% (w/v) chitosan have neither showed significant differences for color parameters nor 

expressive changes for viscoelastic properties, according to transient tests and frequency 

sweeps (< 5 Hz). Chitosan did not expressively alter Yellow sunset (INS 110) release from 

carrageenan hydrogels(about 40%) to an aqueous phase. However, a partial replacement of 

starch by 5.0%. 7.5% and 10.0% (w/v) chitosan in hydrogels altered INS 110 release after 316 h 

(5%, 8% and 15%, respectively), when compared to starch hydrogel without chitosan. Thus, our 

findings pointed out that the replecement of starch by chitosan did not promote major changes 

on color and viscoelastic characteristics of hydrogels, but altered drastically the INS 110 

release. Therefore, the replacement of gelling agents by chitosan has demonstrated to be a 

potential strategy to reduce INS 110 release from starch hydrogels, in which this biopolymer 

may act simultaneously as a biofunctional and a technico-functional agent. 
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3. CONCLUSÃO GERAL 

 

Interações atrativas mais intensas foram estabelecidas entre os contra-ânions 

glicolato e lactato e as cadeias de quitosano, quando comparados ao acetato ou 

propionato, de acordo com as análises de FT-IR. Contudo, dispersões de quitosano 

contendo os ácidos acético, glicólico, propiônico ou lático apresentaram, apenas, sutis 

variações em suas propriedades físicas e nos valores de diâmetro médio e potencial ζ 

de suas cadeias dispersas, para uma determinada concentração dos ácido orgânicos. 

Uma baixa concentração de quitosano (0,1% m/v) promoveu o aumento da 

viscosidade das dispersões, em pelo menos quatro vezes, quando comparadas aos 

meios aquosos ácidos sem a adição de nenhum polissacarídeo. Além disso, a 

dispersão do quitosano pode ser realizada em meios aquosos, o que favorece a 

utilização do biopolímero para fins tecnológicos. 

A combinação da homogeneização ultrassônica com o emulsificante Tween 20 

mostrou-se eficiente na formação de gotículas de óleo, sendo o seu desempenho 

influenciado pelo aumento do espessamento dos sistemas, que foi causado pelo 

quitosano. Além disso, emulsões contendo ≥ 0,5% (m/m) de quitosano apresentaram 

um maior espessamento e uma menor desestabilização cinética (durante 28 dias) e 

frente a estresses ambientais. Emulsões O/A preparadas usando quitosano disperso 

em meios aquosos contendo diferentes ácidos (acético, glicólico, propiônico ou lático) 

não apresentaram alterações expressivas em termos de espessamento ou 

desestabilização (cinética e frente a estresses ambientais), para uma dada 

concentração de quitosano.  

Hidrogéis de carragena ou amido contendo uma substituição parcial do agente 

gelificante por quitosano (5,0%, 7,5% e 10,0% m/v) não apresentaram alterações 

expressivas em termos de aspecto visual, cor e propriedades viscoelásticas. Contudo, 

a substituição parcial de amido por quitosano reduziu a liberação do corante amarelo 

crepúsculo (INS 110) para uma solução de sacarose em contato com os hidrogéis 

durante 316 h. 

A técnico-funcionalidade do quitosano em meios aquosos ácidos foi 

demonstrada por sua ação espessante em dispersões aquosas e estabilizante em 

emulsões O/A. Além disso, hdrogéis de amido contendo o quitosano modularam a 

liberação de um corante alimentício para uma solução de sacarose. Assim, o impacto 

promissor do quitosano em sistemas-modelo foi demonstrado apontando, por 

conseguinte, para a utilização do biopolímero em aplicações alimentícias, nas quais 

ele poderia atuar simultaneamente como agente biofuncional ou técnico-funcional. 
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ABBREVIATIONS AND SYMBOLS 

A First constant of Mark-Houwink-Sakurada relationship (dimensionless) 

A2 Second virial coefficient (cm3∙mol)∙g-2 

c Concentration (g∙mL-1) 

dn/dc Refractive index increment (mg∙mL-1) 

g(2)(t) Normalized temporal intensity correlation functions 

I Scattering intensity 

I0 Laser intensity 

KMHS Second constant of Mark-Houwink-Sakurada relationship (dL∙g-1) 

k Optical constant 

𝑀̅𝑉 Viscometric-average molar mass (kDa) 

𝑀̅𝑊 Weight-average molar mass (kDa) 

n0 Refraction index (dimensionless) 

NA Avogadro number (mol-1) 

q Scattering vector modulus 

r Distance between the sample and the detector (m) 

RG Gyration radius (nm) 

RΘ Rayleigh ratio 

ϴ Scattering angle (o) 

λ Wave-length (nm) 

τ Shear stress (Pa) 

𝛾̇ Shear rate (s-1) 

ηsp Specific viscosities (dimensionless) 

ηr Relative viscosity (dimensionless) 

[𝜂]H Huggins intrinsic viscosity (dL∙g-1) 

[𝜂]K Kraemer intrinsic viscosity (dL∙g-1) 

[𝜂]̅̅ ̅̅  Average intrinsic viscosity (dL∙g-1) 
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I. Electrical conductivity from chitosan 

 

 

 

 

Figure SM1 -Electrical conductivity from chitosan washed three times (A, B, and C) with deionized water

B 

C 

A 
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II. Deacetylation degree 

 

  
Figure SM2 - FT-IR spectra from chitosan to 450 - 1850 cm-1 (A) and 1850 - 3750 cm-1 (B). Absorbance from FT-IR spectra (∙∙) and absorbance calculated through 

deconvolution in Lorentzian components (-). 

A B 
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III. Viscosimetric-average molar mass 

 

From the flow times of chitosan dispersions [0.1, 0.2, 0.3, 0.4, and 0.5 g(100 mL)-1 in 50 mmol∙L-

1 lactic acid solution] measured in a Cannon-Fenske viscometer (model 513 20, Schott, Germany), 

specific (ηsp) (Equation 1) and relative viscosities (ηr) (Equation 2) were calculated. 

𝜂𝑠𝑝 = 
𝑡 − 𝑡0

𝑡0
 

(1) 

𝜂𝑟 = 𝜂𝑠𝑝 + 1 (2) 

 

Where, t is the flow time of the chitosan dispersions and t0 is the flow time of lactic acid solution, in 

Equations 1 and 2. 

Then, the average intrinsic viscosity ([𝜂]̅̅ ̅̅ ) was calculated as the average between the Huggins 

([𝜂]H) and Kraemer ([𝜂]K) intrinsic viscosities (Figure SM3), which were obtained by extrapolating 

Equations 3 and 4, respectively, to infinite dilution (c  0). 

𝜂𝑠𝑝

𝑐
= [𝜂]𝐻 + 𝑘1[𝜂]2𝑐 (3) 

ln (𝜂𝑟)

𝑐
= [𝜂]𝐾 − 𝑘1

′ [𝜂]2𝑐 
(4) 

Where k1 and k’1 are the Huggins and Kraemer constants, and c is the concentration of chitosan in the 

diluted dispersions. 

 

 

Figure SM3 – Extrapolation to infinite dilution ([chitosan]  0) of Huggins and Kraemer empirical models 

adjusted to viscometric-average experimental data from chitosan aqueous dispersions. (●) 
𝜂𝑠𝑝

𝑐
=

𝑘1[80.8]2 ∙ 𝑐 + [34.3]; R² = 0.99, (○) 
ln 𝜂𝑟

𝑐
= 𝑘′1[−21.7]2 ∙ 𝑐 + [17.3]; R² = 0.93. 
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IV. Weight-average molar mass 

 

Light intensity measurements were derived according to the classical Rayleigh-Debye 

relationship (Equation 1). 

𝑘 ∙ 𝑐

∆𝑅𝜃

=
1

𝑀̅𝑊

(1 +
𝑞2〈𝑅𝐺

2〉

3
) + 2𝐴2 ∙ 𝑐 

(1) 

 

Where k is an optical constant (Equation 2), c is the concentration (w/V), ΔRΘ is the Rayleigh ratio in 

excess (Equation 3), 𝑀̅𝑊 is the weight-average molar mass, q is the scattering vector modulus (as 

showed to Equation 11), <RG
2> is the root-mean square average radius of gyration, and A2 is the 2nd virial 

coefficient. 

𝑘 =
2𝜋2 ∙ 𝑛0 ∙ (d𝑛 d𝑐⁄ )2

𝑁𝐴 ∙ 𝜆4
 

(2) 

 

Where n0 is the refractive index of the reference solvent, (dn/dc) is the refractive index increment with 

the increasing of the polymer concentration, NA is the Avogadro contant, and λ is the wave-length. 

Then, the refractive index increment (dn/dc) was estimated (0.2000 ± 0.0090 mg∙mL-1) using a 

differential refractometer (BI-DNDC, Brookhaven, USA). Five dispersions of chitosan (concentrations 

1.000, 2.000, 3.000, 4.000, and 5.000 mg∙mL-1) in 50 mmol∙L-1 lactic acid were analyzed to determine 

(dn/dc) value; 50 mmol∙L-1 lactic acid solution was used also as solvent reference during the measures 

(Figure SM4). 

 

 

Figure SM4 - Δn as function of the chitosan concentration (1.000, 2.000, 3.000, 4.000, and 5.000 mg∙mL-1 

in 50 mmol∙L-1 lactic acid) used to estimate (dn/dc) value. 



 

105 
 

Rayleigh ratio in excess (ΔRΘ) was defined as (Equation 3): 

∆𝑅𝜃 = 𝑅𝜃,𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 − 𝑅𝜃,𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (3) 

 

Where RΘ is the Rayleigh ratio (as showed in Equation 4), and 𝜃 is the angle of detection (as showed in 

Equation 5). 

𝑅𝜃 ≡
𝑟2 ∙ 𝑖

𝐼0
 

(4) 

 

Where r is the distance between the sample and the detector, i is the scattering intensity, and I0 is the 

laser intensity. 

𝑞 =
4π𝑛0

𝜆
sin

𝜃

2
 

(5) 

 

From ΔRΘ estimated values a Zimm plot was elaborated to determine the weight-average molar 

mass (Figure SM5). 

 

 

Figure SM5 - Zimm plot to chitosan concentration (0.476, 0.909, 1.667, 2.307, 3.333, 4.118, and 5.000 

mg∙mL-1 in 50 mmol∙L-1 lactic acid) used to determine the weight-average molar mass. 
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V. Refractive index of the dispersions containing chitosan 

 

Table SM1 - Refractive index of 0.1 g∙(100 mL)-1 chitosan dispersed in different concentrations of acetic, 

glycolic, propionic, and lactic acid. 

Acid concentration (mmol∙L-1) Acetic Glycolic Propionic Lactic 

10 1.3326 ± 0.0002 1.3325 ± 0.0001 1.3325 ± 0.0000 1.3327 ± 0.0003 

20 1.3330 ± 0.0001 1.3326 ± 0.0002 1.3328 ± 0.0002 1.3329 ± 0.0004 

30 1.3331 ± 0.0001 1.3328 ± 0.0003 1.3330 ± 0.0001 1.3329 ± 0.0002 

40 1.3331 ± 0.0001 1.3329 ± 0.0002 1.3332 ± 0.0001 1.3330 ± 0.0004 

50 1.3330 ± 0.0000 1.3329 ± 0.0002 1.3332 ± 0.0000 1.3332 ± 0.0002 
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VI. PDI 

 

Table SM2 - PDI values from dh values of 0,1 g∙(100 mL)-1 chitosan dispersed in different concentrations 

of organic acid. 

Acid concentration (mmol∙L-1) Acetic Glycolic Propionic Lactic 

10 0.04 ± 0.01 0.09 ± 0.01 0.03 ± 0.01 0.07 ± 0.01 

20 0.04 ± 0.01 0.04 ± 0.01 0.10 ± 0.01 0.03 ± 0.01 

30 0.06 ± 0.02 0.10 ± 0.04 0.06 ± 0.03 0.03 ± 0.01 

40 0.05 ± 0.02 0.08 ± 0.04 0.05 ± 0.04 0.09 ± 0.05 

50 0.03 ± 0.01 0.09 ± 0.06 0.05 ± 0.03 0.07 ± 0.03 
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VII. Rheograms of the dispersions 

 

  

  

Figure SM5 - Flow curves of (●) 10 mmol∙L-1 (○) 20 mmol∙L-1, (▲) 30 mmol∙L-1, (Δ) 40 mmol∙L-1, and (▪) 50 

mmol∙L-1 to acetic (A), glycolic (B), propionic (C), and lactic acid (D). 

  

A 

C 

B 

D 
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VIII. Statistical analyses to fitted the Newtonian model to experimental τ = f (𝜸̇) data 

 

Table SM3 - Nonlinear OLS Summary of Residual Errors to Newtonian Model adjusted to experimental 

data 

System 
DF 

Model 

DF 

Error 
MSE R2 

MAPE 

(%) 
System 

DF 

Model 

DF 

Error 
MSE R2 

MAPE 

(%) 

AA 10 1 131 13193.3 0.97 5.29 GA 10 1 131 21132.1 0.94 4.89 

AA 20 1 131 10061.9 0.97 4.48 GA 20 1 131 6728.2 0.98 4.35 

AA 30 1 131 19441.8 0.94 3.97 GA 30 1 131 2853.9 0.99 4.07 

AA 40 1 131 16866.0 0.94 3.62 GA 40 1 131 993.0 0.99 3.70 

AA 50 1 131 14600.2 0.95 3.46 GA 50 1 131 11133.6 0.94 1.54 

PA 10 1 131 4486.9 0.99 6.16 LA 10 1 131 13614.6 0.96 4.48 

PA 20 1 131 4202.6 0.99 5.23 LA 20 1 131 7587.6 0.97 3.81 

PA 30 1 131 2790.9 0.99 4.79 LA 30 1 131 1319.0 0.99 2.57 

PA 40 1 131 16423.1 0.95 3.94 LA 40 1 131 2509.4 0.99 2.87 

PA 50 1 131 7915.4 0.97 3.28 LA 50 1 131 7454.8 0.96 2.13 

 

Table SM4 - Nonlinear OLS Parameter Estimates to Newtonian Model adjusted to experimental data 

System µ (mPa∙s) Std. Error t Value Pr > |t| System µ (mPa∙s) Std. Error t Value Pr > |t| 

AA 10 7.7 ± 0.6 0.0568 135.29 < 0.0001 GA 10 7.1 ± 0.8 0.0718 99.17 < 0.0001 

AA 20 7.1 ± 0.4 0.0496 142.29 < 0.0001 GA 20 6.5 ± 0.2 0.0405 159.23 < 0.0001 

AA 30 6.8 ± 0.5 0.0689 98.34 < 0.0001 GA 30 6.3 ± 0.3 0.0264 238.41 < 0.0001 

AA 40 6.3 ± 0.7 0.0642 98.60 < 0.0001 GA 40 5.7 ± 0.1 0.0156 366.99 < 0.0001 

AA 50 6.2 ± 0.7 0.0597 103.70 < 0.0001 GA 50 4.9 ± 0.6 0.0521 93.62 < 0.0001 

PA 10 7.7 ± 0.3 0.0331 233.98 < 0.0001 LA 10 7.0 ± 0.6 0.0577 122.21 < 0.0001 

PA 20 7.5 ± 0.1 0.0320 234.42 < 0.0001 LA 20 6.4 ± 0.5 0.0430 147.84 < 0.0001 

PA 30 7.4 ± 0.1 0.0261 284.32 < 0.0001 LA 30 5.6 ± 0.1 0.0179 310.80 < 0.0001 

PA 40 6.7 ± 0.7 0.0633 106.05 < 0.0001 LA 40 5.3 ± 0.3 0.0248 214.61 < 0.0001 

PA 50 6.3 ± 0.5 0.0440 143.50 < 0.0001 LA 50 4.7 ± 0.5 0.0427 109.15 < 0.0001 
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IX. FI-IR spectra 

 

 

Figure SM6 - FT-IR of lyophilized dispersions containing chitosan [0.5, 1.0, and 1.5 g∙(100 mL)-1] in 100 mmol∙L-1 acid solutions (AA, GA, PA, or LA). 
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Figure SM7 - FT-IR spectra of lyophilized dispersions containing chitosan [1.0 g∙(100 mL)-1] in 50, 75, or 100 mmol∙L-1 acid solutions (AA, GA, PA, or LA). 
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Table SM5 - Normalized absorbance (arb. u.) calculated through deconvolution in Lorentzian 

components to chitosan powder and lyophilized dispersions containing chitosan [1.0 g∙(100 mL)-1] in 50, 

75, or 100 mmol∙L-1 acid solutions (AA or GA) 

Chitosan powder CH dispersed in AA CH dispersed in GA 

- 
50 75 100 50 75 100 

mmol∙L-1 mmol∙L-1 mmol∙L-1 mmol∙L-1 mmol∙L-1 mmol∙L-1 

Peak Abs Peak Abs Peak Abs Peak Abs Peak Abs Peak Abs Peak Abs 

900 0.6154 894 0.3985 893 0.4107 893 0.3748 905 0.3887 897 0.4368 888 0.4975 

943 0.7123 937 0.4503 937 0.4595 936 0.4206 948 0.4156 950 0.4961 943 0.5219 

1076 0.8478 1074 0.9493 1074 0.9548 1074 0.9743 1068 0.9938 1069 0.9945 1089 0.9999 

1150 0.4133 1154 0.4261 1154 0.4364 1154 0.4230 1154 0.3861 1153 0.4302 1152 0.4590 

1257 0.2228 1250 0.2579 1250 0.2508 1251 0.2600 1243 0.2776 1234 0.4139 1230 0.5219 

1319 0.3064 1319 0.4071 1318 0.4256 1318 0.3987 1313 0.4698 1314 0.4704 1315 0.4613 

1372 0.3447 1374 0.5777 1374 0.5955 1374 0.5705 1372 0.4652 1371 0.4704 1370 0.4662 

1419 0.2589 1406 0.6327 1406 0.6440 1405 0.6228 1417 0.4219 1419 0.4334 1422 0.4464 

1572 0.3013 1539 0.6980 1538 0.7060 1539 0.6847 1572 0.6253 1569 0.5867 1567 0.5468 

1647 0.3157 1642 0.3410 1642 0.3467 1642 0.3203 1633 0.3614 1632 0.3614 1631 0.3846 

2874 0.2976 2886 0.3570 2887 0.3642 2886 0.3349 2885 0.3548 2886 0.3486 2888 0.3509 

3460 0.2761 3465 0.2500 3464 0.2452 3459 0.2165 3460 0.2232 3460 0.2287 3425 0.2401 

 

Table SM6 - Normalized absorbance (arb. u.) calculated through deconvolution in Lorentzian 

components to chitosan powder and lyophilized dispersions containing chitosan [1.0 g∙(100 mL)-1] in 50, 

75, or 100 mmol∙L-1 acid solutions (PA or LA) 

Chitosan powder CH dispersed in AA CH dispersed in GA 

- 
50 75 100 50 75 100 

mmol∙L-1 mmol∙L-1 mmol∙L-1 mmol∙L-1 mmol∙L-1 mmol∙L-1 

Peak Abs Peak Abs Peak Abs Peak Abs Peak Abs Peak Abs Peak Abs 

900 0.6154 889 0.4190 888 0.4377 888 0.4175 897 0.3372 896 0.4090 895 0.4121 

943 0.7123 943 0.4655 942 0.4901 942 0.4722 945 0.4152 942 0.4904 943 0.4918 

1076 0.8478 1073 0.9638 1072 0.9687 1072 0.9620 1072 0.9342 1074 0.9219 1075 0.9296 

1150 0.4133 1154 0.4320 1154 0.4357 1154 0.4245 1154 0.3864 1154 0.4103 1154 0.4139 

1257 0.2228 1247 0.2788 1239 0.2905 1246 0.2860 1220 0.2465 1235 0.3889 1228 0.4608 

1319 0.3064 1324 0.3511 1322 0.5550 1324 0.3546 1310 0.4318 1309 0.4560 1309 0.4396 

1372 0.3447 1370 0.5444 1370 0.5517 1370 0.5444 1372 0.4591 1372 0.4739 1373 0.4627 

1419 0.2589 1408 0.5428 1409 0.6176 1408 0.5361 1413 0.4480 1414 0.4517 1414 0.4335 

1572 0.3013 1538 0.6843 1519 0.6176 1537 0.6628 1573 0.6071 1569 0.5894 1570 0.5568 

1647 0.3157 1642 0.3340 1640 0.3311 1642 0.3170 1636 0.3445 1638 0.2529 1635 0.3477 

2874 0.2976 2871 0.3491 2875 0.3495 2868 0.3336 2892 0.3361 2875 0.3280 2877 0.3234 

3460 0.2761 3465 0.2362 3474 0.2103 3462 0.2122 3421 0.2813 3462 0.2157 3414 0.2613 
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APÊNDICE II: Supplementary Material (SM) for “Chitosan dispersed in aqueous solutions of acetic, 

glycolic, propionic or lactic acid as a thickener/stabilizer agent of O/W emulsions produced by 

ultrasonic homogenization” 
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I. Deacetylation degree 

 

 

Figure SM1 - FT-IR spectra from chitosan to 850 - 1750 cm-1. Absorbance from FT-IR spectra (∙∙) and absorbance 

calculated through deconvolution in Lorentzian components (-). 
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II. Viscometric-average molar mass (𝑴̅𝑽) of chitosan 

 

 

Figure SM2 – Extrapolation to infinite dilution (c  0) of Huggins and Kraemer empirical models adjusted to 

viscometric average experimental data from chitosan aqueous dispersions. (●) 
𝜂𝑠𝑝

𝑐
= 𝑘1[16.3]2 ∙ 𝑐 + [6.3]; R² = 

0.999, (○) 
ln 𝜂𝑟

𝑐
= 𝑘′1[−17.3]2 ∙ 𝑐 + [6.0]; R² = 0.930. 
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III. Rheograms of the emulsions 

 

 

Figure SM3 - Flow curves of emulsions prepared with a continuous phase containing  acetic (A), glycolic (B), 

propionic (C), and lactic acid (D), and (●) 0.000 g∙(100 g)-1, (○) 0.125 g∙(100 g)-1, ( ) 0.250 g∙(100 g)-1, (Δ) 0.500 

g∙(100 g)-1, ( ) 0.750 g∙(100 g)-1, and (□) 1.000 g∙(100 g)-1 chitosan, previously dispersed. 
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I. Statistical analyses to fitted the Ostwald de Waele Model to experimental τ = f (𝜸̇) data 

 

Table SM1 - Nonlinear OLS Summary of Residual Errors to Ostwald de Waele Model adjusted to experimental data 

Emulsion DF Model DF Error MSE Emulsion DF Model DF Error MSE 

AA 0.000 g∙(100 g)-1 2 88 0.001 GA 0.000 g∙(100 g)-1 2 88 0.001 

AA 0.125 g∙(100 g)-1 2 88 0.005 GA 0.125 g∙(100 g)-1 2 88 0.005 

AA 0.250 g∙(100 g)-1 2 88 0.016 GA 0.250 g∙(100 g)-1 2 88 0.008 

AA 0.500 g∙(100 g)-1 2 88 0.018 GA 0.500 g∙(100 g)-1 2 88 0.017 

AA 0.750 g∙(100 g)-1 2 88 0.021 GA 0.750 g∙(100 g)-1 2 88 0.049 

AA 1.000 g∙(100 g)-1 2 88 0.044 GA 1.000 g∙(100 g)-1 2 88 0.049 

PA 0.000 g∙(100 g)-1 2 88 0.002 LA 0.000 g∙(100 g)-1 2 88 0.001 

PA 0.125 g∙(100 g)-1 2 88 0.011 LA 0.125 g∙(100 g)-1 2 88 0.004 

PA 0.250 g∙(100 g)-1 2 88 0.011 LA 0.250 g∙(100 g)-1 2 88 0.001 

PA 0.500 g∙(100 g)-1 2 88 0.014 LA 0.500 g∙(100 g)-1 2 88 0.019 

PA 0.750 g∙(100 g)-1 2 88 0.011 LA 0.750 g∙(100 g)-1 2 88 0.014 

PA 1.000 g∙(100 g)-1 2 88 0.036 LA 1.000 g∙(100 g)-1 2 88 0.049 
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Table SM2 - Nonlinear OLS Parameter Estimates to Ostwald de Waele Model adjusted to experimental data 

Emulsion Parameter t Value Pr > |t| Emulsion Parameter t Value Pr > |t| 

AA 0.000 g∙(100 g)-1 
K (Pa∙sn) 16.3 < 0.0001 

GA 0.000 g∙(100 g)-1 
K (Pa∙sn) 32.8 < 0.0001 

n 15.9 < 0.0001 n 21.5 < 0.0001 

AA 0.125 g∙(100 g)-1 
K (Pa∙sn) 11.9 < 0.0001 

GA 0.125 g∙(100 g)-1 
K (Pa∙sn) 15.2 < 0.0001 

n 19.5 < 0.0001 n 19.8 < 0.0001 

AA 0.250 g∙(100 g)-1 
K (Pa∙sn) 10.7 < 0.0001 

GA 0.250 g∙(100 g)-1 
K (Pa∙sn) 11.7 < 0.0001 

n 24.8 < 0.0001 n 21.5 < 0.0001 

AA 0.500 g∙(100 g)-1 
K (Pa∙sn) 15.1 < 0.0001 

GA 0.500 g∙(100 g)-1 
K (Pa∙sn) 14.9 < 0.0001 

n 35.4 < 0.0001 n 28.2 < 0.0001 

AA 0.750 g∙(100 g)-1 
K (Pa∙sn) 21.6 < 0.0001 

GA 0.750 g∙(100 g)-1 
K (Pa∙sn) 14.2 < 0.0001 

n 58.2 < 0.0001 n 29.7 < 0.0001 

AA 1.000 g∙(100 g)-1 
K (Pa∙sn) 27.3 < 0.0001 

GA 1.000 g∙(100 g)-1 
K (Pa∙sn) 24.8 < 0.0001 

n 75.1 < 0.0001 n 60.3 < 0.0001 

PA 0.000 g∙(100 g)-1 
K (Pa∙sn) 11.0 < 0.0001 

LA 0.000 g∙(100 g)-1 
K (Pa∙sn) 20.4 < 0.0001 

n 15.5 < 0.0001 n 14.4 < 0.0001 

PA 0.125 g∙(100 g)-1 
K (Pa∙sn) 9.6 < 0.0001 

LA 0.125 g∙(100 g)-1 
K (Pa∙sn) 15.5 < 0.0001 

n 16.7 < 0.0001 n 25.4 < 0.0001 

PA 0.250 g∙(100 g)-1 
K (Pa∙sn) 12.0 < 0.0001 

LA 0.250 g∙(100 g)-1 
K (Pa∙sn) 11.2 < 0.0001 

n 23.4 < 0.0001 n 24.4 < 0.0001 

PA 0.500 g∙(100 g)-1 
K (Pa∙sn) 17.8 < 0.0001 

LA 0.500 g∙(100 g)-1 
K (Pa∙sn) 18.6 < 0.0001 

n 42.7 < 0.0001 n 47.4 < 0.0001 

PA 0.750 g∙(100 g)-1 
K (Pa∙sn) 35.2 < 0.0001 

LA 0.750 g∙(100 g)-1 
K (Pa∙sn) 30.8 < 0.0001 

n 73.0 < 0.0001 n 86.4 < 0.0001 

PA 1.000 g∙(100 g)-1 
K (Pa∙sn) 28.9 < 0.0001 

LA 1.000 g∙(100 g)-1 
K (Pa∙sn) 31.7 < 0.0001 

n 74.4 < 0.0001 n 81.0 < 0.0001 
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ABBREVIATIONS AND SYMBOLS 

a* position between red and green in the CIELab coordinates 

Abs UV absorbance measured (arb. unit) 

b* position between Yellow and blue in the CIELab coordinates 

c* chroma or relative saturation in the CIELab coordinates 

C Yellow sunset (INS 110) concentration (g∙(100 g)-1) 

G0 elastic modulus in creep-recovery test (Pa) 

G1 retarded elastic modulus in creep-recovery test (Pa) 

G’ storage modulus (Pa) 

G’’ loss modulus (Pa) 

h* hue angle in the CIELab coordinates (o) 

L* luminosity in the CIELab coordinates 

J compliance or strain per stress unit in creep-recovery tests (Pa-1) 

J0 instantaneous elastic term in creep-recovery tests (Pa-1) 

J1 retarded elastic term in creep-recovery tests (Pa-1) 

R release of Yellow sunset (INS 110) (%) 

t time (s) 

tan δ tangent of the phase shift (o) 

γ strain (%) 

λret retardation time (s) 

μ0 viscous modulus associated with Newtonian viscosity (Pa) 

ηsp specific viscosities (dimensionless) 

ηr relative viscosity (dimensionless) 

τ0 stress (Pa) 

[𝜂] average intrinsic viscosity (dL∙g-1) 
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I. Degree of acetylation 

 

 

Figure SM1 - Chitosan FT-IR spectra from 450 to 1850 cm-1. Absorbance from FT-IR spectra (∙∙) and absorbance 

calculated through deconvolution in Lorentzian components (-).   
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II. Viscometric-average molar mass (𝑴̅𝑽) of chitosan 

 

 

Figure SM2 - Extrapolation to infinite dilution ([chitosan]  0) of Huggins and Kraemer empirical models adjusted to 

viscometric-average experimental data from chitosan aqueous dispersions. (●) 
𝜂𝑠𝑝

𝑐
= 𝑘1[31.20]2 ∙ 𝑐 + [8.90]; R² 

= 0.97, (○) 
ln 𝜂𝑟

𝑐
= 𝑘′1[−9.67]2 ∙ 𝑐 + [8.91]; R² = 0.95.   
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III. Color analyses 

 

From L*a*b* values previously determined, chroma (c*) and hue angle (h*) were calculated [109] 

(Equations SM1 and SM2). Results for c* and h* were presented in Table SM1. 

𝑐∗ = √𝑎2 + 𝑏2 (SM1) 

ℎ∗ = tan−1 (
𝑏

𝑎
) 

(SM2) 

 

Table SM1 - c* and h* color parameters to carrageenan and starch hydrogels, without or with a partial replacement of 

the gelling agent by 5.0, 7.5 or 10.0 (w/v) chitosan. 

Carrageenan gels* c* h* 

100.0% carrageenan 50.9 ± 0.2 1.0 ± 0.2 

95.0% carrageenan + 5.0% chitosan  50.0 ± 1.0 1.0 ± 0.2 

92.5% carrageenan + 7.5% chitosan 50.8 ± 0.1 1.0 ± 0.1 

90.0% carrageenan + 10.0% chitosan 49.4 ± 0.9 1.0 ± 0.1 

Starch gels** c* h* 

100.0% starch 35.0 ± 2.0 0.9 ± 0.3 

95.0% starch + 5.0% chitosan 34.0 ± 0.8 0.9 ± 0.1 

92.5% starch + 7.5% chitosan 36.0 ± 0.3 0.9 ± 0.1 

90.0% starch + 10.0% chitosan 36.0 ± 1.0 0.9 ± 0.1 
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IV. Burger’s model 

 

The Burgers model (Equation 3) fitted to the creep data [125] was described in terms of compliance 

(Equations SM3, SM4 and SM5). 

𝛾 =
𝜏0

𝐺0

+
𝜏0

𝐺1

(1 − exp (
−𝑡

(𝜆𝑟𝑒𝑡)
)) +

𝜏0

𝜇0

∙ 𝑡 
(SM3) 

𝛾

𝜏0

=
1

𝐺0

+
1

𝐺1

(1 − exp (
−𝑡

(𝜆𝑟𝑒𝑡)
)) +

𝑡

𝜇0

 
(SM4) 

𝐽 = 𝐽0 + 𝐽1 (1 − exp (
−𝑡

(𝜆𝑟𝑒𝑡)
)) +

𝑡

𝜇0

 
(SM5) 

In Eq. (SM3), (SM4) and (SM5), γ is the total strain at time, G0 is the elastic modulus, G1 is the retarded elastic 

modulus, μ0 is the viscous modulus associated with Newtonian viscosity, λret is the retardation time, J is the 

compliance or strain per stress unit, J0 is the instantaneous elastic term, and J1 is the retarded elastic term. 
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V. Strain sweeps 

 

*In carrageenan gels the total polysaccharide concentration was 1.5 g·(100 mL)-1. 

**In starch gels the total polysaccharide concentration was 10.0 g·(100 mL)-1. 

Figure SM3 – Deformation sweeps from 0.1to 10.0% (at 1.59 Hz) for carrageenan and starch hydrogels, without and 

with replacement of the gelling agent by 5.0%, 7.5% or 10.0% (w/v) chitosan. G’ (●), G’’ (○), and tan δ ( ). 
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VI. Release of Yellow sunset (INS 110) from the gels 

 

A standard curve was built to measure the concentrations of colorant in the fluid phase in contact with the 

gels. For this purpose, 0.02% (w/v) Yellow sunset (INS 110) was dissolved into the sucrose solution (20.0% w/v). 

Colored sucrose solution was sequentially diluted (1:1; 1:5; 1:10; 1:15; 1:20; 1:25; and 1:50), in order to obtain 

different concentrations (C) of the INS 110. The UV absorbances of all of these solutions were measures using a 

microplate reader (Biochrom Asys Expert Plus, Biochrom, United Kingdom), at 480 nm [110]. Then, the correlation 

Abs480nm = f(C) could be deduced (Equation SM3). 

𝐴𝑏𝑠 = 93.954 ∙ 𝐶 (𝑅2  =  0.9777) (SM6) 

Where, Abs is the UV absorbance measured, and C is the Yellow sunset (INS 110) concentration. 
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VII. Statistical analyses 

 

Table SM2 - ANOVA used to evaluate a*, b*, L*, c*, and h* of carrageenan gels 

 DF Mean Square F Value Pr > F 

a* 3 0.1074 0.24 0.8671 

b* 3 2.8991 2.17 0.1690 

L* 3 0.5673 1.49 0.2889 

c* 3 1.8419 1.92 0.2051 

h* 3 0.0005 1.46 0.2967 

 

Table SM3 - ANOVA used to evaluate a*, b*, L*, c*, and h* of starch gels 

 DF Mean Square F Value Pr > F 

a* 3 0.8432 2.39 0.1443 

b* 3 3.2873 1.61 0.2610 

L* 3 6.6028 1.62 0.2601 

c* 3 2.5678 0.04 0.9902 

h* 3 0.0005 1.05 0.4224 
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Table SM4 - Nonlinear OLS Summary of Residual Errors to Burgers’ Model adjusted to carrageenan data 

 DF Model DF Error MSE 

100.0% carrageenan 2 16 7.0∙10-3 

95.0% carrageenan + 5.0% chitosan 2 16 8.0∙10-3 

92.5% carrageenan + 7.5% chitosan 2 16 1.0∙10-2 

90.0% carrageenan + 10.0% chitosan 2 16 1.1∙10-2 

 

Table SM5 - Nonlinear OLS Parameter Estimates to Burger’s model adjusted to carrageenan data 

 Parameter t Value Approx Pr > |t| 

100.0% carrageenan 

J0 107.02 < 0.0001 

J1 51.15 < 0.0001 

λret 11.70 < 0.0001 

95.0% carrageenan + 5.0% chitosan 

J0 120.60 < 0.0001 

J1 38.62 < 0.0001 

λret 17.02 < 0.0001 

92.5% carrageenan + 7.5% chitosan 

J0 35.61 < 0.0001 

J1 29.27 < 0.0001 

λret 10.32 < 0.0001 

90.0% carrageenan + 10.0% chitosan 

J0 67.53 < 0.0001 

J1 55.17 < 0.0001 

λret 17.76 < 0.0001 

 

Table SM6 - Nonlinear OLS Summary of Residual Errors to Burgers’ Model adjusted to starch data 

 DF Model DF Error MSE 

100.0% starch 2 16 2.7∙10-1 

95.0% starch + 5.0% chitosan 2 16 7.0∙10-1 

92.5% starch + 7.5% chitosan 2 16 1.3∙100 

90.0% starch + 10.0% chitosan 2 16 1.6∙100 
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Table SM7 - Nonlinear OLS Parameter Estimates to Burger’s model adjusted to starch data 

 Parameter t Value Approx Pr > |t| 

100.0% starch 

J0 109.93 < 0.0001 

J1 22.71 < 0.0001 

λret 7.52 < 0.0001 

95.0% starch + 5.0% chitosan 

J0 132.07 < 0.0001 

J1 29.99 < 0.0001 

λret 9.56 < 0.0001 

92.5% starch + 7.5% chitosan 

J0 100.05 < 0.0001 

J1 26.88 < 0.0001 

λret 9.02 < 0.0001 

90.0% starch + 10.0% chitosan 

J0 89.88 < 0.0001 

J1 31.96 < 0.0001 

λret 11.70 < 0.0001 

 

Table SM8 - Nonlinear OLS Summary of Residual Errors to Maxwell’s Model adjusted to carrageenan data 

 DF Model DF Error MSE 

100.0% carrageenan 2 16 2.6∙109 

95.0% carrageenan + 5.0% chitosan 2 16 1.6∙109 

92.5% carrageenan + 7.5% chitosan 2 16 9.3∙108 

90.0% carrageenan + 10.0% chitosan 2 16 1.4∙108 

 

Table SM9 - Nonlinear OLS Parameter Estimates to Maxwell’s model adjusted to carrageenan data 

 Parameter t Value Approx Pr > |t| 

100.0% carrageenan 

τ0 99.33 < 0.0001 

τeq 68.37 < 0.0001 

λret 25.89 < 0.0001 

95.0% carrageenan + 5.0% chitosan 

τ0 57.91 < 0.0001 

τeq 83.57 < 0.0001 

λret 28.30 < 0.0001 

92.5% carrageenan + 7.5% chitosan 

τ0 72.28 < 0.0001 

τeq 67.82 < 0.0001 

λret 24.47 < 0.0001 

90.0% carrageenan + 10.0% chitosan 

τ0 186.50 < 0.0001 

τeq 132.50 < 0.0001 

λret 49.59 < 0.0001 
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Table SM10 - Nonlinear OLS Summary of Residual Errors to Maxwell’s Model adjusted to starch data 

 DF Model DF Error MSE 

100.0% starch 2 16 5.6∙106 

95.0% starch + 5.0% chitosan 2 16 3.9∙106 

92.5% starch + 7.5% chitosan 2 16 3.7∙106 

90.0% starch + 10.0% chitosan 2 16 3.5∙106 

 

Table SM11 - Nonlinear OLS Parameter Estimates to Maxwell’s model adjusted to starch data 

 Parameter t Value Approx Pr > |t| 

100.0% starch 

τ0 68.48 < 0.0001 

τeq 84.49 < 0.0001 

λret 32.76 < 0.0001 

95.0% starch + 5.0% chitosan 

τ0 176.97 < 0.0001 

τeq 74.05 < 0.0001 

λret 27.24 < 0.0001 

92.5% starch + 7.5% chitosan 

τ0 162.34 < 0.0001 

τeq 77.16 < 0.0001 

λret 29.09 < 0.0001 

90.0% starch + 10.0% chitosan 

τ0 145.23 < 0.0001 

τeq 78.61 < 0.0001 

λret 30.24 < 0.0001 
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Table SM12 - Nonlinear OLS Summary of Residual Errors to Korsmeyer-Peppa’s model adjusted to carrageenan 

data 

 DF Model DF Error MSE 

100.0% carrageenan 2 16 7.0∙103 

95.0% carrageenan + 5.0% chitosan 2 16 5.0∙103 

92.5% carrageenan + 7.5% chitosan 2 16 5.4∙103 

90.0% carrageenan + 10.0% chitosan 2 16 5.9∙103 

 

Table SM13 - Nonlinear OLS Parameter Estimates to Korsmeyer-Peppa’s model adjusted to carrageenan data 

 Parameter t Value Approx Pr > |t| 

100.0% carrageenan 
k 11.11 < 0.0001 

n 23.88 0.0002 

95.0% carrageenan + 5.0% chitosan 
k 12.10 < 0.0001 

n 26.11 < 0.0001 

92.5% carrageenan + 7.5% chitosan 
k 11.20 < 0.0001 

n 23.34 < 0.0001 

90.0% carrageenan + 10.0% chitosan 
k 9.70 < 0.0001 

n 23.52 < 0.0001 

 

Table SM14 - Nonlinear OLS Summary of Residual Errors to Korsmeyer-Peppa’s model adjusted to starch data 

 DF Model DF Error MSE 

100.0% starch 2 16 4.7∙103 

95.0% starch + 5.0% chitosan 2 16 1.2∙102 

92.5% starch + 7.5% chitosan 2 16 3.3∙102 

90.0% starch + 10.0% chitosan 2 16 1.1∙103 

 

Table SM15 - Nonlinear OLS Parameter Estimates to Korsmeyer-Peppa’s model adjusted to starch data 

 Parameter t Value Approx Pr > |t| 

100.0% starch 
k 13.25 < 0.0001 

n 15.33 < 0.0001 

95.0% starch + 5.0% chitosan 
k 6.28 < 0.0001 

n 8.84 < 0.0001 

92.5% starch + 7.5% chitosan 
k 7.47 < 0.0001 

n 7.89 < 0.0001 

90.0% starch + 10.0% chitosan 
k 8.37 < 0.0001 

n 9.79 < 0.0001 
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