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RESUMO 

As nano partículas possuem grande potencial para a liberação controlada de 

bioativos, porém ainda são pouco exploradas na área de alimentos. Neste trabalho foi 

estudada a formação de nanopartículas a partir da autoagregação de surfactantes, 

associação surfactante-polissacarídeo e complexação eletrostática entre diferentes 

polissacarídeos, no caso, quitosana e gelana. A compreensão das interações moleculares 

responsáveis pela formação das partículas e o conhecimento das variáveis que afetam 

sua formação permitem predizer e controlar suas propriedades. Tais interações 

dependem fortemente das características de cada macromolécula, como flexibilidade, 

estado conformacional e densidade de cargas que são diretamente afetadas pelas 

condições físico-químicas do meio como pH, força iônica e temperatura. Por isso, este 

trabalho foi dividido em três etapas. (I) Inicialmente foi avaliado o comportamento em 

solução dos polissacarídeos utilizados posteriormente para a formação de complexos. Os 

efeitos do pH e da temperatura nas características reológicas e no estado conformacional 

de soluções puras de gelana e quitosana foram estudados. A agregação da gelana foi 

mais sensível às alterações do meio que a quitosana. (II) Na segunda etapa, 

nanopartículas foram formadas por autoassociação de polissorbatos na presença de 

quitosana. A influência do comprimento da cauda hidrofóbica do surfactante e do pH do 

meio nas propriedades das partículas foi estudada por espalhamento de luz, reologia, 

condutivimetria e microscopia de luz polarizada. O tamanho e estrutura das partículas 

formadas pelo surfactante de menor cadeia hidrofóbica foram mais favoráveis à 

associação com a quitosana. O pH do meio (3,0 ou 6,7) não influenciou de maneira 

significativa as características das partículas. O efeito da concentração de quitosana na 

estrutura e tamanho de partículas foi analisado. Maiores concentrações levaram a 

viscosidades mais elevadas, impedindo a agregação das micelas e formando partículas 
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menores. (III) No terceiro estudo, nanopartículas foram obtidas pela complexação 

eletrostática de gelana e quitosana. Os efeitos da razão de concentração de cada 

polissacarídeo, do tempo de estocagem a 25 °C e da presença de um surfactante não-

iônico (polissorbato) no tamanho, carga e quantidade de partículas formadas foram 

avaliados. Devido à menor densidade de carga e flexibilidade da gelana, maior 

quantidade deste polissacarídeo foi necessária para obtenção de partículas neutras. De 

forma geral, as partículas apresentaram aumento de tamanho ao longo das primeiras 100 

horas após o preparo e não foram observadas mudanças significativas das propriedades 

das partículas devido à adição de surfactante. O método de preparo das amostras 

também foi estudado. Partículas preparadas pela mistura das soluções de polissacarídeos 

em dois passos foram consideravelmente maiores que as preparadas pela mistura em 

uma única etapa. Este trabalho confirmou a possibilidade de formação de nanopartículas 

promissoras para a encapsulação de bioativos em alimentos a partir da associação de 

biopolímeros e surfactantes, cujas propriedades poderiam ser moduladas em função da 

composição e condições de processo. 

.
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ABSTRACT 

Nanoparticles are promising vehicles for bioactive delivery, but their potential has 

not been fully explored by the food industry. This work studied the formation of 

nanoparticles by self-assembly of surfactants, polysaccharide-surfactant association, and 

electrostatic complexes formed by different polysaccharides, especially chitosan and 

gellan gum. The knowledge of molecular interactions and the variables that affect particle 

formation allows predicting and controlling the properties of nanoparticles. These 

interactions depend on the characteristics of each macromolecule such as conformation, 

charge density and flexibility, which are affected by the physicol-chemical properties of the 

solution, such as pH, ionic strength and temperature. This work was divided in three parts: 

(I) Firstly it was studied the behaviour of each polysaccharide alone. The influence of the 

pH and temperature on the rheological properties and structural conformation of the pure 

gellan and chitosan samples was determined. Gellan aggregation was more strongly 

affected by such variables than chitosan. (II) In the second part, nanoparticles were 

obtained by polysorbate-chitosan association. The effect of the length of surfactant tail and 

the solution pH on the particle properties was studied by dynamic light scattering, 

rheological and conductivity measurements and polarizing microscopy. The size and 

structure of nanoparticles composed by the shorter surfactant were more appropriated to 

chitosan assembly. The pH (6.7 or 3.0) did not affect significantly the particle properties. 

The effects of chitosan concentration on particle structure and size were studied. Greater 

chitosan concentration led to smaller particles due to the increase in viscosity values which 

prevented micelles aggregation. (III) In the third study nanoparticles were produced by 

electrostatic complexation of chitosan and gellan gum. Particle size, charge density, 

stability and complexes number were evaluated as a function of polysaccharide 

concentration, chitosan:gellan ratio and the presence of a non-ionic surfactant. Due to the 
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stiffness and low charge density of gellan gum, a greater amount of such polysaccharide 

was necessary to obtain neutral particles. Overall particles showed an increase in size 

during 100 hours of storage at 25 °C, but no significant changes on particle properties 

were observed due to surfactant addition. The methodology of particle preparation was 

also evaluated. Particles prepared by 2 mixing steps were markedly larger than those 

prepared by mixing polysaccharides in a single step (all together). This work showed that it 

is possible to produce nanoparticles with promising application on bioactive delivery by 

biopolymer-surfactant association, since their properties could be modulated as a function 

of composition and process conditions. 
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1. Introdução 

Devido à instabilidade de compostos bioativos durante o processamento e 

armazenamento de produtos alimentícios, a tecnologia de nanoencapsulação, 

anteriormente explorada apenas pela indústria farmacêutica, vem sendo recentemente 

aplicada à indústria de alimentos (Luo et al., 2011). As nanopartículas oferecem a 

vantagem de não afetar a palatabilidade do alimento ao qual são incorporadas, além de 

apresentar uma considerável área superficial, que é um importante fator relacionado à 

biodisponibilidade de substâncias (Cheong et al., 2008). A habilidade das nanopartículas 

em encapsular e promover a liberação controlada de compostos funcionais depende de 

suas características moleculares e físico-químicas como composição, estrutura interna, 

polaridade, tamanho, estabilidade, hidrofobicidade e carga elétrica (McClements et al., 

2009). Portanto, é de interesse estabelecer a relação entre as características das 

moléculas presentes, o processo de formação e as propriedades finais das 

nanopartículas.  

Sob condições físico-químicas apropriadas, certos tipos de componentes 

alimentícios se organizam espontaneamente formando estruturas bem definidas. A força 

precursora para a associação é a redução da energia livre do sistema. A interação entre 

vários componentes para a formação de uma estrutura organizada reduz a entropia da 

mistura, o que é termodinamicamente desfavorável. No entanto há uma contribuição 

entálpica e/ou entrópica que se sobrepõe a esta condição. A natureza dessa contribuição 

favorável depende do sistema, mas normalmente envolve ligações de hidrogênio, 

interações hidrofóbicas e eletrostáticas (McClements et al., 2009). A associação de 

surfactantes é o tipo mais comum de estruturas auto-organizadas em alimentos 

(Mezzenga et al., 2005). A força motriz para a formação das estruturas é o caráter 
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anfifílico de sua estrutura molecular. O efeito hidrofóbico da cauda do surfactante faz com 

que as moléculas se auto-organizem de forma a minimizar o contato desfavorável entre a 

cauda apolar do surfactante e o meio hidrofílico. O tipo de estrutura formada e seu 

tamanho podem ser controlados pela seleção cuidadosa do surfactante de acordo com a 

carga da sua fração hidrofílica e comprimento da cauda hidrofóbica, e o controle das 

condições do meio como pH, força iônica e temperatura (Lawrence, 1994).  

Nanoestruturas também podem ser obtidas através de complexos eletrostáticos. 

Neste caso, as forças precursoras são interações eletrostáticas entre moléculas de cargas 

opostas. A maneira mais comum de variar o sinal e força das interações eletrostáticas 

intermoleculares é através do controle do pH do sistema, o qual afeta diretamente a 

densidade de carga dos compostos (Berger et al., 2004). Os polissacarídeos são 

ingredientes alimentícios promissores para a formação de complexos eletrostáticos devido 

à grande diversidade de estruturas e cargas. Dentre eles destaca-se a quitosana, que 

vem sendo muito estudada para a formação de sistemas de liberação controlada devido à 

sua abundância e propriedade mucoadesiva, a qual aumenta a absorção dos bioativos 

pela mucosa intestinal (Dash et al., 2011; Gåserød et al., 1998). Por outro lado, 

nanopartículas compostas por quitosana pura são instáveis no pH do estômago, podendo 

levar à liberação precoce do composto de interesse. A sua complexação com um 

polissacarídeo resistente a tais condições, como a gelana, pode gerar nanopartículas com 

grande potencial de encapsulação de bioativos alimentícios. Ao contrário da maioria dos 

polissacarídeos utilizados em alimentos, a gelana possui a capacidade de formar géis 

inclusive em baixos valores de pH (Picone & Cunha, 2011; Yamamoto & Cunha, 2007). 

Assim, a utilização da gelana na composição das nanopartículas proporcionaria a 

proteção do composto ao baixo pH do estômago, permitindo sua liberação controlada no 

local de absorção. 
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2. Objetivos 

Este trabalho teve como objetivo estudar os mecanismos de formação e as 

características de diferentes nanopartículas formadas pela associação de biopolímeros e 

surfactantes, com potencial aplicação em encapsulação de bioativos alimentícios. 

2.1. Objetivos específicos 

- Compreender o comportamento em solução dos polissacarídeos utilizados para a 

formação das nanopartículas. Determinar o efeito do pH e temperatura na conformação e 

agregação da gelana e da quitosana.  

- Formar nanopartículas por associação de surfactantes (polissorbatos) e 

quitosana. Para isso foram avaliados: 

◦ A influência do comprimento da cadeia hidrofóbica do polissorbato no 

processo de autoassociação e formação das estruturas e na viscosidade 

das mesmas, de forma a selecionar o surfactante mais adequado para 

interação com a quitosana.  

◦ O efeito do pH do meio no processo de autoassociação do surfactante.  

◦ A influência da concentração de quitosana e de surfactante nas 

propriedades reológicas, tamanho e condutividade elétrica dos sistemas. 

- Formar nanopartículas por complexos eletrolíticos quitosana-gelana. Os objetivos 

específicos desta etapa foram: 

◦ Entender os mecanismos de formação e a influência da razão de 

polieletrólitos e condições de mistura nas características dos complexos 

(tamanho e estabilidade durante a estocagem).  

◦ Compreender o efeito da adição de surfactante na formação e 

propriedades destes complexos. 
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3. Organização da tese em capítulos 

Os mecanismos de interação entre biopolímeros (no caso polissacarídeos) e 

surfactantes são muito complexos e dependem não apenas das características de cada 

componente, mas também das condições do meio. O pH e a temperatura da solução, por 

exemplo, podem ocasionar alterações estruturais nos polissacarídeos que irão determinar 

seu mecanismo de agregação e interação com outros compostos. Por isso, inicialmente 

foi realizado um estudo do comportamento de soluções puras de cada polissacarídeo, no 

caso gelana e quitosana, frente ao pH e temperatura do meio. Os resultados dos ensaios 

de dissolução de cada biopolímero são apresentados no Apêndice 1. O comportamento 

reológico da quitosana e da gelana frente às variações de pH e temperatura do meio são 

apresentados no Apêndice 2 e Capítulo 3, respectivamente. A partir destes resultados, 

foram determinadas as condições de trabalho para as próximas etapas.  

Abaixo se detalha a estrutura desta tese: 

Capítulo 1: Introdução e objetivos 

Capítulo 2: Revisão bibliográfica 

Capítulo 3: Influence of pH on formation and properties of gellan gels.  

Dependendo do estado conformacional da gelana, diferentes interações são 

observadas. Neste capítulo foi estudada a transição conformacional hélice-enovelada da 

gelana em diferentes valores de pH e temperatura através de ensaios reológicos e 

microcalorimetria diferencial de varredura. Os resultados foram publicados na 

Carbohydrate Polymers (2011), v. 84, p. 662–668. 

Capítulo 4: Polysorbates-chitosan association. 

Com o intuito de produzir nanopartículas mistas de surfactante e quitosana, 

diferentes polissorbatos e condições do meio foram estudadas. Primeiramente foi avaliado 

o efeito do comprimento da cauda hidrofóbica do surfactante no processo de agregação e 
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nas estruturas formadas. O polissorbato que apresentou maior compatibilidade para a 

associação com a quitosana foi escolhido para as próximas etapas. O efeito do pH na 

estrutura foi avaliado e a associação do polissorbato com quitosana em diferentes 

concentrações foi estudada. 

Capítulo 5: Chitosan-Gellan electrostatic complexes. 

Neste capítulo foram formadas nanopartículas por complexos eletrostáticos 

quitosana-gelana. A razão de concentração entre os polissacarídeos foi analisada em 

relação ao tamanho dos complexos formados, densidade de carga e quantidade de 

complexos. A estabilidade dos complexos ao longo do tempo de estocagem a 25 °C foi 

avaliada, assim como diferentes métodos de preparo (ordens distintas de misturas dos 

polissacarídeos). O efeito da adição de polissorbato no preparo dos complexos foi 

estudado visando à redução de tamanho dos mesmos. 

Capítulo 6 – Conclusões gerais 

Apêndice 1 – Ensaios preliminares de dissolução dos polissacarídeos 

Apêndice 2 - Caracterização reológica da quitosana a diferentes temperaturas. 
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1. Complexos polieletrolíticos 

Complexos macromoleculares de diferentes polímeros podem ser formados via 

ligações intermoleculares como ligações de hidrogênio, forças de Coulomb, van der 

Waals e forças de transferência. De acordo com a natureza das forças, os complexos 

formados recebem diferentes nomenclaturas: complexos polieletrolíticos, complexos de 

transferência de carga, complexos de ligações de hidrogênio e esterocomplexos (Dumitriu 

& Chornet, 1998).  

Complexos polieletrolíticos (PECs) consistem na complexação de dois polímeros 

de cargas opostas, um aniônico e outro catiônico em um meio aquoso (Lee et al., 1997). 

Eles apresentam propriedades físicas e químicas particulares, pois as interações 

eletrostáticas no PEC são consideravelmente mais fortes que outras interações 

secundárias (Lee et al., 2003). Sua aplicação na encapsulação é feita pela incorporação 

do princípio ativo em uma das soluções de polieletrólito antes da formação do complexo 

ou pela formação de uma matriz polimérica contendo o bioativo a qual é recoberta por 

outro polímero para se controlar a taxa de liberação do material encapsulado (Simsek-Ege 

et al., 2003).  

Assim como as propriedades de hidrogéis são determinadas pela densidade de 

ligações, as características dos PECs são governadas pelo grau de interação entre os 

polímeros. A quantidade de interações depende essencialmente da densidade de carga 

de cada polieletrólito e determina sua proporção relativa no complexo. Quanto menor a 

densidade de carga relativa do polímero, maior sua proporção no PEC visto que maior 

quantidade de cadeias é necessária para interagir com o outro polieletrólito (Berger et al., 

2004). A razão entre os biopolímeros é um dos principais fatores que determinam as 

propriedades dos complexos, as quais podem ser moldadas pelo controle da reação de 

complexação (Takahashi et al., 1990). Os fatores mais importantes a serem controlados 
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nesta reação é o pH da solução, temperatura e força iônica do meio (Argüelles-Monal et 

al., 1993; Chavasit et al., 1988; Lee et al., 1997). O pH determina o grau de ionização dos 

polieletrólitos e para que eles estejam ionizados com cargas opostas, é necessário que o 

pH da solução esteja entre o pKa de ambos polissacarídeos (Lee et al., 1999). A Figura 1 

apresenta as mudanças estruturais do PEC geradas por alterações no pH de soluções de 

polieletrólitos de cargas opostas. Em baixos valores de pH, o polieletrólito catiônico 

apresenta alta densidade de carga, porém o polieletrólito aniônico está pouco ionizado e 

portanto, um baixo número de interações é observado. Em altos valores de pH, o 

polieletrólito catiônico apresenta baixa densidade de carga e novamente, pequena 

quantidade de interações é estabelecida. A faixa ideal de pH para formação do PEC é 

observada em valores intermediários de pH, onde ambos polieletrólitos encontram-se 

fortemente carregados com cargas opostas (Figura 1). 
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Figura 1. Representação esquemática do efeito do pH no grau de ionização dos polieletrólitos e 
consequente estrutura dos complexos. Adaptado de Berger et al. (2004). 

A ordem e razão de mistura dos polímeros também devem ser observadas durante 

a complexação (Fukuda & Kikuchi, 1978), assim como fatores característicos de cada 

polieletrólito, como a densidade de carga, massa molar, distribuição dos sítios ionizáveis 

ao longo da estrutura, flexibilidade, variação do estado conformacional, grau de ionização 

e de substituição do polímero (Bartkowiak & Hunkeler, 1999; Berger et al., 2004; Bhattarai 

et al., 2010; Etrych et al., 2005; Hamman, 2010; Ii'ina & Varlamov, 2005; Park et al., 

2010). 
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Quando os polieletrólitos são misturados em uma razão na qual há excesso de 

carga (tanto positiva, como negativa), um complexo não estequiométrico é formado, o 

qual normalmente é solúvel devido à repulsão eletrostática entre as partículas. Por outro 

lado, um complexo polieletrólito estequiométrico é formado quando há quantidades iguais 

de cargas opostas, ou seja, a carga final da partícula é neutra. Neste caso, os complexos 

são insolúveis, gerando precipitados (Berret, 2007; Kramarenko et al., 2006; Lima Vidal et 

al., 2005).  

A quitosana, o alginato, a carboximetilcelulose, a -carragena e a sulfato-dextrana 

são os polissacarídeos naturais mais estudados na formação dos complexos 

polieletróliticos (Argin-Soysal et al., 2009; Barck & Butler, 2005; Bartkowiak & Hunkeler, 

1999; Berger et al., 2004; Briones & Sato, 2010; Dev et al., 2010). Neste trabalho, 

estudou-se a formação de complexos entre a gelana e a quitosana, cujas características 

são detalhadas a seguir (seção 2 e 3). 

2. Quitosana 

A quitosana é um polissacarídeo catiônico derivado da quitina (Figura 2). 

 

 

 

 

 

Figura 2. Representação esquemática do processo de desacetilação da quitina e formação da 
quitosana. 

Ela apresenta uma estrutura linear muito semelhante à celulose (Berth et al., 

2002), sendo composta por três grupos funcionais reativos: um grupo amino na posição 
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C-2 (pKa  6,3 – 7,0) e grupos hidroxilas primários e secundários nas posições C-3 e C-6, 

respectivamente (Claesson & Ninham, 1992; Shahidi et al., 1999). Os grupos aminas, 

quando protonados, são potenciais sítios de ligações com outros compostos via 

interações eletrostáticas (Gomez et al., 2006). 

As propriedades da quitosana em solução dependem da sua massa molar, grau de 

desacetilação, pH e força iônica do meio. O grau de desacetilação típico de quitosanas 

comerciais varia entre 70 e 95% e a massa molar entre 10 e 1000 kDa (George & 

Abraham, 2006). A dimensão da cadeia de quitosana e seu volume hidrodinâmico 

dependem do caráter semi-rígido das cadeias, o que está relacionado ao grau de 

acetilação do polissacarídeo (Rinaudo, 2006). Quanto maior a desacetilação da cadeia, 

maior sua flexibilidade (Anthonsen et al., 1993; Pedroni et al., 2003). A configuração β -1,4 

confere à cadeia da quitosana seu aspecto rígido e carácter linear, enquanto que a 

abundância de grupos hidroxila (uma hidroxila primária e uma secundária) e o grupo 

amino altamente reativo explicam a tendência de formar ligações de hidrogênio intra e 

intermoleculares (Farris et al., 2011).  

Em solução, a quitosana se comporta como um polieletrólito “wormlike” (Payne & 

Raghavan, 2007) e seu comprimento de persistência é reportado como 4,2 nm para 

moléculas 15% acetiladas (Yamakawa & Fujii, 1974), 5 nm para moléculas com grau de 

acetilação entre 2 e 21% (Rinaudo et al., 1993) e 22 nm para moléculas 42% acetiladas 

(Terbojevich et al., 1991). O comprimento de persistência (Lp) pode ser obtido a partir da 

equação de Benoit-Doty que é valida para cadeias “wormlike” e monodispersas (equação 

1) (Benoit & Doty, 1953): 
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Onde RG é o raio de giro da molécula e L é o comprimento de contorno total da 

cadeia polimérica. 

Em valores de pH < 5,5, a forte repulsão eletrostática inter e intramolecular 

ocasionada pelos grupos amino protonados faz com que as moléculas de quitosana 

adotem uma conformação estendida o que resulta no aumento de sua solubilidade (Peng 

et al., 2010; Thongngam & McClements, 2004; Martínez et al., 2004) e torna sua estrutura 

mais rígida (Pa & Yu, 2001). Em valores de pH intermediários (4 – 6), o raio de giro da 

quitosana permanece relativamente constante (Schatz et al., 2003). Já em valores de pH 

acima de 6 ela perde suas cargas e tende a precipitar devido à desprotonação dos grupos 

amino (Claesson & Ninham, 1992; Thongngam & McClements, 2004) que diminui a 

repulsão eletrostática entre as moléculas e favorece as ligações de hidrogênio intra e 

intermoleculares (Figura 3).  

 

Figura 3. Representação esquemática das mudanças químicas induzidas pela redução de pH da 
solução de quitosana. Adaptado de Farris et al. (2011). 

A flexibilidade rotacional das moléculas de quitosana é relativamente grande para 

um polieletrólito (Claesson & Ninham, 1992) e aumenta com o aumento do grau de 

desacetilação do polissacarídeo (Pedroni et al., 2003). No entanto, detalhes sobre sua 
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conformação estrutural ainda não são bem conhecidos e os trabalhos publicados são 

contraditórios (Payne & Raghavan, 2007). Pedroni et al. (2003) sugerem que, em solução, 

as moléculas de quitosana se organizam em blocos de cadeias alongadas, interceptadas 

por agregados esféricos formados pela aglomeração da fração acetilada do 

polissacarídeo. Segundo eles, cadeias com alto grau de desacetilação apresentam 

conformação extendida devido à repulsão eletrostática entre os grupos –NH3
+. Já Vårum 

et al. (1991) propõem que a quitosana se organiza de forma enovelada. Tsaih e Chen 

(1997) afirmam que quando a quitosana apresenta massa molar igual ou superior a 223 

kDa sua estrutura é enovelada, enquanto massas molares iguais ou menores que 148 

kDa correspondem a moléculas com formato de bastão. No entanto, segundo os autores, 

a densidade de carga do polissacarídeo é muito mais relevante que sua massa molar. Em 

condições onde os grupos amino estão protonados, a repulsão eletrostática entre eles 

causa a expansão das cadeias, resultando em uma estrutura enovelada, enquanto que 

quando os grupos amino são neutralizados observa-se a compactação da estrutura.  

Quitosanas com 88% de desacetilação, quando em meio ácido e completamente 

ionizadas, apresentam 5,85 Å de distância entre os sítios iônicos ao longo da cadeia 

(Babak et al., 2000). 

O uso de quitosana como material de recobrimento de microcápsulas para 

liberação controlada de compostos tem recebido grande atenção após a descoberta de 

sua mucoadesividade. Estudos in vitro revelam que a quitosana tem a capacidade de 

aderir à mucosa gástrica de porcos, aumentando a absorção de compostos bioativos 

(Gåserød et al., 1998). O mecanismo principal de interação entre a quitosana e a mucosa 

são ligações eletrostáticas entre os grupos aminos positivos da quitosana e a camada 

mucosa negativamente carregada (mucina) (Deacon et al., 2000; Fiebrig et al., 1995; He 
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et al., 1998). O aumento da massa molar da quitosana resulta em maior adesão a esses 

tecidos (Lehr et al., 1992). 

Hidrogéis de quitosana são obtidos apenas por intermédio de agentes de ligação 

como tripolifosfato ou glutaraldeído (George & Abraham, 2006; Gomaa et al., 2010). No 

entanto, sua complexação com polissacarídeos aniônicos também pode resultar na 

formação de gel sem que seja necessário o uso de agentes reticulantes. Além disso, a 

complexação pode conferir às partículas maior resistência a baixos valores de pH, visto 

que a maior limitação do uso de hidrogéis de quitosana em sistemas de liberação 

controlada é a sua dissolução em baixos valores de pH, como os encontrados no 

estômago (~1,2). Dentre os polissacarídeos aniônicos, o alginato é o mais estudado para 

a formação de complexos (George & Abraham, 2006). Sua complexação com a quitosana 

é irreversível e se dá através de ligações iônicas entre os grupos –NH+
3 e –COO- da 

quitosana e do alginato, respectivamente (Bartkowiak & Hunkeler, 1999). Tal interação 

previne a dissolução dos complexos em baixos valores de pH. Além de melhorar a 

resistência das partículas à digestão, a formação de complexos permite modelar suas 

propriedades. Estudos revelam que a complexação entre a quitosana e o alginato reduz a 

porosidade de cápsulas de alginato, diminuindo a perda do bioativo encapsulado durante 

a armazenagem e o processo digestivo (Huguet et al., 1996; Sezer & Akbuga, 1999). 

O principal tipo de interação entre a quitosana e polissacarídeos aniônicos são as 

forças eletrostáticas atrativas entre os grupos amino catiônicos da quitosana e os grupos 

aniônicos do outro polieletrólito (Berger et al., 2004). No entanto, interações secundárias 

adicionais também podem ocorrer como ligações amida (Nge et al., 2002) e ligações de 

hidrogênio (Daly & Knorr, 1988; Taravel & Domard, 1995).  

Como a quitosana tem uma estrutura rígida, estéreo-regular e com volumosos 

anéis de piranose (Yao et al., 1997), a formação de complexos polieletrolíticos pode 
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al., 1995; Picone & Cunha, 2011; Yamamoto & Cunha, 2007). A resistência ao baixo pH 

confere à gelana um potencial uso como agente encapsulante, visto que um dos 

principais desafios nessa área é o desenvolvimento de um material de parede que ofereça 

proteção às severas condições de pH do estômago. 

Em solução aquosa (sol), a gelana apresenta repulsão eletrostática intra e 

intermolecular entre seus grupos carboxílicos laterais, o que impede tanto a formação 

quanto a agregação das hélices para a formação de gel. A gelificação de soluções de 

gelana pode ser induzida pela mudança da força iônica do meio, por alterações de pH, 

tratamento térmico ou aumento da concentração do polímero ( odr   ue -Hernández et 

al., 2003). Dois modelos são propostos na literatura para explicar a gelificação da goma 

gelana (Robinson et al., 1991), o fibroso e o de domínios. Eles são bem similares, mas 

diferem entre si na descrição dos agregados. O modelo mais comumente aceito é o de 

domínios, o qual sugere que a altas temperaturas, a gelana se apresenta em estado 

desordenado (cadeias simples) e na conformação enovelada. Assim, resfriando-se a 

solução em condições não gelificantes, os novelos se convertem reversivelmente em 

duplas-hélices (estado ordenado) e a associação dessas duplas-hélices por forças de van 

der Waals leva à gelificação macroscópica (transição sol – gel), como pode ser observado 

na Figura 5. Com a redução do pH e/ou na presença de cátions, conjuntos de dupla-

hélices se associam formando a rede de gel (Miyoshi et al., 1996; Nickerson et al., 2003; 

Robinson et al., 1991;  odr   ue -Hernández et al., 2003).  
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dois comportamentos distintos são relatados na literatura. Moritaka e colaboradores 

(1995) observaram que soluções de gelana acidificadas de forma direta com adição de 

HCl até pH 2 apresentam aspecto turvo e separação de fases que possivelmente estariam 

relacionados à hidrólise ácida das moléculas. Já Yamamoto e Cunha (2007) estudaram a 

acidificação indireta de soluções de gelana a partir da adição de GDL e obtiveram 

elevados valores de tensão de ruptura em sistemas formados em pH 2. Aparentemente, a 

acidificação indireta não provoca hidrólise das moléculas de gelana mesmo a baixos 

valores de pH. O decréscimo do pH também reduz a mobilidade das cadeias de gelana, 

facilitando a agregação e gelificação. Sabe-se que a redução do pH gera dissociação dos 

grupos carboxílicos laterais das moléculas de gelana, tornando-a um polieletrólito menos 

aniônico. A redução da repulsão eletrostática intermolecular favorece a formação de 

duplas-hélices pela associação de duas moléculas, com a presença de ligações de 

hidrogênio entre o ácido glucurônico de uma cadeia e a glicose e a ramnose de outra 

cadeia. Além disso, íons H+ se ligam à superfície das hélices individuais e diminuem sua 

densidade de carga, reduzindo a barreira eletrostática para a agregação das hélices e 

possibilitando a formação de “ onas de junção”. Interações secundárias, incluindo 

ligações de hidrogênio, ligam as cadeias às zonas de junção, o que resulta na gelificação 

macroscópica (transição sol – gel) (Giavasis et al., 2000; Horinaka et al., 2004; Ikeda et 

al., 2004; Kani et al., 2005; Kasapis et al., 1999; Lau et al., 2000; Mao et al., 1999; 

Moritaka et al., 1995; Nickerson et al., 2003; Ogawa et al., 2002;  odr   ue -Hernández et 

al., 2003). 

Segundo Dentini et al. (1988), em solução a gelana se comporta como um típico 

polieletrólito “wormlike”. Suas cadeias apresentam  rande ri ide  devido à estrutura 

volumosa intrínseca da molécula (Takahashi et al., 2004), porém seu tamanho não se 

altera inclusive em condições de baixa repulsão intramolecular (Horinaka et al., 2004). O 
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comprimento vertical das duplas hélices de gelana desacilada é reportado como 0,5 nm 

por “small-angle X-ray diffraction” (Yuguchi et al., 1999). Apesar de ser um polissacarídeo 

extensivamente estudado, sua complexação com outros polissacarídeos ainda é pouco 

conhecida. 

4. Surfactantes 

O termo “surfactante” é usado para desi nar moléculas relativamente pequenas, 

com ação superficial e características anfifílicas. Os surfactantes são compostos por uma 

cabeça hidrofílica e uma cauda hidrofóbica (Hasenhuettl, 2008; McClements, 2004; 

Myers, 2006), sendo que suas propriedades funcionais dependem das características de 

cada fração. O grupo hidrofóbico normalmente consiste de uma ou duas cadeias 

carbônicas contendo entre 10 e 20 átomos de carbono por cadeia. As cadeias carbônicas 

podem ser saturadas ou insaturadas, lineares ou ramificadas, alifáticas e/ou aromáticas, 

mas a maioria dos surfactantes alimentícios possui uma ou duas cadeias alifáticas 

saturadas ou insaturadas (McClements et al., 2009). Já a cabeça hidrofílica do surfactante 

pode ser catiônica, aniônica, zwitteriônica ou não-iônica. Os surfactantes alimentícios são 

predominantemente aniônicos (como os sais de ácidos graxos), zwitteriônicos (como a 

lecitina) ou não-iônicos (monoglicerídeos e polissorbatos como o Tween e o Span) 

(McClements et al., 2009). Enquanto surfactantes não-iônicos interagem com a fase 

aquosa via ligações dipolo e ligações de hidrogênio, surfactantes iônicos interagem 

também por ligações iônicas e covalentes. Portanto sistemas estabilizados por 

surfactantes iônicos são muito mais instáveis a alterações de força iônica e pH do meio 

que sistemas compostos por surfactantes não-iônicos (Narang et al., 2007). Devido a isso 

e à maior toxicidade dos surfactantes iônicos (como o dodecil sulfato de sódio (SDS) que 

possui carácter aniônico), o emprego de surfactantes não-iônicos, tais como polissorbatos 
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Tabela 1. Estrutura, massa molar e balanço hidrofílico-lipofílico (HLB) dos surfactantes 
não-iônicos mais comumente empregados em alimentos (Hait & Moulik, 2001).  

Nome 
comercial Estrutura Massa molar (Da) HLB 

Tween 20 Monolaurato de polioxietileno (20) de 
sorbitana 1227,54 16,7 

Tween 60 Monoestearato de polioxietileno (20) de 
sorbitana 1311,70 14,9 

Tween 80 Monooleato de polioxietileno (20) de 
sorbitana 1309,68 15,0 

Span 20 Monolaurato de sorbitana 346,46 8,6 

Span 40 Monopalmitato de sorbitana 402,56 6,7 

Span 60 Monoestearato de sorbitana 430,62 4,7 

Span 80 Monooleato de sorbitana 428,61 4,3 
O número 20 em parênteses se refere ao número total de grupos oxietileno presentes na molécula.  

 

Apesar das interações do surfactante com substâncias aquosas estarem 

relacionadas à característica da sua fração hidrofílica, de forma geral as interações do 

surfactante com outras moléculas do meio dependem da proporção entre sua parte 

hidrofílica e hidrofóbica, ou HLB (balanço hidrofílico-lipofílico). Este balanço é fundamental 

na determinação de suas propriedades, especialmente no caso de autoassociação de 

surfactantes não-iônicos (Hait & Moulik, 2001). Surfactantes com HLB > 10 são 

predominantemente hidrofílicos e são mais adequados para a dispersão de moléculas 

hidrofóbicas em meios aquosos que surfactantes com HLB < 10 (predominantemente 

hidrofóbicos) (Narang et al., 2007). 

Para surfactantes não-iônicos com grupos polietileno (como os Tweens) o HLB 

pode ser obtido pela equação 2 (Becher, 1967): 

(2) 

 

Desse modo, o HLB máximo de um surfactante não-iônico não substituído seria 20 

(Becher, 1967). Várias maneiras empíricas para a determinação de HLB são propostas na 

5

cos)(% hidrofíligruposdemol
HLB 
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literatura. Chun e Martin (1961) encontraram uma relação linear entre o HLB de agentes 

surfactantes e a tensão interfacial das amostras. As amostras foram compostas por 

soluções contendo 10% do agente surfactante e recobertas por tolueno antes da análise 

de tensão interfacial. Já Schulz et al. (1998) mediram o HLB de soluções de um 

biopolímero (quitosana 1% em ácido acético) pela comparação do diâmetro de uma gota 

de tolueno sobre a solução de quitosana, com o diâmetro obtido pelo gotejamento em 

soluções de mesma concentração de surfactante cujo HLB já era previamente conhecido.  

Como já comentado anteriormente, o HLB é essencial para a determinação do 

comportamento do surfactante em uma solução. No caso de surfactantes com alto HLB 

(maior que 10) adicionados a uma solução hidrofílica, a tendência é que ele se mantenha 

na interface água-ar com a fração hidrofóbica voltada para a parte externa à solução e a 

parte hidrofílica envolta na fase aquosa, reduzindo dessa maneira a tensão interfacial 

água-ar. Com o aumento da concentração de surfactante em solução, a tensão interfacial 

tende a se reduzir até que o filme de surfactante na interface seja rompido pela migração 

de parte do surfactante para o corpo da solução, este ponto é denominado concentração 

micelar crítica (CMC). A CMC dos polissorbatos 20 e 80 é 0,07% e 0,015% (m/v), 

respectivamente (Cottrell & Peij, 2007). 

Devido à forte repulsão eletrostática entre a fração hidrofóbica do surfactante e a 

solução aquosa, as moléculas surfactantes tendem a se auto-organizar formando 

estruturas termodinamicamente estáveis denominados colóides de associação, com 

dimensão média entre 1 nm e 1 µm (Figura 7). O tipo de estrutura formada (Figura 7) 

depende de diversos fatores como a estrutura e concentração do surfactante, a 

composição do meio aquoso e a temperatura (McClements et al., 2009) e pode ser 

estimada a partir do parâmetro de empacotamento (P) do surfactante (equação 3) (Myers, 

2006): 
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la
P





                                                              (3) 

onde  e l são o volume e o comprimento da fração hidrofóbica, respectivamente, e 

a é a área ocupada pelo grupo hidrofílico do surfactante.  

 

Figura 7. Parâmetros de empacotamento, estrutura geométrica dos surfactantes e respectivas 
estruturas dos agregados formados. Adaptado de Holmberg et al. (2003). 
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A formação dessas estruturas vem sendo estudada por diversas técnicas, 

incluindo condutivimetria (Zhai et al., 2005), microscopia de luz polarizada (Varade et al., 

2007), reologia (Zhao et al., 2011), espalhamento de luz (Herve et al., 1993; Tomašić et 

al., 2005) e de raio-X (Sagar et al., 2007; Varade et al., 2007), calorimetria (Nibu et al., 

1997), fluorescência, espectroscopia, espectrofotometria e ressonância magnética nucelar 

(NMR) (Hait & Moulik, 2001).  

Fases isotrópicas, como as fases micelares e cúbicas são límpidas e 

transparentes e não apresentam birrefringência quando observadas por microscopia de 

luz polarizada (Holmberg et al., 2003; Lawrence, 1994). No entanto, a fase micelar 

apresenta baixa viscosidade, enquanto a fase cúbica é extremamente viscosa (Lawrence, 

1994). Já estruturas anisotrópicas como os cristais líquidos apresentam birrefringência e 

possuem aspecto opaco e/ou translúcido. A fase hexagonal é menos viscosa que a fase 

cúbica, mas é consideravelmente mais viscosa que a lamelar (Holmberg et al., 2003; 

Lawrence, 1994). 

5. Interações polímero – surfactante 

A presença de um polímero pode alterar significativamente a agregação de 

surfactantes, aumentar a estabilidade térmica das estruturas formadas e ampliar a faixa 

de concentração da fase micelar (Chevalier & Zemb, 1990). 

Quando o polieletrólito e o surfactante apresentam cargas opostas, uma forte 

associação cooperativa entre ambos é observada enquanto interações mais fracas são 

observadas entre polímeros não-iônicos e surfactantes iônicos (Sarrazin-Cartalas et al., 

1994). Interações entre polímeros iônicos e surfactantes não-iônicos são reportadas em 

casos em que há uma expressiva quantidade de ligações de hidrogênio entre ambas 

moléculas (Saito & Taniguch, 1973). Os mecanismos de interação entre essas moléculas 



Capítulo 2 

29 

 

não é completamente compreendido, mas sabe-se que interações hidrofóbicas também 

são de grande importância. A associação de polímeros e surfactantes é fortalecida 

quando o polímero possui uma fração de grupos fortemente hidrofóbicos que tendem a 

interagir com a cauda hidrofóbica do surfactante (Diab et al., 2007). Em alguns casos, as 

interações hidrofóbicas se sobrepõem inclusive à repulsão eletrostática entre 

polieletrólitos e surfactantes de mesma carga, levando à associação dos mesmos 

(Sarrazin-Cartalas et al., 1994). Polímeros com características estruturais específicas 

também podem apresentar maior afinidade por surfactantes neutros (Diab et al., 2007) 

como, por exemplo, o ácido poliacrílico (PAA) que se associa à cabeça polar de 

surfactantes neutros através de ligações de hidrogênio (Ladhe et al., 2006).  

As interações entre polímeros e surfactantes dependem de vários fatores como a 

concentração e razão molar entre os componentes, a força iônica da solução, a natureza 

do solvente, temperatura, presença de aditivos (Barreiro-Iglesias et al., 2003; Tomašić et 

al., 2005; Tsianou & Alexandridis, 1999) e características específicas inerentes ao 

polieletrólito e ao surfactante como o carácter iônico de ambos, a hidrofobicidade do 

polímero e da cauda apolar do surfactante (Marques et al., 1999; Rosen et al., 1998), a 

conformação estrutural e flexibilidade do polímero (Barreiro-Iglesias et al., 2003; Ritacco 

et al., 2000), a massa molar do polímero e sua densidade de carga e o comprimento da 

cadeia hidrofóbica do surfactante (Goddard, 2002; Holmberg et al., 2003; Pepić et al., 

2009; Taylor et al., 2007). 

Na presença de um polímero, a associação de surfactantes induzida pelo aumento 

de sua concentração ocorre de maneira distinta que em meios aquosos puros. Ao migrar 

para o corpo da solução, as moléculas de surfactante tendem a interagir primeiramente 

com os sítios de ligação do polímero por interações hidrofóbicas e/ou eletrostáticas, caso 

ambos tenham cargas opostas, formando complexos polímero-surfactante. A 
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concentração mínima de surfactante em que essa interação se inicia é denominada 

concentração de agregação crítica (CAC), a qual é utilizada como uma medida da força 

de interação entre polímero-surfactante (Kong et al., 2007). Com o aumento da 

concentração de surfactante, atinge-se o ponto de saturação do polímero, denominado 

PSP (Silva et al., 2011). Somente após este ponto é que as moléculas de surfactante irão 

se autoassociar em micelas. Portanto, a CMC em sistemas contendo polímeros é 

observada em maiores concentrações de surfactante. O aumento da quantidade de 

átomos de carbono da cauda hidrofóbica do surfactante aumenta a quantidade de 

interações hidrofóbicas e consequentemente o valor da CAC, ocasionando mudanças na 

estrutura dos complexos formados (Kogej et al., 2001; Thunemann, 2002).  

Diferentes mecanismos de interação são propostos para sistemas polímero-

surfactante. Barreiro-Iglesias et al. (2003) sugerem que as interações dependem da 

proporção de cada componente (Goldraich et al., 1997; Guerrini et al., 1998). Abaixo da 

concentração de agregação crítica (CAC) não ocorre nenhuma interação expressiva entre 

ambas moléculas. Entre a CAC e a CMC, se a concentração de polímero é menor que a 

concentração de agregação, a adição de surfactante irá favorecer interações 

intrapoliméricas (cada agregado envolvendo apenas uma molécula), o que causará o 

enovelamento da cadeia do polímero e a redução da viscosidade da solução (Goddard, 

1993). Para concentrações de polímero maiores que a concentração de agregação, o 

surfactante age como uma ponte de ligação entre diferentes cadeias poliméricas 

(complexação interpolimérica), promovendo a formação de uma estrutura tridimensional e 

o aumento da viscosidade. Acima da CAC o surfactante forma micelas que solubilizam as 

regiões hidrofóbicas do polímero, reduzindo a quantidade de interações interpoliméricas e 

consequentemente, a viscosidade do sistema (Hansson & Lindman, 1996).  



Capítulo 2 

31 

 

Já Groot (2000) sugere que a adsorção de surfactantes em polímeros pode ocorrer 

de duas maneiras: a adsorção pode ocorrer ao longo de toda a cadeia do polímero, ou na 

forma de micelas. O primeiro mecanismo acontece quando a interação polímero-

surfactante ocorre predominantemente devido a interações hidrofóbicas entre a cauda do 

surfactante e sítios hidrofóbicos do polímero. A adsorção na forma de micelas é 

observada quando a interação polímero-surfactante ocorre predominante pela fração 

hidrofílica do surfactante. Neste caso, o tamanho das micelas diminui com o aumento da 

quantidade de sítios hidrofóbicos do polímero (Groot, 2000).  

A interação da quitosana com surfactantes aniônicos acontece através de 

interações eletrostáticas de forte intensidade (Onesippe & Lagerge, 2008; Thongngam & 

McClements, 2005). Já as interações entre a quitosana e surfactantes não-iônicos são de 

natureza fraca como associação íon-dipolo, ligações de hidrogênio e interações 

hidrofóbicas (Goddard, 2002; Taylor et al., 2007). Complexos quitosana - ésteres de 

sorbitana, por exemplo, são formados por ligações de hidrogênio entre os grupos 

carboxílicos e hidroxilas do éster de sorbitana e aminas, íons amônio e grupos hidroxilas 

da quitosana. Além disso, interações hidrofóbicas entre a cauda apolar do éster e sítios 

hidrofóbicos da quitosana são de grande relevância (Grant et al., 2006). Apesar das 

interações entre a quitosana e ésteres de sorbitana serem conhecidas (Grant et al., 2006; 

Grant et al., 2008), não existem estudos sobre seu comportamento frente a outros 

surfactantes não-iônicos utilizados em alimentos, como os polissorbatos. 
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Abstract 

The effect of pH (3.5, 5.3 and 7.0) on the formation of deacylated gellan gels was 

studied using oscillatory shear measurements and microcalorimetric trials in heating-

cooling cycles at 1 °Cmin-1. In addition, the mechanical properties and structure of the 

gels formed at the different pH values were evaluated by uniaxial compression and 

scanning electron microscopy, respectively. An increase in pH led to an increase in 

temperature and decrease in enthalpy of the coil-helix transition. These results were 

attributed to a decreased formation of junction zones at higher pH values due to greater 

electrostatic repulsion between the gellan molecules. As a consequence, gels formed at 

neutral pH were more fragile and deformable than acid gels. All the samples showed 

thermo-reversible rheological behavior, presenting the same rheological properties at 20 

°C, before and after heating to 90 °C.  

Keywords: gellan gum, acidification, rheology, coil-helix transition  

1. Introduction 

Gellan gum is a linear anionic heteropolysaccharide produced by Sphingomonas 

elodea (Nishinari, 1999), which has been a subject of interest since its discovery in 1980 

due to its ability to form transparent gels even at low concentrations (Rodriguez-

Hernandez, Durand, Garnier, Tecante & Doublier, 2003). In addition, traditional gelling 
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agents such as agarose and carrageenan show reduced gelling capacity at low pH, 

whereas gellan gum can form strengthened gels (Moritaka, Nishinari, Taki & Fukuba, 

1995; Yamamoto & Cunha, 2007).  

As with other polysaccharides, gellan molecules undergo a coil to double-helix 

transition with decreasing temperature, which may lead to gel formation depending on the 

ionic strength and pH of the solution. The gelation process is known to consist of two steps 

(Milas & Rinaudo, 1996). Firstly the gellan coil molecules form double helices with the 

reduction in temperature, and secondly, these helices aggregate forming junction zones, 

resulting in system gelation (Yuguchi, Urakawa & Kajiwara, 1997). In water, at low ionic 

strength and neutral pH, aggregation of the helices is impeded by the electrostatic 

repulsion between negatively charged carboxylic groups on the gellan. The addition of salt 

or reduction in pH decreases intermolecular repulsion between the helices enhancing 

junction zone formation and consequently, the gel strength (Funami et al., 2008; 

Yamamoto & Cunha, 2007). The role of salt ions in gel formation has been widely studied 

(Fukada, Takahashi, Kitamura, Yuguchi, Urakawa & Kajiwara, 2002; Funami et al., 2008; 

Milas & Rinaudo, 1996; Miyoshi, Takaya & Nishinari, 1996; Moritaka, Nishinari, Nakahama 

& Fukuba, 1992; Moritaka, Nishinari, Taki & Fukuba, 1995). In the presence of salt ions, 

the gelling and melting temperatures of gellan gels shift to higher temperatures and the 

number of junction zones is enhanced. This makes the gel more heat resistant and leads 

to an increase in the gel elastic modulus and rigidity. However, only a small number of 

studies (Horinaka, Kani, Hori & Maeda, 2004; Mao, Tang & Swanson, 1999; Moritaka, 

Nishinari, Taki & Fukuba, 1995; Yamamoto & Cunha, 2007) was concerned about the 

effect of pH on the gel properties. The aim of the present work was to study the effect of 

pH on the gellan coil-helix transition using rheological and calorimetric techniques, so as to 

evaluate any influence on the mechanical and structural properties of the gels. 



Capítulo 3 

47 

 

2. Material and methods  

2.1. Material 

Deacylated gellan gum powder (Kelcogel F) (3.42 % w/w moisture content) was 

kindly donated by Kelco Biopolymers (San Diego, CA). The ions content of the gellan, as 

determined by Inductively Coupled Plasma (ICP) Emission Spectroscopy (Perkin Elmer – 

Optima 3000 DV, Waltham, MA, USA) was (% w/w): K+ = 4.13, Na+ = 0.43 and Ca2+ = 

0.18. The stoichiometric equivalence to the carboxyl groups for 1.5 % (w/w) gellan solution 

was (%): K+ = 38.36, Na+ = 6.52 and Ca2+ = 3.74. Lactic acid was purchased from Merck 

(Germany). 

2.2. Preparation of the gellan solutions 

The solution of 1.5 % w/w gellan gum was prepared by stirring the gellan powder in 

deionized water at 80 °C for 30 minutes in a jacketed vessel. The pH was adjusted to 7.0  

0.2 and 3.5  0.2 by the addition of 0.02 M NaOH or 0.2 M lactic acid, respectively. 

Solutions at the natural pH (5.3  0.2) were also evaluated. The content of Na+ ions added 

was much lower than the ion content of the raw material. The content of K+ was kept 

constant since gellan concentration was the same for all the samples. The potassium 

concentration in the raw material probably contributed to a partial network formation, but 

not for the further differences observed in rheological and DSC thermal behaviour between 

the samples.  

For the thermal and rheological measurements, the solutions were analyzed just 

after preparation at 80 °C. For the analyses of the mechanical properties and 

microstructure, the gellan solutions were poured into cylindrical plastic tubes previously 

lubricated with silicon oil (21 mm inner diameter x 21 mm height) and Petri dishes, which 
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were cooled to 10 oC in an ice bath. The gels were then maintained at the same 

temperature (10 oC) for 24 hours in order to assure complete gel formation.  

2.3. Oscillatory rheology 

The rheological behavior of the samples was evaluated by oscillatory shear 

measurements in a stress-controlled rheometer (Carri – Med CSL² 500, TA Instruments, 

UK) equipped with a stainless steel cone and plate geometry (cone angle = 1.59°; cone 

diameter = 60 mm). The samples were transferred onto the rheometer plate (which was 

preheated at 60 °C) immediately after the heat treatment, and were then quickly heated to 

90 °C using a Peltier unit. To avoid sample evaporation, the cone and plate was 

surrounded by a fine layer of silicon oil. The samples were then homogenized by pre-

shearing at 100 s-1 for 2 minutes and allowed to rest for 5 minutes prior to the 

measurements. As the samples were totally liquid at such temperature, no rim instability or 

structure damage was observed in the samples. Three sweeps (cooling-heating-cooling) 

were carried out between 20 and 90 °C at 1 °Cmin-1, 0.1 Hz and 0.5 Pa. Changes in the 

slope of complex viscosity vs temperature curves were maximized from the derivation of 

the data using the Savitzky & Golay filter (Savitzky & Golay, 1964). The temperatures of 

rheological transitions were determined by the maxima in the (absolute) slope of log (*). 

The contribution of the elastic (G’) and loss (G”) moduli on these rheological changes were 

evaluated by tan  (G”/G’). The gel point was determined using the criterion of crossover 

between the G’ and G” (Yamamoto & Cunha, 2007). 

2.4. Thermal behavior 

The thermal behavior of samples was measured using a VP-DSC (MicroCal, 

Northampton, MA) calorimeter equipped with twin 0.542 ml cells for the reference and 

sample solutions. The samples were loaded at 60 °C and heated to 90 °C before the test. 
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Four repeated heating-cooling cycles between 5 and 90 °C were carried out at 1 °Cmin-1. 

The reference thermogram was recorded under the same conditions by filling both cells 

with water. The transition temperature (Tpeak) was determined as the temperature of the 

maximum peak, whereas the enthalpy was calculated from the area enclosed by the peak 

and the baseline.  

2.5 Compression testing 

The mechanical properties of the gels at the different pH values were determined 

by uniaxial compression measurements in a TA-XT Plus Texture Analyser (Stable 

Microsystems Ltd., Surrey, England), equipped with a 40 mm diameter cylindrical acrylic 

plate lubricated with silicon oil to minimize friction between the sample and the probe. The 

gels were compressed to 80 % of their original height at 10 °C, using a crosshead speed 

of 1 mm/s.  

Hencky stress (H) and strain (H) were calculated from the force-deformation data 

according to Eqs. (1) and (2), respectively (Steffe, 1996): 
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Where F(t) is the force at time t, A0 and H0 are the initial sample area and height, 

respectively, and H(t) is the height at time t. 

The stress (R) and strain (R) at fracture were obtained from the maximum point of 

the stress-strain curve, while the Young’s modulus () was the slope of the initial linear 

region of this curve (up to 1 % of deformation). 
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2.6 Scanning electron microscopy 

Pieces of gel (approximately 10 mm x 2 mm x 2 mm) were fixed overnight in 2.5 % 

glutaraldehyde in cacodylate buffer (0.1 M) at pH 7.2. After rinsing in cacodylate buffer (0.1 

M), the samples were fractured in liquid nitrogen, followed by another rinse with cacodylate 

buffer. The fractured samples were post fixed overnight in 1 % buffered osmium tetroxide 

and then dehydrated in a graded ethanolic series (30, 50, 70, 90 and 100 % v/v). In order 

to avoid structural damage, the samples were dried at the CO2 critical point (Balzers 

Critical Point Dryer CPD03) and then mounted on aluminum stubs and coated with gold in 

a SCD 050-Balzer Sputter Coater. At least three images of typical structures were 

recorded at a magnification of 1.000x using a JEOL JSM 5800 LV (Tokyo, Japan) 

microscope operating at 10 kV. 

2.7. Statistical analyses 

The results were evaluated from triplicates of each sample, using the analysis of 

variance (ANOVA). The significant differences (p < 0.05) between different samples were 

determined by the Tukey procedure, using the software STATISTICA 5.5 (Statsoft Inc., 

Tulsa, USA).  

3. Results  

3.1. Thermal scanning rheology 

Figure 1 shows the rheological behaviour of sample during heating-cooling cycles. 

The main points were obtained within the linear viscoelastic region of samples (with no 

structural damage), except by the points at high temperatures (low viscosity and non gel 

formation). As the measurements were carried out using stress controlled operation mode 

and the sample showed great changes in viscosity and elasticity values, part of the test 

would certainly be out of linear viscoelastic range. However, it did not damaged the 
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sample structure, since in such case the transition temperatures during cooling and G’ G” 

crossover should be lower than that determined by DSC, and it did not occur.  

A single increase in complex viscosity was observed during cooling (Figure 1), 

which reflected in a decrease in tan () values. Such phenomenon occurred at slightly 

higher temperatures as the pH increased (Table 1), but the gel point temperature (Table 2) 

did not vary with the pH in both two cooling cycles. Such temperatures are in agreement 

with the results obtained by Miyoshi, Takaya and Nishinari (1996). 
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Figure 1. Complex viscosity () and tan () in heating – cooling cycles (20 – 90 °C) of gellan gum 
1.5 % (w/w) at different pH values: (A) and (B) pH 3.5; (C) and (D) pH 5.3; and (E) and (F) pH 7.0.   
(        )  transition temperatures on cooling; (         ) transition temperatures on heating. I. First 
cooling, II. Heating, III. Second cooling. The inset shows the method used to determine the 
transitions. 
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Table 1: Transition temperatures of the complex viscosity changes for 1.5% (w/w) 
gellan solutions at pH 3.5, 5.3 and 7.0 during consecutive cooling – heating cycles.  

 
 
 
 
 
 
 
 
 

(F(17,36)=1915.3, p= 0.00). Different capital letters in the same row and small letters in the 

same column mean statistically significant differences (p<0.05).  

However, different complex viscosity profiles were observed on heating, depending 

on the pH (Figure 1) and relevant hysteresis. Hysteresis is identified as the difference 

between the ascending (sol to gel transition) and descending (gel to sol transition) curves 

(Funami et al., 2008). All the curves of * presented four slope changes, some of which 

were very pronounced and others not so easy to identify (Table 1 and Figure 1). At pH 3.5, 

the increase in temperature led to a decrease in complex viscosity from 3000 Pas (at 20 

°C) to 0.01 Pas near 80 °C. At such pH value, the first transition occurred at a 

temperature below 30 °C and the last one at 70 °C (temperature variation of about 40 °C) 

(Table 1 and Figure 1). Increasing the solution pH to 5.3, the first two transitions occurred 

at higher temperatures than at pH 3.5 whilst the others were observed at lower 

temperatures. The same tendencies were observed at pH 7.0 (Table 1, Figure 1). Slope 

changes in the determination of the rheological properties during the thermal scanning 

analysis were previously reported by Miyoshi, Takaya and Nishinari (1996), who studied 

the effect of gellan concentration on the rheological properties of gellan gum solutions 

prepared without variation in pH. They observed only two different slope changes, which 

were attributed to the helix-coil transition followed by the sol-gel transition.  

 

  Transition Temperature (°C) 
 Transition pH 3.5 pH 5.3 pH 7.0 

Cooling I 1st 31.4 ± 0.5Aa 33.6 ± 0.9Ba 34.2 ± 0.6Ca 
Heating 1st 28.1 ± 0.3Ab 29.9 ± 0.6Bb 32.8 ± 0.6Ca 
Heating 2nd 40.1 ± 0.8Ac 43.3 ± 0.5Bc 43.3 ± 0.6Bb 
Heating 3rd 58.6 ± 0.3Ad 57.2 ± 0.2Bd 56.7 ± 0.3Cc 
Heating 4th 70.1 ± 0.5Ae 64.7 ± 0.8Be 64.1 ± 0.3Bd 

Cooling II 1st 31.4 ± 0.5Aa 33.4 ± 0.8Ba 34.1 ± 0.5Ba 
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Table 2: Temperatures of G’ and G” crossover for 1.5% (w/w) gellan solutions at 
pH 3.5, 5.3 and 7.0 during consecutive cooling – heating cycles.  

 
 
 
 
 

There is no statistically significant differences between the means (F(5,12)=1.76, p= 

0.20)). 

Overall the tan  showed a decrease around 33 °C on heating which was more 

pronounced at higher pH values. Such decrease was associated to the higher G” 

depression as compared to G’. Above 60 °C tan  increased abruptly, due to the sharp 

decrease of G’ (Figures 1 B, D and F). The hysteresis between the cooling and heating 

scans (Figure 1) decreased as the pH increased, suggesting that a more lightly cross-

linked network was formed with a smaller number of aggregated helices. Previous findings 

related the increase in hysteresis to the decrease in acyl content of the gellan gum 

molecules and the presence of gel-promoting cations, which enhance molecular 

associations (Funami et al., 2008; Gunning, Kirby, Ridout, Brownsey & Morris, 1996; 

Morris, Kirby & Gunning, 1999). In the present case, the gellan gum used was totally 

deacylated (NutraSweet, 1996), and thus the changes in hysteresis were associated with 

interactions promoted by lower pH values and the cations presence. As well as the effect 

of cation addition, the reduction in pH increased the concentration of positive ions in 

solution, screening electrostatic repulsion between helices and favoring helix-helix 

association by way of hydrogen bonds, resulting in an increase in thermal stability or 

hysteresis of the samples.  

3.2. DSC 

Figure 2 shows the DSC thermograms of the samples at different pH values. The 

number of peaks remained the same after consecutive cooling – heating cycles. The 

 Onset Temperature (°C) 
 pH 3.5 pH 5.3 pH 7.0 

Cooling I 32.4 ± 0.7 33.3 ± 0.5 33.5 ± 0.3 

Cooling II 32.9 ± 0.6 33.4 ± 0.7 34.0 ± 0.5 
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cooling curves showed a single exothermic peak for all pH values, whilst up to four 

endothermic peaks were observed on the heating curves. These results were in good 

agreement with those obtained by Moritaka, Nishinari, Taki and Fukuba (1995) and 

Tanaka and Nishinari (2007). The first endothermic peak appeared in the same 

temperature range as the exothermic peak observed on cooling, but it was significantly 

smaller and became larger with the increase in the pH value (Figure 2). An overlap of 

endothermic peaks was detected around 33 – 50 °C, which became broader as the pH 

decreased, making it impossible to determine all the peak temperatures and enthalpies at 

pH 3.5. Two more peaks were detected on heating at higher temperatures, which shifted 

to lower temperatures as the pH increased. The second endothermic peak also shifted to 

lower temperatures as the pH increased from 5.3 to 7.0, but the opposite tendency was 

observed with the first peak. Table 3 shows an increase in the first peak temperature of 

about 3 °C and Table 4 a strong increase in enthalpy when the pH changed from 3.5 to 

7.0. In the same way, the temperature of the exothermic cooling peaks also increased as 

the pH rose, but no significant changes in enthalpy were observed (Table 4). For all the 

samples, the sum of the endothermic enthalpy values was slightly lower than the enthalpy 

of the single exothermic peak observed on cooling (Table 4), especially at the lowest pH. It 

suggests that the second peak may be partially overlapping the first peak making it difficult 

to establish the baseline for integration of each peak. Indeed the first peak became 

broader and presented a reduced enthalpy at lower pH values. Moreover, the small peaks 

observed at pH 3.5 hinder the establishment of the baseline, which probably masked some 

part of total enthalpy associated to the thermal transitions.  
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Table 3: Peak temperatures of thermograms for 1.5% (w/w) gellan solutions at pH 
3.5, 5.3 and 7.0 during consecutive cooling – heating cycles.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Different capital letters in the same row and small letters in the same column mean statistically significant differences 

(p<0.05). F (27,56) = 19,000; p = 0.00. 

Overall, peak temperatures showed good agreement with the temperature 

transitions observed on rheological tests (Table 1 and 3), despite of the different thermal 

history of both measurements.  

Table 4: Enthalpy values for 1.5% (w/w) gellan solutions at pH 3.5, 5.3 and 7.0 
during consecutive cooling – heating cycles. Negative sign means exothermic transition. 

 

 

 

 

 

 

Different capital letters in the same row and small letters in the same column mean statistically significant differences 

(p<0.05). F (27,56) = 505,7; p = 0.00. 

 
 

 Peak Temperature (°C) 
  pH 3.5 pH 5.3 pH 7.0 

Cooling I 30.29 ± 0.25Aª 31.26 ± 0.28Bª 31.70 ± 0.04Bªe 
Heating I Peak1 28.45 ± 0.09Ab 30.78 ± 0.15Bªb 31.57 ± 0.01Cªe 
Heating I Peak2 - 40.72 ± 0.05Ac 39.83 ± 0.28Bb 
Heating I Peak3 58.80 ±0.17Ac 57.13 ±0.19Bd 56.33 ± 0.00Cc 
Heating I Peak4 68.79 ± 0.30Ad 64.85 ±0.19Be 64.05 ± 0.00Cd 
Cooling II 30.35 ± 0.18Aa 31.41±0.27 ABaf 31.77 ±0.07Bae 
Heating II Peak 1 28.14 ± 0.10Ab 30.63 ± 0.12Bbf 31.39 ± 0.07Ca 
Heating II Peak 2 - 40.81 ± 0.06Ac 40.17 ± 0.46Ab 
Heating II Peak 3 58.75 ± 0.17Ac 56.98 ± 0.17Bd 56.41 ± 0.08Bc 
Heating II Peak 4 69.00 ± 0.30Ad 64.88 ± 0.26Be 64.27 ± 0.05Bd 

 Peak Enthalpy (kJ/g) 
  pH 3.5 pH 5.3 pH 7.0 

Cooling I -13.52 ± 0.83Aª -12.03 ± 1.10Aª  -12.44 ± 0.36Aª 
Heating I Peak1  3.07 ± 0.25 Ab 6.60 ± 0.46Bb 6.86 ± 0.14Bb 
Heating I Peak2   - 2.63 ± 0.26Ac 3.38 ± 0.65Ac 
Heating I Peak3  2.24 ± 0.10Ac 0.96 ± 0.52Bd 0.67 ± 0.03Bd 
Heating I Peak4  0.73 ± 0.13Ad 0.26 ± 0.03Bd 0.32 ± 0.01Bd 
Cooling II -12.83 ± 0.47Aª  -11.64 ± 0.06Aª  -12.94 ± 0.22Aª 
Heating II Peak 1 2.75 ± 0.13Abe 6.59 ± 0.65Bb 6.72 ± 0.14Bb 
Heating II Peak 2 - 2.79 ± 0.34Ac 3.41 ± 1.31Ac 
Heating II Peak 3 2.04 ± 1.24Ace 0.68 ± 0.03Bd 0.73 ± 0.02Bd 
Heating II Peak 4 0.57 ± 0.01Ad 0.26 ± 0.03Bd 0.33 ± 0.00Bd 
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3.3. Compression testing  

The uniaxial compression results showed an increase in gel hardness and elasticity 

as the pH decreased (Figures 3 and 4 A and C), in agreement with the results obtained by 

Yamamoto and Cunha (2007). As the pH increased, so the curves became broader 

(Figure 3) and the rupture stress of the gels at pH 3.5 was more than twice that obtained at 

the other pH values (Figures 3 and 4). However, the deformation at fracture or 

deformability showed the opposite tendency (Figures 3 and 4B). The strain at fracture of 

the gels at pH 3.5 and 5.3 were statistically the same, and both were lower than that at pH 

7.0. After the rupture point, the curves presented squelching of the samples. In this region, 

the gels at pH 3.5 showed a number of small fractures, which decreased as the pH 

increased. 

 

 

 

 

 

 

 

Figure 3: Typical strain – stress curves for 1.5% (w/w) gellan gels at pH 3.5, 5.3 and 7.0. 
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typical of gellan gum networks (de Jong & van de Velde, 2007; Picone & Cunha, 2010; 

Yamamoto & Cunha, 2007). Acidification seemed to close the pore network. The gels at 

pH 7.0 presented a flat and closed network, while those at pH 5.3 were more continuous 

and with fewer pores (Figure 5). At pH 3.5 the network was even more continuous and 

with smaller pores, which were homogeneously distributed throughout the structure 

(Figure 5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. SEM micrographs of 1.5% (w/w) gellan gum gels at pH 3.5, 5.3 and 7.0. Scale bar = 10 
m. 
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4. Discussion 

The gelation of gellan is known to occur during cooling by way of the coil - helix 

conformational transition followed by an association between the helices, resulting in 

network formation. Independently of pH, the complex viscosity of the gellan solutions 

increased in a single step during the cooling ramp (Figure 1), and their transition 

temperatures were similar to the gel point. This suggests that as soon as the helices were 

formed, the sol-gel transition took place due to molecular association. The gelation 

process occurred in a single step, as confirmed by the DSC results in which a single 

exothermic peak was observed (Figure 2). The rheological and DSC results suggested 

that such phenomena occurred at slightly lower temperatures at acid pH values (Tables 1 

and 3), which was attributed to the more compact and denser gel structure formed at pH 

3.5 (Figure 5), requiring more time and energy to complete the network formation. 

Hysteresis between the cooling – heating rheological scans was also more pronounced at 

lower pH, which could be associated with the greater stability of the aggregated helices 

formed under acid conditions, as compared with the isolated double helices. Moreover, 

hysteresis was previously reported to be related to the continuousness and homogeneity 

of the gel network structure (Funami et al., 2008), which was confirmed by the more 

continuous and less porous structure observed at pH 3.5 (Figure 5). 

All the samples showed thermo-reversible behavior, since the gel point values were 

statistically the same after heating and re-cooling, independent of the sample pH value 

(Table 2). However the calorimetric measurements showed differences in peak shape, 

temperature and enthalpy (Figure 2), whilst different hysteresis and slopes were observed 

at similar temperatures in the thermal rheological scans (Figure 1) according to the pH 

values of the samples. Besides of the different thermal history between the rheological and 

DSC measurements, the transition temperatures obtained from both techniques showed a 
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good agreement on cooling and heating, especially at high temperatures. If such 

difference had affected the structure formation, it would be expected an increase in 

transition temperatures of DSC measurements as compared to rheological tests. As it did 

not happened, we considered that the difference in thermal history caused by the 

decrease up to 5 or 20 °C (with no holding time) did not affect significantly the observed 

transitions and that the applied shear fields of rheological tests were not strong enough to 

affect the thermally induced structural changes. 

Overall, all the samples showed four peaks in the rheological and DSC scans 

(Figure 1 and 2), and some authors have suggested that these peaks can be related to the 

presence of junction zones of different thermo stability (Moritaka, Nishinari, Taki & Fukuba, 

1995; Nishinari, 1997). We believe that the first transition on heating (larger peak) 

corresponded to the melting of non aggregated helices. The enthalpy values increased 

with increasing pH, indicating that more helices remained non-aggregated and less 

junction zones had been formed, considering that the electrostatic repulsion between 

gellan carboxyl groups tended to increase. Such a phenomenon was observed in both 

techniques at similar temperatures (Figure 1, Table 1). This assumption was confirmed by 

tan  results that showed a decrease near 30 °C, because of the decrease in G” (decrease 

of non aggregated helices density). 

The second transition was, in fact an overlapping of peaks resulting from the break 

of double helix structures. The other peaks observed were related to the melting of these 

aggregated helices and disruption of junction zones with different thermo stabilities 

(Figures 1 and 2) formed by the presence of different ions and varied H+ ions content. The 

enthalpy and temperature of such peaks decreased with increasing pH (Tables 3 and 4), 

since less intermolecular interactions were established at higher pH values. As a 

consequence, slope changes of the complex viscosity as a function of temperature were 
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also observed at similar temperatures (Table 1). This occurred because the double helical 

gellan molecules have a higher relative viscosity than the more flexible disordered form, as 

previously reported by Lee and Brant (2002) for xanthan, a polysaccharide presenting a 

similar conformational transition (helix-coil).  

The higher values for complex viscosity observed at lower pH values and 20°C, 

resulting from greater molecular association, reflected directly on the gel mechanical 

properties and microstructure (Figures 3 and 4). During the uniaxial compression 

measurements the force applied was better distributed along the network structure of the 

acid gels, showing higher stress at fracture and elasticity modulus values (Figure 4 A and 

C). However, since the network was more compact, the mobility of the gel strands under 

the application of force was reduced, resulting in less deformable gels (Figure 4 B). 

5. Conclusion 

Although the gellan gels were thermo reversible, independently of pH, their 

formation and mechanical properties were shown to be directly dependent on the solution 

pH. An increase in pH led to the formation of a reduced number of junction zones and a 

decrease in molecular aggregation, reducing gel rigidity. On the other hand, this structure 

increased gel deformability, since the mobility of the strands increased. Thermal scanning 

showed that the gels were formed by junction zones with different thermal stabilities due to 

the presence of different H+ concentration and the other ions present in the raw material. 

The disruption of such interactions on heating occurred in four steps, leading to different 

slopes for the complex viscosity as a function of temperature. The DSC analyses together 

with the thermal rheological scans were shown to be a powerful tool in understanding the 

type of gellan network structure, as previously reported for other polysaccharide gels. 
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Abstract 

Different environment conditions and polysorbate types were explored to the 

formation of nano and microstructures by association with chitosan. Systems composed by 

polysorbates (0 - 90% (w/v)) and aqueous phase (10 - 90% (w/v)) containing or not 

polysaccharide (0.01 – 1 % (w/v)) were studied. Firstly, the effect of polysorbate 

hydrophobic tail length on the properties of the self-assembled structures was evaluated in 

order to determine the best component for chitosan interaction. Then the effect of pH (3 or 

6.7) on such structure formation was determined. Finally, the effect of chitosan 

concentration on the surfactant-polymer association was evaluated. The structures were 

characterized through rheological and conductivity measurements and optical polarized 

microscopy. Their size was evaluated by dynamic light scattering. Polysorbate-20 tended 

to form nanoparticles whilst macrostructures were observed in polysorbate-80 systems. 

Depending on the polysorbate-80 concentration, a liquid crystalline structure was formed 

with gel characteristics, which difficult the chitosan association. Thus, the mixed systems 

were composed by polysorbate-20-chitosan. Structures with similar rheological properties, 

electrical conductivity and size were obtained with polysorbate-20 at pH 3 or 6.7, therefore 

mixed samples were prepared at pH 3, where chitosan solubility was higher. Increasing 

mailto:rosiane@fea.unicamp.br
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chitosan concentration in mixed systems resulted in smaller and less polydisperse 

particles due to the decrease in molecular mobility of systems. These results suggest that 

nanoparticles with potential use in bioactive delivery can be formed by polysorbate-

chitosan association. 

Key words: self-assembly, chitosan, surfactant, polysorbates 
 

1. Introduction 

Surfactant based delivery systems are promising vehicle for bioactive 

encapsulation due to the wide range of structures that can be obtained: from nanometric 

structures, such as micelles, to complex structures, as liquid crystals. This versatility 

enables their application on distinct products or even in the improvement of product 

texture. Moreover, the amphiphilic character of surfactants allows the entrapment of either 

hydrophilic or hydrophobic bioactives increasing their solubilization in the final product [1]. 

Surfactant self-assembled structures change in size and shape with surfactant 

concentration, temperature, pH, pressure [2], [3] and in the presence of biopolymers [4], 

[5]. Chitosan is a polysaccharide with a great potential in the food industry and 

biotechnology applications due to its biodegradability and biocompatibility [4], [6]. It is an 

effective material in delivery systems due to its mucoadhesive properties which favors the 

bioactive adsorption by epithelial tissues [7]. Chitosan is an anionic polyelectrolyte which 

carries free amino and hydroxyl groups along its backbone. The pKa value of the free 

amino groups is around 6.5, from which arises its pH dependent solubility [8]. The chitosan 

deacetylation degree and/or solution conditions have an impact on the charge density 

along the chains and, therefore, on the chitosan flexibility and conformation [9], [10]. These 

properties, together with the hydrophobicity of the backbone, play an important role in 

chitosan-surfactants interactions [11]. Despite the marked importance of chitosan and 
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nonionic surfactants, very little is known on the assembly and physicochemical properties 

of these polymer/surfactant pairs. Most of studies reported on polymer/surfactant concern 

about synthetic polymers and surfactants which cannot be applicable in food products [4], 

[12], [13]. 

Polysorbates are non-ionic surfactants widely used in food products. They are 

derived from PEG-ylated sorbitan (hydrophilic group) esterified with fatty acids 

(hydrophobic group) with a total of 20 ethylene oxide per molecule. The hydrocarbon 

chains provide the hydrophobic nature of the polysorbates while the hydrophilic nature is 

provided by the ethylene oxide subunits [14], [15]. The different polysorbates vary in the 

length of the polyoxyethylene chain, type of fatty acid, and degree of esterification [16]. 

Such variances result in different self-assembly mechanisms and structures.  

The aim of this work was to explore the conditions and sources of polysorbates to 

the formation of nano and microstructures by assembly with chitosan. Different 

concentrations of water (10 - 90 % (w/v), polysaccharide (0.01 – 1 % (w/v)) and 

surfactants (0 - 90 % (w/v)) were studied. The effect of polysorbate hydrophobic tail length 

on the properties of the self-assembled structures was initially studied in order to 

determine the best component for chitosan interaction. Then the effect of pH (3.0 or 6.7) 

on such structure was determined. Finally, the effect of chitosan concentration on the 

surfactant-polymer association was evaluated. The structures were characterized through 

rheological measurements and optical polarized microscopy. The conductivity and size of 

the structures were evaluated by dynamic light scattering.  
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samples containing chitosan in the aqueous phase were prepared by magnetic stirring of 

chitosan stock solution, polysorbate and 100 mM sodium acetate buffer (pH 3) at 25 °C for 

10 minutes. The final concentration of chitosan on samples was varied from 0.01 to 1% 

(w/v). As it was not possible to increase the concentration of chitosan stock solution (due 

to its high viscosity), the mixed samples containing 0.5 and 1% chitosan and surfactant 

concentration higher than 80 and 50% polysorbate-20, respectively, could not be 

prepared.  

2.3. Electrical conductivity, zeta potential and particle size distribution 

The electrical conductivity, zeta potential and size distribution were measured by 

dynamic light scattering (DLS) in a Zetasizer Nano-ZS (Malvern Instruments, Herrenberg, 

Germany) at 25 °C.  

2.4. Rheological measurements 

The rheological properties of samples were determined in an AR 1500 controlled 

stress rheometer (TA Instruments, England). A stainless steel cone and plate geometry 60 

mm in diameter was used. 

2.4.1. Flow curves 

Flow curve measurements were carried out with a shear rate ranging from 0 to 300 

s−1 at 25 °C. The data obtained in the third sweep were fitted to the power law equation 

(eq.1) using the software Rheology Advantage Data Analysis v. 5.7.0 (TA Instruments, 

USA). 

n
k         (1) 

Where  is the shear stress (Pa), is the shear rate (s-1), k is the consistency index 

(Pa.s) and n is the flow behaviour index (dimensionless). The apparent viscosity (100) of 
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samples was determined at 100 s-1. Some samples showed structure break-down after 70 

s-1, in such cases the apparent viscosity (70) was determined at 70 s-1. 

2.4.2. Oscillatory measurements 

The effect of temperature on the samples with gel-like behaviour was evaluated by 

oscillatory rheological tests. The shear strain was kept in 1% to assure that the 

measurements were done within the linear viscoelastic region. The samples were gently 

poured in the rheometer plate and melted at 60 °C per 2 minutes and then, cooled down to 

25 °C at 1 °C/minute and 0.1 Hz. The melt temperature was chosen to be below the cloud 

point of both polysorbates, 76 and 65 °C for polysorbate 20 and 80 respectively [17]. 

Changes in the slope of complex viscosity (*) vs temperature curves were maximized 

from the derivation of the data using the Savitzky & Golay filter [18]. The gelation point was 

determined as the temperature of the maximum (absolute) slope of log (*). 

2.5. Polarizing microscopy 

The liquid crystalline structures were identified by polarizing microscopy with an 

Olympus BX51TF microscope (Olympus Co., Japan). 

2.6. Statistical analysis 

The results were evaluated from at least three replicates of each sample, using the 

analysis of variance (ANOVA). The significant differences (p < 0.05) between different 

samples were determined by the Tukey procedure, using the software STATISTICA 5.5 

(Statsoft Inc., Tulsa, USA).  
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3. Results 

3.1. Effect of length of polysorbate hydrophobic tail  

Table 1 shows the rheological parameters of samples composed of polysorbate-20 

and 80. Polysorbate-20 and 80 showed the highest viscosity values in samples composed 

by 70% (w/v) and 60% (m/v), respectively. Both systems showed a viscosity increasing 

until such concentrations, followed by a decreasing to values nearest to the samples 

without water. 

Table 1. Rheological parameters of samples composed of polysorbate-20 or 
polysorbate-80 and water at pH 6.7. 

Surfactant Rheological parameters 
Surfactant concentration (% w/v) 70 (mPa.s) k (Pa.s) n 

10 2.0r - - 
20 4.5p - - 
30 14.0n - - 
40 57.4l - - 

Polysorbate-20 50 221k - - 
60 529g - - 
70 569f - - 
80 473h - - 
90 436i - - 

100 386j - - 
10 2.1q - - 
20 6.1º - - 
30 46.9m - - 
40 1167d - - 

Polysorbate -80 50 4302ª 199ª 0.17ª 
60 6483ª 120b 0.36b 
70 3444b - - 
80 1489c - - 
90 830e - - 

100 534g - - 
Different letters in the same column mean significant differences (p<0.05) 

The length of polysorbate hydrophobic tail affected directly the rheological 

parameters of the samples. Samples with longer polysorbate hydrophobic tail were 

statistically more viscous, especially that composed of 40 – 80% (w/v) of surfactant as 
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compared to polysorbate-20. Polysorbate-80 has bulkier side chains which are responsible 

for different interfacial packing, and thus, these systems show a sharper change in the 

viscosity [19] due to the formation of more complex structures. In fact, all polysorbate-20 

systems showed Newtonian behaviour regardless of surfactant concentration whereas two 

types of rheological behaviour were observed to polysorbate-80 samples: newtonian and 

shear thinning. The shear thinning behaviour was observed between 50 - 60% (w/v) 

polysorbate-80. Such samples showed high consistency index and low flow behaviour 

index suggesting the formation of structures which tends to self-organize under shearing. 

As the structure of such sample was extremely sensible to temperature, their rheological 

behaviour and gel formation were also evaluated by oscillatory measurements (Figure 2 

and 3). Samples composed by 70% polysorbate-80 which presented high apparent 

viscosity were also evaluated. 

 

Figure 2. Complex viscosity of polysorbate-80/water systems during cooling from 60 to 25 °C 
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During cooling, the 50 and 60% polysorbate-80 samples showed a sharp increase 

in complex viscosity values whilst such increase was smoother for 70% polysorbate-80. As 

a result, complex viscosity values at 25 °C were considerably lower for 70% polysorbate-

80 samples than for other samples. In addition, the increase in polysorbate concentration 

from 50 to 70% (w/v) decreased the gelation temperature about 10 °C (Table 2).  

Table 2. Gelation temperature of polysorbate-80/water samples during cooling. 
Polysorbate-80 (% w/v) Temperature (°C) 

50 45.0 ± 0.2ª 
60 37.0 ± 1.7b 
70 35.7 ± 1.8c 

Different letters in the same column mean significant differences (p<0.05) 

The elastic modulus (G’) at 25 °C also decreased with the increase in polysorbate-

80 concentration (Figure 3). However, in all the cases the elastic moduli were higher than 

the loss moduli (G”) at 25 °C. This confirms that at such temperature, the three samples 

showed gel characteristics. The difference between both moduli (G’ - G”) were about 

3007.3, 1590.0 and 26.8 Pa.s for samples composed of 50, 60 and 70% polysorbate-80, 

respectively, indicating that the increase in surfactant ratio reduced the elastic character of 

gels.  
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Figure 3. Elastic (G’, full symbols) and loss modulus (G”, empty symbols) of polysorbate-80/water 
systems during cooling. 

The electrical conductivity can give insights about the structure of surfactant 

systems since ion mobility is closely related to its structural organization [20], [21], [22], 

[23]. Figure 4 shows the electrical conductivity of polysorbate systems. Overall 

polysorbate-80 samples presented lower conductivity values than polysorbate-20 due to its 

longer hydrophobic tail. The increase in surfactant concentration up to 20% led to an 

increasing in conductivity for both polysorbates. However whilst the conductivity was 

constant between 20 – 30% polysorbate-80, it kept increasing for polysorbate-20, 

achieving the maximum value in 30% polysorbate-20. After this point, polysorbate-20 

showed a decreasing in conductivity up to 60% (w/v). Moreover, complex structures 

formed between 50 - 60% polysorbate-80 resulted in low ion mobility because of higher 

viscosity, which prevented the conductivity measurements (Figure 4). At polysorbate 

concentrations higher than 60%, the aqueous phase is the minor phase and thus, reverse 

0.001

0.01

0.1

1

10

100

1000

10000

25 30 35 40 45 50 55 60

G
' /

 G
" 

Temperature (°C)

50% Polysorbate-80

60% Polysorbate-80

70% Polysorbate-80



Capítulo 4 

79 

 

structures were formed. In these systems, the counterions mobility became limited due to 

the nonionic nature of polysorbates, thus the electrical conductivity could not be measured. 

 

Figure 4. Electrical conductivity (mS/cm) of polysorbate/water systems at 25 °C, pH 6.7. 

In ionic micellar systems, two mechanisms of electricity transport are possible: it 

can be transported by counterions through the continuous aqueous medium; or can move 

from one micelle to other micelle through the overlapping of diffuse double layers around 

micelle when two micelles come close together (hopping reaction) [24]. However, the 

mechanism of electrical conductivity in nonionic micellar systems is still unknown [25]. 

Theoretically, due to the absence of ionic carriers in nonionic surfactant, the electrical 

conductivity behaviour would be related only to the counterions of the aqueous phase. 

Nevertheless, our results indicate that the conductivity of systems enhanced as the 
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micelles and their aggregates come near to each other, reducing the aqueous phase 

channels which restricted the electrical conductance.  

In fact, the size distributions confirm an increase in particle size with the increase in 

surfactant ratio (Table 3, Figure 5). Samples composed of 10% polysorbate showed 

particle size smaller than 100 nm with one relevant peak near 4 and 4.5 nm for 

polysorbate-20 and 80, respectively (Figure 5A). Such monomodal distribution is probably 

related to micelles aggregates, since 10% (w/v) is considerably higher than the critical 

micellar concentration (CMC) of both polysorbates: 0.07 and 0.015% (w/v) for polysorbate-

20 and 80, respectively [26]. This hypothesis was confirmed by increasing polysorbates 

ratio. As observed in Figure 5, the enhancing in polysorbate-20 concentration led to a 

multimodal distribution. From 20 to 30% the main peak observed in polysorbate-20 

samples started to splint in two peaks which became well defined at 40% surfactant and a 

small third peak with higher particle size appears at this condition. The main peaks were 

centered in 1.3 and 12 nm, respectively. The first peak is probably related to free micelles 

in solution whilst the others, to micelle aggregates. The third peak (above 45 nm) observed 

at 40% (w/v) polysorbate-20 and beyond (Figure 5) revealed the formation of complex 

structures, which was partially responsible for the decreasing of electrical conductivity of 

samples (Figure 4). 20 and 30% polysorbate-80 samples also showed a peak above 45 

nm related to the stagnation of the electrical conductivity of systems (Figure 4). At 

intermediate surfactant concentration, the particle size became larger, as well as its 

viscosity (Table 3) which limited micelles mobility. From 30 to 40% (w/v) polysorbate-80, a 

sharp increase in viscosity (Table 3) and a polidisperse size distribution were observed. 

The size measurements above 40% polysorbate-80 and 70% polysorbate-20 could not be 

done due to the formation of particles larger than 1 µm. Such particles formed a 

supramolecular structure resulting in the gel formation between 50 – 70% polysorbate-80.  
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Table 3. Size range of polysorbate samples at different surfactant concentrations. 
Peak Intensity (%) 

 
Polysorbate 

concentration (% w/v) 1-3 nm 3-45 nm 45-1000 nm 

Polysorbate-20 
pH 6.7 

 

10 28.6 ± 0.5bc 71.0 ± 0.3d 0.0 ± 0.1fg 

20 24.0 ± 1.7d 72.9 ± 1.1bc 1.7 ± 1.5f 

30 24.8 ± 0.5d 73.9 ± 0.9b 0.9 ± 0.8f 

40 28.8 ± 1.0b 62.9 ± 0.9e 8.3 ± 1.6de 

50 27.6 ± 1.0bc 51.5 ± 1.6f 20.0 ± 1.9b 

60 25.5 ± 1.9cd 30.2 ± 2.5g 43.1 ± 3.1a 

Polysorbate-80 
pH 6.7 

10 14.0 ± 1.1f 86.1 ± 1.0a 0.0 ± 0.0g 

20 23.4 ± 1.6d 70.2 ± 0.7d 6.6 ± 1.8e 

30 20.3 ± 1.6e 70.3 ± 2.8cd 10.4 ± 3.6cd 

40 35.1 ± 0.5a 53.1 ± 1.6f 12.5 ± 1.3c 
Different letters in the same column mean significant differences (p<0.05) 
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Figure 5. Size distribution by intensity of polysorbate-20 or 80 and water at different surfactant 
concentration. A) 10% (w/v), B) 20% (w/v), C) 30% (w/v), D) 40% (w/v), E) 50% (w/v) and D) 60% 
(w/v). 
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Figure 6 shows the visual appearance of polysorbate/water systems. All 

polysorbate-20 samples were clear and presented a liquid aspect independently of 

surfactant concentration. However, significant changes on the appearance of polysorbate-

80 samples were observed according to surfactant concentration. From 10 to 40% and 80 

- 90% (w/v) polysorbate-80 the systems were clear and liquid-like, similar to polysorbate-

20. Nevertheless, systems composed of 50 - 60% (w/v) polysorbate-80 showed a cloudy 

and gel-like appearance whilst 70% polysorbate-80 were gel-like but clear, confirming 

rheological results. When observed under polarized light, 50 and 60% (w/v) polysorbate-80 

samples were bi-refringent whilst all the others samples were not (Figure 6).  
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Figure 6. Visual appearance of polysorbate/water systems at 25 °C. A) Polysorbate-20 and B) 
Polysorbate-80. The micrographies show the birefringence of samples under cross light.  

Samples appearance and rheological properties are closely related to the type of 

assembled structure. Clear, non-birefringent and low viscous solutions are characteristic of 

micellar phase which is usually formed at surfactant concentration ranging from 0 to 25% 

[3]. Both polysorbate-20 and 80 presented such characteristics at concentration up to 20% 

(w/v) (Figure 6 and Table 1), thus suggesting the existence of a micellar phase as also 

indicated by the size and electrical conductivity results (Figures 4 - 5). Polysorbate 

micelles are spherical aggregates of the polysorbates with the ethylene oxide subunits 
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pointing outwards in contact with the surrounding solution and the hydrocarbon tails in the 

center away from the water [15]. Such type of structure is suitable for either delivery 

systems or the protection of labile compounds [3]. Clear, non-birefringent but highly 

viscous samples are typical of bicontinuous cubic phases [3] which fits with the 

characteristics of 70% polysorbate-80 systems (Figure 6 and Table 1). Typical 

characteristics of liquid crystalline hexagonal phase were observed only for the 

polysorbate systems with longer hydrophobic tail length (polysorbate -80) at 50 - 60% 

(w/v). This type of structure can present a cloudy appearance, birefringent and viscous 

structures [3] as shown in Figure 6 and Table 1.  

Details about morphology of each structure can be further investigated by other 

techniques, such as small-angle X-ray scattering (SAXS) [27], [28] and NMR spectroscopy 

[29], [30], [31].  

Overall, the length of polysorbate hydrophobic tail was determinant of the type of 

structure formed. The longer and branched tail of polysorbate-80 resulted in a wide range 

of structures. However, the high viscosity and gel characteristics of such systems 

prevented the homogenous mixture and assembly with chitosan. Therefore, the 

polysorbate-20 was chosen to compose the mixed systems.  

3.2. Effect of pH on the self-assembly of polysorbate-20 

Chitosan is an anionic polysaccharide insoluble at neutral pH [32]. Thus, the self-

aggregation of polysorbate-20 was also studied at the pH of chitosan stock solution (pH 

3.0). 

The viscosity of polysorbate-20 at pH 3 increased with the enhancing in surfactant 

concentration and reached a maximum in 70% polysorbate, as well as samples at pH 6.7 
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(Table 4). All the systems showed Newtonian behaviour and similar viscosity values 

regardless the pH. The visual appearance of samples was the same, as well. 

Table 4. Viscosity at 70 s-1, electrical conductivity and size range of polysorbate-
20/water (pH 6.7) and polysorbate-20/acetate buffer (pH 3) at 25 °C. 

Different letters in the same analysis block mean significant differences (p<0.05) 

The electrical conductivity measurements also showed similar tendency for both pH 

values: an increasing in lower surfactant concentration, followed by a decrease in higher 

polysorbate concentrations (Table 4). Up to 50% of surfactant, the conductivity of samples 

is mainly determined by the aqueous phase. Thus, up to 30% polysorbate-20 the samples 

at pH 3 presented higher conductivity than pH 6.7 due to the greater amount of 

counterions in acetate buffer (pH 3). In addition, despite of the large surfactant 

concentration, the higher amount of counterions in aqueous phase made it possible to 

measure the conductivity of systems composed of 70-90% (w/v) polysorbate. The 

maximum conductivity was observed at 20%-polysorbate (pH 3) instead of 30%-

polysorbate (pH 6.7), but no statistically significant differences were observed at surfactant 

concentrations higher than 40% (w/v) because of the reduced aqueous phase content.  

The particle size also increased with pH decrease in samples with polysorbate 

concentration up to 30% (w/v). From this concentration no significant changes on particle 

   Peak Intensity (%) 

 70 (mPa) 
Electrical 

conductivity 
(mS/cm) 

1 - 3 nm 3 - 45 nm 45 - 1000 nm 

Polysorbate-20 
(% w/v) pH 6.7 pH 3.0 pH 6.7 pH 3.0 pH 6.7 pH 3.0 pH 6.7 pH 3.0 pH 6.7 pH 3.0 

10 2.0l 2.4k 0.206h 0.456c 28.6abc 12.2e 71.0df 87.8a 0.0ef 0.0f 
20 4.5j 4.9i 0.319f 0.475ª 24.0d 18.8de 72.9cbe 81.2ab 1.7e 0.0f 
30 14.0h 14.2h 0.368d 0.461b 24.8d 18.1e 73.9cb 76.9b 0.9e 4.9d 
40 57.4g 57.4g 0.333e 0.334e 28.8ab 24.4d 62.9g 67.3efg 8.3c 9.2c 
50 221.6f 212.8f 0.247g 0.242g 27.6bc 29.4a 51.5h 53.4h 20.0b 18.1b 
60 529.8b 447.6cd 0.148i - 25.5cd - 30.2i  43.1a - 
70 569.8ª 519.5a - 0.085j - - - - - - 
80 473.6c 436.0d - 0.041k - - - - - - 
90 436.6d 399.7k - 0.016l - - - - - - 
100 386.3e 386.3e - - - - - - - - 
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size were observed (Table 4). Within this concentration range, the changes on electrical 

conductivity of pH 3 samples were smoother than at pH 6.7, since the main conductance 

mechanism was by the conterions in aqueous phase instead of hopping reaction (Table 4). 

The maximum value of electrical conductivity at pH 3 was observed at lower polysorbate 

concentration because the micelles are larger at such pH and get closer to each other at 

lower surfactant concentration. Despite the pH does affect the micellar phase, it did not 

seem to affect the structures formed between 40 - 50% polysorbate-20. Within this 

concentration range samples presented the same electrical conductivity even with the 

enhancing in counterions at pH 3 (Table 4). This suggests that the electrical conductivity 

was determined by the physical barrier of surfactant structures at this concentration range. 

Overall, the pH did not affect strongly the polysorbate-20 structures. In both pH 

values evaluated the structures obtained seem to be promising to association with 

chitosan. 

3.3. Polysorbate-chitosan association 

Figure 7 shows the viscosity of chitosan-polysorbate-20 systems at pH 3. Overall 

the systems showed an increase in viscosity with enhancing polysorbate concentration 

and reached a maximum at 50 - 60% (w/v). The addition of 0.01% (w/v) chitosan to 

polysorbate-20 systems did not affect significantly their viscosity, however all the others 

chitosan concentrations evaluated resulted in more viscous samples. The marked increase 

in viscosity of mixed samples could be related to the formation of chitosan-surfactant 

complexes (Grant et al. 2006). Indeed, samples composed of 1% chitosan and 40 - 50% 

polysorbate-20 or 0.5% chitosan and 50 - 70% polysorbate-20 showed viscosity values 

higher than the pure chitosan or surfactant solutions, indicating a synergic interaction 

between both compounds.  
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Figure 7. Viscosity at 100 s-1 of chitosan-polysorbate-20 systems formed by different chitosan 
concentrations: ◊ 0% (w/v), ▲ 0.01% (w/v), x 0.10% (w/v), ■ 0.50% (w/v) and ○ 1.00% (w/v). 

Despite all the polysorbate-water systems showed Newtonian behaviour, some of 

the mixed samples were shear-thinning (Table 5), with a more complex structure. 

Table 5. Rheological parameters of non-Newtonian chitosan-polysorbate-20 
systems. 

Polysorbate-20 (% w/v) Chitosan (% w/v) k (Pa.sn) n 
60 0.50 11.34A 0.64A 
70 0.50 2.93B 0.80B 
30 1.00 0.36C 0.88C 
40 1.00 2.02D 0.76D 
50 1.00 71.80E 0.31E 

Different letters in the same column mean significant differences (p<0.05) 

The electrical conductivity of mixed samples is presented on Figure 8. Two 

conductance profiles were observed depending on the chitosan concentration. At 0.01% 

(w/v) chitosan, the electrical conductivity tended to be similar to polysorbate-20-water 

systems. Overall, the addition of 0.5 - 1.0% (w/v) chitosan increased the conductivity of 
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samples up to 50% (w/v) polysorbate-20 due to the relevance of aqueous phase to such 

systems. The polyelectrolyte addition enhanced the charge transport in the aqueous phase 

and led to an increase in conductivity values. Since beyond that polysorbate concentration, 

counterions mobility was strongly affected by the formation of reverse structures, hence 

the conductivity decreased independently of the polysaccharide presence. 

A special increase in the electrical conductivity was observed in the samples 

composed by 40 and 50% (w/v) polysorbate-20 (Zoom, Figure 8) in the presence of 0.01% 

chitosan. In the absence of the polysaccharide such surfactant concentration marked the 

point in which the aqueous channels became thinner, constraining conterions mobility and 

thus electrical conductance.  

  

Figure 8. Electrical conductivity (mS/cm) of chitosan-polysorbate-20 assembled systems at 25 °C 
and different chitosan concentrations: ◊ 0% (w/v), ▲ 0.01% (w/v), x 0.10% (w/v), ■ 0.50% (w/v) and 
○ 1.00% (w/v). The zoom highlights the effect of 0.01% (w/v) in 40 - 50% (w/v) polysorbate mixed 
systems. 

0.0

0.1

1.0

10.0

0 10 20 30 40 50 60 70 80 90 100

E
le

ct
ri

ca
l C

o
n

d
u

ct
iv

it
y

(m
S

/c
m

)

Polysorbate-20 (% w/v)

Chitosan 0%
Chitosan 0.01%
Chitosan 0.1%
Chitosan 0.5%
Chitosan 1%

0.0

0.1

0.2

0.3

0.4

0.5

0.6

10 20 30 40 50 60E
le

ct
ri

ca
l C

o
n

d
u

ct
iv

it
y

(m
S

/c
m

)

Polysorbate-20 (% w/v)



Capítulo 4 

90 

 

The size measurements revealed that the peak intensity of structures between 45 - 

1000 nm formed at 30 – 50% polysorbate-20 tended to increase with the addition of 0.01% 

chitosan (Table 6). On the other hand, the increase in polysaccharide concentration led to 

an increase of particles with the lower size range (1 - 3 nm) (Figure 7). The size 

distributions of mixed samples showed the same tendencies of polysorbate-water systems 

but the peaks became less polydisperse as the chitosan concentration increased (Figure 

9).   
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Table 6. Size range of polysorbate-chitosan systems. 
Peak Intensity (%) 

Chitosan (% w/v) Polysorbate-20 (% w/v) 1-3 nm 3-45 nm 45-1000 nm 

0.00 

10 10.3 ± 4.6pq 89.6 ± 4.5c - 

20 18.8 ± 8.1fghijklmno 81.2 ± 8.1cdefg - 

30 18.1 ± 3.6jkmnop 76.9 ± 1.7ghijk 4.9 ± 2.2f 

40 24.4 ± 2.5efg 67.3 ± 4.3jlmno 9.2 ± 4.2de 

 50 29.4 ± 0.7cd 53.4 ± 0.9rs 18.1 ± 2.1ab 

     

0.01 

10 21.7 ± 1.2hijkl 78.3 ± 1.2gh - 
20 19.3 ± 3.6ijklm 78.1 ± 3.1ghi 2.5 ± 0.7g 
30 22.9 ± 2.3ghi 71.3 ± 1.0jl 5.8 ± 1.8ef 
40 27.0 ± 1.2ef 62.4 ± 0.5nop 10.7 ± 1.6d 
50 25.7 ± 1.2ef 53.8 ± 1.0rs 20.5 ± 2.0a 
60 37.4 ± 0.7ª 62.5 ± 0.7np 0.1 ± 0.2h 

     

0.10 

10 16.4 ± 1.0kmop 83.6 ± 1.0ef - 
20 12.0 ± 3.7kpq 84.1 ± 4.0cde 4.9 ± 0.9f 
30 18.9 ± 1.2jkno 70.2 ± 2.3jlm 13.8 ± 1.5c 
40 23.6 ± 1.9fgh 57.5 ± 3.0q 19.9 ± 1.4ab 
50 29.6 ± 0.2bc 51.5 ± 0.9r 18.8 ± 0.6ab 
60 33.5 ± 3.5b 56.0 ± 5.4qr 22.0 ± 10.3a 

     

0.50 
10 1.9 ± 1.0r 97.3 ± 1.5b 0.9 ± 1.0h 
20 13.4 ± 1.3kop 86.3 ± 1.1cd 0.6 ± 1.0h 
30 22.7 ± 5.2hij 77.4 ± 5.1ghijk - 

     

1.00 

10 - 100.0 ± 0.1a - 
20 3.7 ± 2.9r 96.4 ± 2.9ab - 
30 22.5 ± 18.7bdfhijk 77.5 ± 18.7cefghij - 
40 31.9 ± 5.8abdf 68.1 ± 5.7jlmn - 

Different letters in the same column mean significant differences (p<0.05) 
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The complexation between polymers and surfactants occurs in two distinct modes: 

the surfactant may adsorb along polymer molecule or it could be adsorbed in the form of 

discrete micelles [33] (Figure 10). The former mechanism is observed when the polymer-

surfactant interaction occurs predominantly by the surfactant tail and the micelles 

adsorption occurs when the surfactant hydrophilic portion dominates the binding [33]. 

Chitosan-sorbitan esters complexes are known to be formed by weak interactions: 

hydrogen bonding between the hydroxyl and carbonyl groups of the sorbitan ester 

headgroup and the amine, ammonium ions, and hydroxyl groups of chitosan in addition to 

hydrophobic interactions between the sorbitan ester tails and chitosan hydrophobic sites 

(Grant et al. 2008). Similar interactions are expected to chitosan-polysorbate complexes 

which probably present a bottlebrush conformation.  

 

Figure 10. Schematic representation of complexation between polymers and surfactants. A) 
Surfactant adsorption along polymer molecule and B) Surfactant adsorption in the form of discrete 
micelles. 

The conductivity and size results suggest that at low chitosan concentration 

(0.01%) all the polysaccharide molecules were involved by surfactant in a bottlebrush 

conformation (of around 4nm), since if the chitosan molecules were free in aqueous 

phase, the electrical conductivity would have increased, which did not happened. With the 

increase in polysorbate concentration up to 50% (w/v), the electrical conductivity also was 

higher than polysorbate-water systems since chitosan-micelles aggregates come near to 

each other enhancing the charge transport by the hopping reaction. At polysorbate 
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concentration higher than 50%, reverse structures were formed with chitosan located in 

the core, thus its presence was not effective to charge transport and no differences was 

observed between the polysorbate-chitosan and polysorbate-water systems (Figure 8). 

Regarding the samples composed of 0.05% chitosan and 10% polysorbate-20, the 

amount of surfactant was not enough to completely complex the polysaccharide and an 

increase in conductivity was observed as compared to polysorbate-water systems (Figure 

8). The same behaviour was observed at higher chitosan concentrations. As the 

polysorbate concentration increased, the number of polysorbate-chitosan aggregates also 

increased which reduced the chitosan electrical conductance capacity. In addition, the 

formation of reverse structures contributed to the linear decay in electrical conductivity of 

samples observed with increasing surfactant concentration (Figure 8).  

The intensity of the peak around 1 nm related to un-aggregated micelles, became 

more intense with the increasing in chitosan concentration. Moreover, the increase in 

polysaccharide concentration led to size distributions with narrower peaks (Figure 9). This 

happened because of the marked increase in system viscosity with the enhancing in 

polysaccharide concentration which reduced the mobility of micelles and micelle 

aggregates and thus, their clustering. Overall, the increase in viscosity promoted by the 

increase in polysorbate and chitosan concentration contributed to the formation of nano-

sized structures (structures smaller than 100 nm). 

The cross polarizing microscopy of mixed samples did not showed birefringence, 

indicating that the phase behaviour of polysorbate-chitosan and polysorbate-water 

systems remained similar.  
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4. Conclusions 

The polysorbate hydrophobic tail length was a determinant factor to the type of 

structures formed. A longer hydrophobic tail resulted in the formation of supramolecular 

structures such as liquid crystal which presented gel-like properties, leading to 

inhomogeneous association with chitosan. Thus, polysorbate-20 was selected to compose 

the mixed systems. Moreover, polysorbate-20 formed nano scale structures in a wider 

concentration range (10 - 30% (w/v)) than polysorbate-80 (10% (w/v)).  

Polysorbate-20 systems showed similar characteristics at pH 3 and 6.7, hence 

mixed polysorbate-chitosan systems were composed at pH 3 since chitosan presents 

higher solubility and probably enhanced interaction with the polysaccharide.  

The particle size of polysorbate-water and polysorbate-buffer systems was 

governed by polysorbate concentration. The increase in surfactant concentration 

enhanced micellar aggregation and increased system polydispersity. In mixed polysorbate-

chitosan systems, the size was also determined by the viscosity conferred by chitosan 

molecules. The higher viscosity values, the lower molecular mobility and smaller structures 

were obtained due to hindering of particle aggregation. The electrical conductivity results 

suggested that polysorbate-chitosan complexes present a bottlebrush conformation. 

Overall, the results of present work suggest that polysorbate-chitosan structures can be 

modeled by controlling surfactant/aqueous phase ratio and polysaccharide concentration.  
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Abstract 

Nanoparticles were obtained by electrostatic complexation between chitosan and 

gellan gum at different polysaccharide ratios. The effect of the chitosan (0.001 - 0.005% 

w/v):gellan ratio (0.005 - 0.009 %w/v) on the particle charge and particle size distribution 

was determined by Dynamic Light Scattering measurements. The particle stability was 

studied during storage in an aqueous medium at 25 °C for 100 hours. The effect of the 

preparation procedure (mixing steps) on the characteristics of the complexes was also 

determined. In addition, the influence of different concentrations (0.00005 – 0.001% (w/v) 

of a nonionic surfactant (polysorbate-20) on the chitosan:gellan electrostatic complexes 

(PECs) was evaluated. The charge of the PECs depended on the polysaccharide ratio but 

a neutral zeta potential was observed at 2C:8G chitosan:gellan ratio. The low electrostatic 

repulsion of such a system resulted in particle aggregation, confirmed by the decrease in 

count rate and increase in particle size. During storage, structural reorganization of the 

complexes was observed, especially for the systems with 2C:8G and 3C:7G 

chitosan:gellan ratios, due to a decreased zeta potential. Only the 3C:7G systems 

presented size stability for 100 hours, while the other particles increased in size up to 

values greater than 6 µm. The mixture protocol was a determinant factor for PEC size. 

Multilayered particles formed by a 2-step mixing of polysaccharide solutions showed a 

mailto:rosiane@fea.unicamp.br
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considerable increase in size as compared to the complexes formed by a 1-step mixing. 

The PEC size, count rate and zeta potential were not affected by the presence of 

polysorbate-20. 

Keywords: Chitosan, gellan gum, electrostatic complexes, nanoparticles  

1. Introduction 

Many techniques have been used for the production of nanoparticles, such as 

solvent evaporation (Desgouilles et al., 2003), interfacial polymerization (Ibrahim, 

Bindschaedler, Doelker, Buri & Gurny, 1992) and emulsification methods (Battaglia, Trotta, 

Gallarate, Carlotti, Zara & Bargoni, 2007; Lv, Zheng & Tung, 2005; Qi, Chen, Huang, Jin & 

Wang, 2012). However, most of these approaches involve the use of organic solvents, 

high temperatures and elevated shear rate, which limit their application in the 

encapsulation of labile compounds. Thus the electrostatic complexation shows relevant 

advantages, since it is a biocompatible process, requires low energy and does not use 

cross-linking agents (Jintapattanakit, Junyaprasert, Mao, Sitterberg, Bakowsky & Kissel, 

2007; Lankalapalli & Kolapalli, 2009). The electrostatic complexes (PECs) are formed by 

the association of oppositely charged polyelectrolytes (Amaike, Senoo & Yamamoto, 

1998) and lead to particles with dimensions on a colloidal level, generating optically 

homogeneous and stable nano-dispersions (Mao, Bakowsky, Jintapattanakit & Kissel, 

2006; Sun, Mao, Mei & Kissel, 2008). 

The most commom food PEC is formed from sodium alginate and chitosan. 

Chitosan is a nontoxic, bioadhesive and biocompatible cationic polysaccharide obtained by 

the partial deacetylation of chitin. Its linear structure is composed of three reactive 

functional groups, an amino group and primary and secondary hydroxyl groups at the C-2, 

C-3 and C-6 positions, respectively (Claesson & Ninham, 1992; Shahidi, Arachchi & Jeon, 

1999). When positivelly charged, the amino groups are promising sites for electrostatic 
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interactions (Gomez, Ramirez, Neira-Carrillo & Villalonga, 2006). The molecular weight of 

chitosan varies from 1 to 1000 kDa depending on its degree of acetylation (DA) (George & 

Abraham, 2006) and is 10 times higher than that of globular proteins (Payne & Raghavan, 

2007). This polysaccharide is widely used to form PECs due to its abundance and 

mucoadhesive properties which, enhance absorption of the bioactive in the intestine. 

However, nanoparticles composed of chitosan alone are unstable to low pH values and 

may release the bioactive earlier than expected due to its fast dissolution in the stomach 

(Hamman, 2010). Such instability can be overcome by complexing the chitosan with 

sodium alginate or another anionic polysaccharide resistant to low pH values, such as 

gellan gum (Norton, Cox & Spyropoulos, 2011; Picone & Cunha, 2011).  

Gellan gum is a heteropolysaccharide produced by Pseudomonas elodea 

(Jansson, Lindberg & Sandford, 1983) which has received increasing attention due to its 

capacity to form strong gels, even at concentrations as low as 0.2% (w/v) (Moritaka, 

Nishinari, Taki & Fukuba, 1995; Picone & Cunha, 2011; Yamamoto & Cunha, 2007). Its 

structure presents a wormlike shape (Dentini, Coviello, Burchard & Crescenzi, 1988) and 

consists of tetrasaccharide repeating units of D-glucose, D–glucuronic acid, D-glucose and 

L–rhamnose (Jansson, Lindberg & Sandford, 1983). Gellan shows a coiled conformation 

at high temperatures and aggregates into double helices as the temperature decreases 

(Picone & Cunha, 2011). The helical conformation shows substantial stiffness (Dentini, 

Coviello, Burchard & Crescenzi, 1988) and its persistence length is reported as 98 nm at 

25 °C (Takahashi et al., 2004). The main factor that distinguishes gellan gum from other 

polysaccharides is its gel forming capacity at low pH values. It makes chitosan-gellan 

complexes a promising enteric delivery system: the gellan gum protecting the bioactive 

from the low pH of the stomach whilst the chitosan would promote mucoadhesion of the 

complex to the intestinal tissues and the controlled release of the bioactive component.  
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Several variables affect the formation mechanisms and stability of the 

polyelectrolyte complexes in water, such as the ionic strength, pH, polyelectrolyte 

concentrations and their characteristics such as molecular weight, charge density, 

flexibility and the presence of hydrophilic or hydrophobic moieties in the polymers (Lima 

Vidal, Pereira Fagundes, Cabral de Menezes, Machado da Silva Ruiz & Balaban Garcia, 

2005). Surfactants are amphiphilic molecules that readily absorb at surfaces, thereby 

decreasing the interfacial tension. Despite intensive research aimed at understanding 

surfactant-polymer interactions (Grant, Cho & Allen, 2006; Grant, Lee, Liu & Allen, 2008; 

Groot, 2000; Naderi, Claesson, Bergström & Dėdinaitė, 2005; Pepić, Filipović-Grčić & 

Jalšenjak, 2008, 2009; Ziani, Henrist, Jerome, Aqil, Mate & Cloots, 2011), their influence in 

the complexation mechanisms of biopolymer systems is still not clear. 

The aim of this work was to evaluate the complexation between chitosan and 

gellan gum and to investigate the characteristics of the PECs obtained. The stability of the 

complexes was evaluated with time. The effects of the preparation conditions and of the 

presence of a nonionic surfactant on the final characteristics of the PECs were also 

studied.  

2. Materials 

Deacylated gellan gum powder (Kelcogel® F) (250 kDa, 3.42% w/w moisture 

content) was kindly donated by Kelco Biopolymers (San Diego, CA). Low molecular weight 

chitosan (150 kDa, 75 - 85% deacetylated) was purchased from Sigma-Aldrich Co. (St 

Louis , EUA) and polyoxyethylene sorbitan monolaurate, also known as polysorbate-20 or 

Tween-20, was obtained from Sinth (Brazil).  
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3. Methods 

3.1. Preparation of stock solutions 

The chitosan (C) stock solution (1% w/v) was prepared by the dissolution of 

chitosan powder in 100 mM sodium acetate buffer (pH 3) and stirred overnight at 25 °C. 

The 0.7% (w/w) gellan gum (G) stock solution (pH 5.3) was prepared by stirring the gellan 

powder in deionized water at 80 ºC for 30 min in a jacketed vessel, followed by cooling to 

10 ºC in an ice bath. Each stock solution was diluted in deionized water to a final 

concentration of 0.01% (w/v). 

3.2. Sample preparation 

The 0.01% (w/v) polysaccharide solutions were mixed by magnetic stirring at the 

final concentrations presented in Table 1, and the pH adjusted to 4.5 by the addition of 0.1 

M HCl. After adjustment of the pH, samples were stirred for 2 hours at 25 °C before 

analysis.  

Table 1. Composition of chitosan (CH):gellan (GN) systems. 
System 

(Chitosan:Gellan) 
Chitosan 

(%w/v)x103 
Gellan 

(%w/v)x103 
Total polysaccharide 
concentration (%w/v) 

0C:1G 0.0 10.0 0.01 
1C:9G 1.0 9.0 0.01 
2:C8G 2.0 8.0 0.01 
3C:7G 3.0 7.0 0.01 
4C:6G 4.0 6.0 0.01 
5C:5G 5.0 5.0 0.01 
1C:0G 10.0 0.0 0.01 
 

The protocol of particle formation was tested by preparing multilayered systems 

(M1C:9G and M2C0:80G). The pre-mixtures were first prepared by the conventional 

method mentioned above. After 2 hours, extra volumes of 0.01% (w/v) chitosan or gellan 

solutions were added to the pre-mixtures to change their concentration ratio from 1C:9G to 



Capítulo 5 

106 

 

M2C:8G and from 2C:8G to M1C:9G, respectively. The pH of the samples was reajusted 

and the samples stirred for a further 2 hours at 25 °C before analysis.  

The effect of the surfactant concentration on the chitosan-gellan interactions was 

studied using the 3C:7G and 2C:8G systems. The samples were prepared by the 

conventional method at the surfactant concentrations presented in Table 2, as detailed 

before.  

Table 2. Composition of the chitosan (CH):gellan (GN):surfactant (ST) ternary 
systems. 

System 
(Chitosan:Gellan:Surfactant) 

Chitosan  
% (w/v)x103 

Gellan  
% (w/v) x103 

Surfactant 
% (w/v) x103 

3C:7G:0.05S   0.05 
3C:7G:0.1S   0.1 
3C:7G:0.2S 3.0 7.0 0.2 
3C:7G:0.5S   0.5 
3C:7G:1S   1.0 

    
2C:8G:0.05S   0.05 
2C:8G:0.1S   0.1 
2C:8G:0.2S 2.0 8.0 0.2 
2C:8G:0.5S   0.5 
2C:8G:1S   1.0 

 

3.3. Particle size, zeta potential and quantity of particles 

The size distribution and zeta potential of the samples were determined by dynamic 

light scattering (DLS) using a Zetasizer Nano-ZS (Malvern Instruments, Herrenberg, 

Germany) with a detection angle of 173°, equiped with a MPT-2 Autotitrator (Malvern 

Instruments, Herrenberg, Germany). For data analysis, the viscosity (0.88 mPa·s) and 

refractive index (1.33) of distilled water at 25 °C were used. All measurements were 

carried out at 25 °C and at least 6 replicates of each sample were taken to check 

repeatability. The zeta potentials of the 0.01% (w/v) polysaccharide solutions at different 

pH values were determined using titration curves from pH 2.5 to 7.0 (in 0.5 ± 0.2 steps) by 
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adding 0.25 M NaOH or 0.5 M HCl. The curves were evaluated in triplicate. The quantity of 

particles was considered proportional to the sample count rates (Mao, Bakowsky, 

Jintapattanakit & Kissel, 2006; Sun, Mao, Mei & Kissel, 2008).  

3.4. Particle stability  

The zeta potential, size distribution and quantity of particles in the 3C:7G, 2C:8G 

and 1C:9G samples were evaluated immediately after mixing the polysaccharides and 

during storage at 25 °C for 100 hours (at rest). 

3.5. Statistical analysis 

The significant differences (p < 0.05) amongst the different samples were 

determined by the Tukey procedure, using the software STATISTICA 5.5 (Statsoft Inc., 

Tulsa, USA). 

4. Results 

4.1. Effect of polysaccharide concentration on chitosan-gellan complexation 

Since complex formation between polyelectrolytes is primarily driven by coulombic 

interactions, the pH of the polysaccharide solution influences its charge density and 

therefore the complexation mechanisms and properties of the resulting PECs (Lima Vidal, 

Pereira Fagundes, Cabral de Menezes, Machado da Silva Ruiz & Balaban Garcia, 2005; 

Sun, Mao, Mei & Kissel, 2008). The charge densities of the gellan and chitosan solutions 

at the different pH values are presented in Figure 1.  
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Figure 1. Zeta potential of 0.01% (w/v) gellan and 0.01% (w/v) chitosan solutions at different pH 
values. 

Between pH 2.8 and 5.4 the zeta potential of chitosan was statistically constant at 

+51 mV and decreased to +7.7 mV as the pH increased to 6.7. Such a reduction is 

associated with the closeness of the pH value to the pKa of chitosan (6.2 – 7.0 depending 

on its degree of acetylation (Arrascue, Garcia, Horna & Guibal, 2003)). The amino groups 

of chitosan are deprotonated below the pKa of the polysaccharide, which confers a 

cationic character to the chitosan. 

The gellan gum was negatively charged throughout the whole pH range studied. A 

decrease in zeta potential was observed between pH 2.7 and 4.0, and from this point the 

zeta potential remained constant at -31 mV. Gellan gum is an anionic polysaccharide 

because of its low pKa (3.5) which is determined by gluconic acid, a weak acid present in 

the gellan structure (de Jong & van de Velde, 2007). At low pH values the anionic 

character of gellan is reduced, due to dissociation of the carboxylic groups of gluconic acid 

(Horinaka, Kani, Hori & Maeda, 2004). 
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To form PEC, both polymers have to be ionized and bear opposite charges 

(Berger, Reist, Mayer, Felt & Gurny, 2004), since the reaction can only proceed at pH 

values in the vicinity of the pKa interval of the two polymers. Therefore the systems were 

prepared at pH 4.5. 

Figure 2 shows the zeta potential of each system. Chitosan concentrations higher 

than 0.002% (w/v) resulted in systems with a positive zeta potential, suggesting that the 

amount of gellan was not enough to neutralize all the chitosan amino groups. At a chitosan 

concentration below 0.002% (w/v), the opposite behavior was observed, the samples 

showing a negative character due to the excess of gellan. The 2C:8G samples showed a 

zeta potential near neutrality.  

 

Figure 2. Zeta potential of chitosan:gellan systems at pH 4.5 and different polysaccharide ratios 

The charge density of gellan gum is relatively low as compared with other anionic 

polysaccharides such as pectin and the carrageenans. Gellan gum has an average charge 

density of 0.25 mol negative charge/mol of monosaccharide in the form of a carboxylic 
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acid group (de Jong & van de Velde, 2007). Besides the low charge density of the gellan 

gum, the pH of the samples (4.5) was closer to the pKa of the gellan (3.5) than to that of 

the chitosan (6.5), i.e., the chitosan was more dissociated than the gellan. Other 

parameters that could affect the stoichiometry of complexation are the charge distribution 

over the polysaccharide chains, the position of the ionic groups on the chains and the 

chain flexibility (Hamman, 2010).  

The chitosan:gellan ratio markedly affected the particle size distribution (Table 3, 

Figure 3). Chitosan (sample 100:0) showed a monomodal size distribution centered at 

2.43 nm. The dimensions of chitosan depend on the semi-rigid character of the 

polysaccharide chains. Since chitosan is a polyelectrolyte in an acid medium, these 

properties are influenced by the concentration of the ions and especially by the degree of 

acetylation (DA) (Rinaudo, 2006). Thus different persistence lengths have been described 

in the literature. Chitosan was reported to measure 9 nm without acetyl groups (DA = 

0.0%) (Rinaudo, 2006), 4.2 nm for DA = 0.15% (Rinaudo & Domard, 1989), 22 nm for DA 

~ 0.42% (Terbojevich, Cosani, Conio, Marsano & Bianchi, 1991) and 12.5 nm for DA = 

60% (Rinaudo, 2006).  

The gellan gum also presented a monomodal distribution (Figure 3) centered at 

3.15 nm. A similar value was found by Okamoto, Kubota and Kuwahara (1993), who found 

a diameter of 2.4 nm.  
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Table 3. Range of diameters of the particles formed with different chitosan:gellan 
ratios 

Peak Volume (%) 
System (Chitosan:Gellan) 1-10 nm 10-100 nm 100-3000 nm 

1C:0G 99.9 ± 0.2a - - 
5C:5G - 75.7 ± 1.2ª 24.1 ± 1.6d 
4C:6G - 57.8 ± 0.7b 42.4 ± 0.4c 
3C:7G - 4.9 ± 2.9d 84.0 ± 1.8b 
2C:8G - - 100.0 ± 0.0a 
1C:9G - 19.7 ±1.4c 80.2 ± 2.1b 
0C:1G 99.9 ± 0.1a - - 

Different letters in the same column mean significant differences (p<0.05) 

The peaks related to the pure polysaccharides (between 1-10 nm) were not 

observed in any of the chitosan:gellan samples, suggesting that all the polysaccharide 

molecules were aggregated (Figure 3). 

The systems composed of both polysaccharides showed a bimodal distribution, 

except for the sample 2C:8G (Figure 3). Overall, the first peak was observed between 10 – 

100 nm followed by a second one between 100 – 1000 nm. An increase in the amount of 

gellan in the ratio enhanced the number of particles between 100 - 1000 nm and 

decreased the number of particles between 10 - 100 nm (Table 3). This fact suggests the 

existence of two different types of complex (Figure 3). Despite the fact that chitosan has a 

semi-rigid structure, its persistence length, 4.2 nm for DA = 15% (Rinaudo & Domard, 

1989), is much shorter than that of gellan, 98 nm (Okamoto, Kubota & Kuwahara, 1993). 

Since chain stiffness is proportional to polymer persistence length, the chitosan chain is 

more flexible than the gellan helix. The illustrations shown in Figure 3, present hypothetical 

PEC structures for both polysaccharides. The first peak, observed near 30 nm, is probably 

related to PECs formed from gellan molecules surrounded by chitosan chains, whereas in 

the second peak (200 – 300 nm), the gellan molecules bridge the chitosan chains, leading 

to larger aggregates.  





Capítulo 5 

113 

 

The 2C:8G samples showed a single and relatively low polydispersed peak (Figure 

3). The zeta potential of such samples was near zero, i.e., at this polysaccharide ratio 

there was a balance between the positive and negative charges. Therefore, the absence 

of repulsive interactions in such a system resulted in aggregation of the PECs. With the 

increase in the proportion of gellan to a 1C:9G chitosan:gellan ratio, there was an excess 

in the negative charge of the systems such that repulsive interactions prevailed. Again, the 

particles presented a bimodal size distribution (Figure 3). 

4.2. Particle stability 

Overall, the PECs formed at 3C:7G, 2C:8G and 1C:9G (chitosan:gellan ratios) 

were stable for 100 hours during storage at 25 °C, i.e., no disintegration was observed. 

The changes in zeta potential, count rate and size distribution of the 1C:9G, 2C:8G 

and 3C:7G systems with time are presented in Figures 4 and 5 and Table 4, respectively. 

The three systems showed charge stability between 1.5 and 24 hours after mixing 

of the polysaccharides, but different charge profiles were observed after this period (Figure 

4). The average charge of the 3C:7G samples was +40 mV in the first 24 hours. From this 

time on, the zeta potential showed a reduction, and reached +31 mV after 73 hours. The 

2C:8G sample also presented a decrease in charge with time, the statistically neutral zeta 

potential observed up to 4 hours decreasing to -13.15 mV after 73 hours. This suggests 

that the chitosan:gellan interactions rearrange themselves with time, leading to the 

exposition of the negative gellan charge on the particle surface.  

The only system which presented a statistically constant zeta potential with time 

was the 1C:9G one (Figure 4), which also presented a constant count rate with time 

(Figure 5). 

  



Capítulo 5 

114 

 

 

Figure 4. Zeta potential of the samples 1C:9G, 2C:8G and 3C:7G during storage at 25 °C  

The count rate is related to the number of particles in the samples (Mao, 

Bakowsky, Jintapattanakit & Kissel, 2006; Sun, Mao, Mei & Kissel, 2008). Overall, a 

marked variation in the count rate of the samples was observed in the first hour (Figure 5), 

during which time complexation occurred simultaneously with aggregation of the PECs. 

The count rate of the samples 3C:7G and 1C:9G stabilized after 1.7 and 0.5 hours, 

respectively, but the time was shorter for the 1C:9G sample due to the excess of gellan 

(Figure 4), which enhanced complexation. The sample 2C:8G showed no significant 

changes in count rate with time, since considerable aggregation occurred during storage 

promoted by the neutral zeta potential. This aggregation was confirmed by the low count 

rate values and large particle diameters (Figure 4, Table 3). 
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Figure 5. Count rate of the 3C:7G, 2C:8G and 1C:9G samples during storage at 25 °C. The inset 
graph shows the count rate in the first 5 hours after mixing the polysaccharides 

Therefore, the number of particles is related not only to the polysaccharide ratio but 

also to the aggregation rate of the complexes. An adequate polysaccharide concentration 

favors polyelectrolyte complexation but the neutrally charged PECs tend to aggregate, 

leading to larger sizes and a small number of particles, as observed in the 2C:8G samples 

(Figures 3, 4 and 5). In the first 24 hours after sample preparation, the charge of the 

2C:8G samples was statistically neutral, favoring particle aggregation (Figure 4). After 

longer storage times, the structure of the 2C:8G aggregates reorganized, and gellan 

carboxylic groups were probably exposed on the surface of the complexes, which reduced 

the particle zeta potential (Figure 4). Electrostatic interactions usually prevail in systems 

composed of oppositely charged polyelectrolytes (Doublier, Garnier, Renard & Sanchez, 

2000). However, the hydrophobic interactions may overlap the electrostatic interactions 
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when the polymer presents apolar segments (Borrega, Tribet & Audebert, 1999; Kumar, 

Dixit, Zhou & Fraunhofer, 2011; Mizusaki, Morishima & Dubin, 1998; Tsianou, Kjøniksen, 

Thuresson & Nyström, 1999). In chitosan:gellan systems, the long range electrostatic 

interactions overcome other interactions in the early hours after mixing the 

polysaccharides, and are responsible for PEC formation. After charge screening, the 

electrostatic repulsion is reduced and, consequently, so are the intermolecular distances. 

Thus, short range interactions, such as hydrophobic interactions, are favored with time, 

and may cause molecular reorganization. The zeta potential results (Figure 5) suggested 

that reorganization of the chitosan:gellan systems with time resulted in protection of the 

chitosan hydrophobic groups in the PEC core, and hence the gellan became more 

exposed on the PEC surface leading to a decrease in zeta potential after 48h (Figure 5). 

This reorganization was more intense in the 2C:8G system since the zeta potential of 

these samples was neutral in the early hours after PEC formation. In the 1C:9G systems, 

the structural reorganization did not affect the zeta potential, since the gellan molecules 

were already the major constituent on the PEC surface, due to their greater concentration 

with respect to chitosan. 

Despite the decrease in the 2C:8G zeta potential, PEC size was enhanced with 

time (Figures 4 and 6), indicating that the charge changes were not sufficient to prevent 

aggregation of the complexes. The size distribution in these samples (Figure 6) showed 

that the particles doubled in size after 24 hours. It was not possible to measure the particle 

size after 48 hours, because the particles were larger than 6 µm (above the measuring 

range of the equipment). The same tendency was observed for the 1C:9G samples, but 

3C:7G showed the opposite behaviour. During storage at 25 °C the 3C:7G samples 

decreased in size. The same bimodal distribution was observed but the number of 

particles between 10 - 100 nm increased considerably, whilst the number of particles 
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between 100 - 3000 nm decreased (Table 4, Figure 6), although the count rate remained 

constant (Figure 6). This suggests that desaggregation had not occurred. In fact, the 

decrease in size may be related to PEC maturation. In this case the reorganization of 

structure of the complexes may have intensified the electrostatic interactions, which led to 

PEC shrinkage.  

Table 4. Range in diameter of the chitosan:gellan particles with storage time at 25 °C 
Volume (%) 

Size range (nm) Time (h) 3C:7G 2C:8G 1C:9G 

1-10 
2 - - - 
24 - - - 
48 - -* -* 

10 - 100 

2 4.9 ± 2.9Bd - 19.7 ± 1.4Ad 

24 13.6 ± 1.8Bc - 29.6 ± 2.3Ac 

48 50.3 ± 2.4Ab -* -* 

100 - 3000 

2 84.0 ± 3.4Ba 100.0 ± 0.0Aa 80.2 ± 1.8Ba 

24 86.0 ± 1.2Ba 100.0 ± 0.0Aa 70.3 ± 1.2Cb 

48 49.5 ± 1.5Ab -* -* 
* Above the measuring range of the equipment (6 µm); 

Different capital letters in the same row and small letters in the same column mean statistically significant differences (p < 0.05). 

  





Capítulo 5 

119 

 

concentration of the M2C:8G and M1C:9G samples (prepared in two mixing steps) 

matched the concentration of the 1C:9G and 2C:8G samples (prepared by the traditional 

mixing), respectively.  

Table 5 shows the count rate and zeta potential during each preparation step of the 

multilayered systems, i.e., the characteristics of the M2C:8G system during mixing step 1 

were the same as for system 1C:9G, prepared by traditional mixing (all together). Although 

no statistical changes were observed in the count rate of the samples between the first 

and second mixing steps, they showed different tendencies and zeta potential values 

(Table 5). Moreover, the samples prepared in two steps presented a marked increase in 

size when compared to those prepared in a single mixing step (data not shown). The final 

particle diameters of the samples prepared in two steps were above the limit of the 

equipment (6 µm), whilst all the samples prepared in one step were smaller than 3000 nm.  

Table 5. Count rate and zeta potential of the samples prepared in 2 steps: 
properties of the samples during the first and second mixing steps  

Multilayered 
systems Mixture step Count rate (kcps) Zeta potential (mV) 

M2C:8G 
1 233.6 ± 46ªb -28.6 ± 2.1c 
2 178.2 ± 61b -3.1 ± 0.5b 

M1C:9G 
1 196.1 ± 92ab 1.4 ± 0.7a 
2 262.6 ± 17ab -33.0 ± 3.5d 

Different letters in the same column mean statistically significant differences (p < 0.05). 

Besides the increase in size, the sample M2C:8G showed slightly lower values for 

the final count rate (178.2 kcps) and zeta potential (-3.1 mV) than the samples prepared in 

a single step (which showed 196.1 kcps and 1.4 mV, respectively) (Table 5). As expected, 

in the first preparation step the zeta potential of the M2C:8G samples was negative (-28.6 

mV), which prevented particle aggregation, leading to greater count rate values (233.6 

kcps). With the addition of more chitosan in the second mixing step, the negative charge 

decreased to -3.1 mV, and the electrostatic repulsion between the particles decreased 
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favoring particle aggregation, which was confirmed by the slight decrease in count rate 

value. Particle aggregation led to a size increase, but the increase was much greater than 

expected from the count rate values. As previously commented, the diameter of such 

particles was more than two times that of the same particles prepared in a single step. 

This confirms that the sample preparation does affect their properties.  

After the first mixing step, the surface of the M2C:8G PECs was formed mainly by 

gellan molecules, which conferred a negative zeta potential to the particles. In the second 

mixing step more chitosan was added in the system, and this cationic polysaccharide was 

attracted to the PEC surface, forming a multilayered particle. As both the gellan and 

chitosan present relatively stiff structures (Okamoto, Kubota & Kuwahara, 1993; Rinaudo 

& Domard, 1989) and were already bound during the first step, polysaccharide mobility 

was lower in the second step, and hence the particles showed a considerable increase in 

size (Figure 7). 

 

 

Figure 7. Ilustration of PEC formation in the M2C:8G sample 

The M1C:9G samples presented a nearly neutral charge in the first mixing step and 

a low count rate due to particle aggregation (Table 5). With the addition of more gellan the 

particle adquired a negative charge, which led to partial disaggregation and a slight 
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increase in count rate. A considerable increase in particle size was observed once again, 

suggesting that the aggregation in the second mixing step formed a multilayered particle.  

4.4. Influence of surfactant  

The influence of polysorbate-20 on chitosan:gellan systems was studied for the 

3C:7G and 2C:8G samples. Overall, the samples with the addition of 0.0001% (w/v) 

polysorbate-20 showed no significant changes in size (Figure 8), zeta potential (Figure 9) 

or count rate (results not shown) during 48 hours, when compared to the pure 

chitosan:gellan systems (Figures 4 and 6). Thus the effect of the surfactant concentration 

on the count rate and particle size of systems was evaluated 2 hours after their 

preparation (Figure 10).  
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Figure 9. Influence of the addition of polysorbate (0.0001% w/v) on the zeta potential of the 3C:7G 
and 2C:8G samples during 48 hours of storage at 25 °C 

The presence of surfactants may change the behavior of a polymer in solution 

(Silva, Antunes, Sousa, Valente & Pais, 2011). This can be exemplified by surfactant-

induced thickening (Antunes, Marques, Miguel & Lindman, 2009; Barreiro-Iglesias, 

Alvarez-Lorenzo & Concheiro, 2003a), surfactant-induced swelling (Barreiro-Iglesias, 

Alvarez-Lorenzo & Concheiro, 2003b) or compaction (Dias, Pais, Miguel & Lindman, 

2004), and surfactant-induced phase separation (Holmberg, Jönsson, Kronberg & 

Lindman, 2003), amongst other effects. However, in the present study the count rate of the 

samples was statistically constant independent of surfactant concentration (data not 

shown). The size distribution also showed no significant changes (Figure 10), except for a 

slight reduction in sample polydispersity at surfactant concentrations above 0.0005% (w/v).  

Chitosan-nonionic surfactant interactions are known to be of a weak nature. The 

chitosan-sorbitan ester for example may interact by hydrogen bonding between the 

hydroxyl and carbonyl groups of the sorbitan ester head group and the amine, ammonium 

ions and hydroxyl groups of the chitosan, in addition to hydrophobic interactions between 
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the sorbitan ester tails and chitosan hydrophobic sites (Grant, Lee, Liu & Allen, 2008). 

Similar interactions are expected for chitosan-polysorbate complexes. However, in the 

presence of an oppositely charged polysaccharide such interactions were suppressed, due 

to its weak nature as compared to the strong electrostatic attraction between the two 

oppositely charged polyelectrolytes. At high surfactant concentrations, the hydrophobic 

interactions between the polysorbate tail and the chitosan hydrophobic sites probably 

enhanced PEC shrinkage, which resulted in a decrease in sample polydispersity. 

Nonetheless, no significant improvement in PEC formation and stability was achieved by 

the addition of surfactant.   
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Figure 10. Volume-weighted size distribution of the 3C:7G and 2C:8G samples with added 
polysorbate-20: 0.00005, 0.0001, 0.0002, 0.0005 and 0.0010% (w/v)  
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5. Conclusion 

Chitosan:gellan interactions led to nano scale PECs of different sizes. Depending on 

the polysaccharide ratio, the particles presented different charge characteristics, which 

determined particle aggregation and hence the final PEC diameter. Samples composed of 

2C:8G and 3C:7G (chitosan:gellan ratio) exhibited structural reorganization during storage 

at 25 °C, which reduced the zeta potential of the samples. This reorganization specially 

affected the sample 2C:8G, which showed a decrease in particle aggregation and 

consequent increase in the number of dispersed particles. However, the particle size 

continued to increase and doubled in size after 24 hours. Similar increases were observed 

in the 1C:9G systems and both samples formed particles larger than 6 µm after 48 hours. 

The sample 3C:7G was the only one which presented a stable size throughout the period 

evaluated. The mixing protocol was essential to determine PEC size. The multilayered 

particle was considerably larger than the one formed in the traditional way (1 - step 

mixing). However, no significant changes in the PEC characteristics were observed in the 

presence of a non-ionic surfactant, since the driving force of PEC formation (electrostatic 

forces) was markedly higher than the hydrophobic and hydrogen bonding of the surfactant-

polysaccharide interactions. The results presented in this paper show that it is possible to 

control the characteristics of chitosan:gellan PECs by changing the polysaccharide ratio 

and mixing methodology. 
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Nanopartículas com diferentes tamanhos e propriedades superficiais foram obtidas 

pela associação de surfactantes e polissacarídeos de origem alimentar. O estudo de 

soluções puras de gelana e quitosana revelou uma grande dependência do processo de 

agregação e propriedades reológicas dos polissacarídeos em relação ao pH e 

temperatura do meio, principalmente no caso da gelana. Em pH 3,5 e temperaturas 

inferiores a 31,4 °C, a elevada agregação da gelana levou à formação de rede de gel com 

característica rígida e pouco deformável. Além disso, a gelana apresentou transição 

conformacional hélice-enovelada reversível com o aumento da temperatura. Já a 

quitosana apresentou insolubilidade em valores de pH superiores a 4,5 pois a 

desprotonação dos grupos amino reduziu a repulsão eletrostática intra e intermolecular 

levando à compactação das cadeias. A redução da temperatura de 80 para 10 °C 

intensificou o comportamento pseudoplástico da quitosana devido à maior agregação 

molecular, porém a agregação não foi suficiente para promover a formação de gel em 

nenhuma das condições estudadas. Os ensaios reológicos oscilatórios sugerem que a 

quitosana não apresenta transição conformacional significativa com a temperatura.  

O estudo da formação de nanopartículas por complexação eletrostática revelou 

que devido à menor flexibilidade e densidade de carga da gelana, é necessário maior 

quantidade deste polissacarídeo que de quitosana para formação de complexos 

eletrostáticos neutros. Na razão 20:80 (quitosana:gelana) os complexos apresentaram 

carga total neutra e consequentemente elevada agregação, o que resultou em uma menor 

quantidade de partículas, porém de maior tamanho. Ao longo do tempo as amostras 20:80 

e 30:70 apresentaram reorganização molecular que reduziu a carga superficial das 

partículas, sugerindo que a baixa densidade de carga e flexibilidade estrutural da gelana 

faz com que sua interação com a quitosana seja dependente do tempo. A adição de 

polissorbato não afetou significativamente as propriedades das partículas, porém o 
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tamanho das partículas mostrou-se fortemente dependente do método de preparo das 

amostras. Partículas multicamadas formadas pela mistura dos polissacarídeos em duas 

etapas apresentaram tamanho consideravelmente maior que as partículas formadas pela 

mistura em um único passo. 

O estudo das partículas formadas pela associação de polissorbatos e quitosana 

confirmou que o comprimento da cadeia hidrofóbica do polissorbato tem papel 

fundamental no processo de agregação e na diversidade de estruturas formadas. Quanto 

maior a quantidade de átomos de carbono na cauda do surfactante, maior a complexidade 

das estruturas. A variação da razão de concentração água/polissorbato-80 resultou desde 

partículas com dimensões manométricas, como as micelas, até macroestruturas 

anisotrópicas ou cristais líquidos, com características de gel. Já os sistemas compostos 

por polissorbato-20 apresentaram aspecto líquido e comportamento newtoniano, 

independente da razão água/surfactante empregada. A variação de pH (6,7 - 3,0) da fase 

aquosa não afetou significativamente as características das estruturas formadas assim 

como a adição de pequenas concentrações de quitosana. No entanto, quando adicionada 

em altas concentrações, a quitosana diminuiu a polidispersão das amostras devido ao 

aumento de viscosidade que impediu a agregação das partículas. 

Assim, os resultados obtidos sugerem que a associação de biopolímeros e 

surfactantes é um processo promissor e versátil para a produção de nanopartículas a 

partir de ingredientes alimentícios. Além de envolver baixa energia de formação, a 

associação controlada dos ingredientes permitiu a formação de nanopartículas com 

diferentes características estruturais e químicas a partir do controle das condições de 

processo e composição dos sistemas. Isso demonstra que é possível modelar as 

características das nanopartículas, de forma a torná-las um veículo eficiente para a 

entrega controlada e encapsulação de compostos funcionais em alimentos. 
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1. Objetivos 

Determinar as condições de temperatura e pH para a dissolução da gelana e da 

quitosana. 

2. Métodos  

Os ensaios de dissolução da gelana e da quitosana foram realizados pela 

dispersão do pó em água deionizada sob agitação magnética. Foram avaliadas diferentes 

concentrações de polissacarídeo (de 0,1 a 2% (m/v)), temperaturas (25 – 80 °C), tempo 

de tratamento térmico (10 - 30 minutos) e valores de pH. O tratamento térmico foi 

realizado em béquer encamisado acoplado a um banho de circulação externa. O pH foi 

ajustado pela adição de ácido lático, um ácido fraco, de forma a se evitar a degradação 

dos polissacarídeos. Além disso, sua utilização é permitida em alimentos. Também foi 

utilizado tampão acetato de sódio 100 mM (pH 3). 

A avaliação da dissolução foi feita visualmente 1 e 24 horas após a dispersão do 

pó. Nas amostras tratadas termicamente, a avaliação foi realizada após resfriamento em 

banho de gelo até a temperatura ambiente (25 °C). 

3. Resultados 

Tanto a gelana como a quitosana apresentaram insolubilidade em água após 

agitação magnética por 12 horas à temperatura ambiente. Nesta temperatura a goma 

gelana apresenta-se em forma de duplas hélices, com baixa área superficial disponível 

para interagir com a água. No entanto, estudos indicam que a gelana é solúvel entre 70 e 

90 °C (Evageliou et al., 2010; Moritaka et al., 2002; Yamamoto & Cunha, 2007), visto que 

nesta faixa de temperatura suas moléculas apresentam conformação enovelada e com 

maior número de sítios hidrofílicos disponíveis. Diferentes temperaturas e tempos de 
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tratamento térmico foram testados e a completa dissolução do pó de gelana foi observada 

após tratamento de 80 °C por 30 minutos em pH natural da solução (5,3). Portanto, 

determinou-se como metodologia padrão de preparação da solução estoque de gelana a 

dissolução do pó em água deionizada em béquer encamisado sob agitação magnética a 

80 °C por 30 minutos. Nestas condições, dependendo da concentração da solução foi 

observada gelificação durante o resfriamento. A maior concentração em que a solução 

apresentou características líquidas a 25 °C foi 0,7% (m/v). 

A quitosana também se mostrou insolúvel à dispersão em água à temperatura 

ambiente, apesar do seu alto grau de desacetilação (80% de acordo com o fornecedor). 

Quanto maior o grau de acetilação, maior o tamanho e a rigidez das moléculas, o que 

reduz sua solubilidade. Usualmente, a dissolução deste polissacarídeo é feita em meio 

ácido (Claesson & Ninham, 1992; George & Abraham, 2006; Peng et al., 2010). A 

dissolução em diferentes concentrações de ácido foi avaliada tanto a temperatura 

ambiente, como sob aquecimento. Como no Capítulo 3 o ajuste do pH da solução de 

gelana foi feito com ácido láctico, optou-se por utilizá-lo também na dissolução da 

quitosana de forma a se manter o mesmo padrão. A condição de melhor dissolução foi 

obtida com ácido lático 0,1% (v/v) e tratamento térmico de 80 °C por 30 minutos, 

resultando em uma solução de quitosana com pH final igual a 4,4. O aumento da 

solubilidade da quitosana em meio ácido ocorre devido à protonação dos grupos amino (-

NH2) formando grupos catiônicos (-NH3
+) levando a uma forte repulsão eletrostática intra e 

inter-molecular que resulta na expansão das cadeias e consequente aumento da 

solubilidade (Peng et al., 2010; Thongngam & McClements, 2004). 

Quit-NH2 + H3O
+           Quit-NH3 + H2O 

O pH do meio irá determinar não só a dissolução dos polissacarídeos, mas 

também as possíveis interações entre eles e consequentemente as características do 
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sistema formado (Berger et al., 2004). Dessa maneira, no Capítulo 3 o efeito do pH na 

transição conformacional e propriedades reológicas da gelana foi avaliado ajustando-se o 

pH da solução de gelana para 3,5, ou 7,0 com a adição de ácido láctico 0,22 M ou NaOH 

1 M. Um estudo similar seria realizado para a quitosana, porém não foi possível realizar o 

ajuste de pH da solução de quitosana devido à formação de aglomerados mesmo com 

uso de reagentes diluídos e alta agitação. Portanto, a caracterização reológica da 

quitosana (Apêndice 2) foi feita apenas no pH natural de dissolução (pH 4,4).  

Nos Capítulos 4 e 5 soluções mistas foram formadas. Para que o pH 

permanecesse constante ao longo dos experimentos, foi necessário o uso de solução 

tampão. A quitosana apresentou insolubilidade em tampão lactato de sódio (pH 4), porém 

mostrou-se totalmente solúvel em tampão acetato de sódio 100 mM (pH 3), o qual foi 

utilizado no restante do trabalho. 
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1. Objetivo 

O objetivo desta parte do trabalho foi determinar as propriedades reológicas da 

quitosana e compreender seu comportamento frente a diferentes temperaturas, visando 

facilitar o estudo das suas interações com a gelana. 

2. Métodos 

2.1. Preparação das soluções 

Para a preparação da solução de quitosana, o pó foi disperso em ácido láctico 

0,1% (m/m) em béquer encamisado e aquecido a 80 °C por 30 minutos, resultando em 

uma solução final com concentração 0,2% (m/m) de biopolímero e pH 4,4. Após o 

tratamento térmico, as soluções foram resfriadas em banho de gelo e analisadas quanto 

ao comportamento reológico. 

2.2. Ensaios reológicos 

O comportamento reológico das soluções de quitosana foi avaliado em um 

reômetro modular compacto de tensão controlada AR 1500 - TA Instruments Ltd. 

(Inglaterra) equipado com uma geometria cone placa de 60 mm de diâmetro e 1,59°.  

2.2.1. Curvas de escoamento 

Foram realizadas curvas de escoamento no intervalo de taxas de deformação de 0 

a 90 Pa em três rampas (ciclo crescente, decrescente e crescente, respectivamente) para 

a eliminação da possível tixotropia das amostras. Os dados da última rampa que 

correspondem ao estado estacionário de escoamento foram ajustados segundo a lei da 

potência (Equação 1) com o auxílio do software Rheology Advantage Data Analysis v. 

5.7.0 (TA Instruments Ltd, Estados Unidos). 
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n
k         (1) 

onde  é a tensão de cisalhamento (Pa),  é a taxa de cisalhamento (s-1), k é o 

índice de consistência (Pa.s) e n é o índice de escoamento.  

Para verificar a influência da temperatura no comportamento reológico do fluido, 

foram realizados ensaios a 10, 20, 30, 50 e 80 °C. Os dados obtidos foram ajustados ao 

modelo de Arrhenius que relaciona a viscosidade aparente do fluído com a temperatura 

(Equação 2). 

BT
R

Ea

ap 





 1

ln     (2) 

Onde ap é a viscosidade aparente (Pas), Ea é a energia de ativação (kJmol-1), R 

é a constante universal dos gases (8,314 Jmol-1K-1), T é a temperatura absoluta (K) e B 

um parâmetro de ajuste.  

2.2.2. Ensaios oscilatórios 

As amostras foram colocadas no equipamento a 5 °C com uma fina camada de 

óleo de silicone ao redor da geometria para se evitar evaporação da amostra. Então, as 

amostras foram pré-cisalhadas por 1 minuto a uma taxa de deformação de 100 s-1 para 

completa homogeneização. Posteriormente, realizou-se uma varredura de aquecimento 

de 5 a 90 °C seguida por uma de resfriamento de 90 a 5 °C, ambas a 1 °Cmin-1 e 0,1 Hz 

de frequência. As varredura foram realizadas utilizando-se valores de tensão 

determinados em ensaios prévios de varredura de tensão (0,05 Pa no aquecimento e 0,01 

Pa no resfriamento) de forma a assegurar que os experimentos estivessem sempre na 

região de viscoelasticidade linear das amostras.  
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que os da Figura 2, o que pode estar relacionado ao grau de desacetilação da quitosana 

utilizada. Enquanto no presente trabalho o grau de desacetilação é de 80%, a quitosana 

avaliada por (Hwang & Shin, 2000) era 91% desacetilada e não comercial. Como já 

explicado anteriormente, maiores graus de desacetilação estão relacionadas à maior 

agregação entre as moléculas de quitosana, o que explica os maiores valores de 

viscosidade.  

 

 

 

 

 

 

 

 

 

Figura 2. Viscosidade em estado estacionário () versus taxa de deformação de soluções 
de quitosana 0,2% (m/m) em diferentes temperaturas. 

As curvas a 10 e 20 °C apresentaram duas regiões distintas. Até 

aproximadamente 4 s-1 a viscosidade observada para estas curvas é praticamente 

constante e independente da taxa de deformação enquanto que acima de 4 s-1 a 

viscosidade cai com o aumento da taxa de deformação (Figura 2). A primeira região 

corresponde à região de escoamento newtoniano que apresenta uma viscosidade 

constante (0) a taxas de deformação tendendo a zero. Nesta região o fluido apresenta 

comportamento newtoniano e a viscosidade permanece constante, pois a taxa de 

desentrelaçamento entre as moléculas devido às forças cisalhantes é a mesma que a de 
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novos entrelaçamentos (Graessley, 1974). A viscosidade inicial (0) tem sido 

frequentemente relacionada à estrutura de sistemas biopoliméricos (Hwang & Kokini, 

1991), sendo uma representação da natureza microestrutural dos biopolímeros (Hwang & 

Shin, 2000). A Figura 2 mostra que a região de viscosidade constante tende a ser menor 

a altas temperaturas.  

A partir de aproximadamente 4 s-1, a viscosidade diminui com a taxa de 

deformação, indicando um comportamento típico de fluidos pseudoplásticos. Nesta região 

a taxa de desentrelaçamento entre as moléculas devido às forças cisalhantes é maior que 

a de entrelaçamento (Graessley, 1974) e a viscosidade é denominada viscosidade 

aparente, pois é uma função da taxa de deformação. Outros autores afirmam que nesta 

região há uma quebra estrutural irreversível e a queda da viscosidade estaria relacionada 

ao alinhamento molecular do biopolímeros (Glicksman, 1969; Marcotte et al., 2001). 

O ajuste das curvas para a lei da potência (Equação 1) resultou nos valores de 

índice de consistência (k) e de escoamento (n) apresentados na Tabela 1. 

Tabela 1. Parâmetros reológicos da lei da potência para solução de quitosana 
0,2% (m/m) em diferentes temperaturas. 

 

 

 

 

 

Todas as amostras apresentaram índice de comportamento menor que 1, 

confirmando que as soluções de quitosana se comportam como um fluido pseudoplástico, 

principalmente a baixas temperaturas onde os valores observados de n foram ainda 

menores (Tabela 5). Já o índice de consistência (k), que é proporcional à viscosidade das 

amostras (Bae et al., 2008), aumentou com a redução da temperatura. A influência da 

Temperatura (°C) k (Pa sn) n Erro padrão 
10 0,965 0,804 8,39 
20 0,626 0,816 7,43 
30 0,482 0,825 7,45 
50 0,264 0,827 6,61 
80 0,118 0,867 5,53 
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temperatura na viscosidade aparente das amostras pode ser melhor avaliada pela 

equação de Arrhenius (Equação 2). A Figura 3 mostra a variação da viscosidade aparente 

da solução de quitosana com a temperatura considerando a taxa de deformação de 50s-1.  

Figura 3. Efeito da temperatura sobre a viscosidade aparente (50s-1) de solução de quitosana 0,2 
% (m/m). 

Pelo ajuste dos pontos experimentais, tem-se que a energia de ativação (Ea) 

corresponde a 21,88 kJmol-1. Segundo de Paula et al. (2001), uma baixa energia de 

ativação (Ea  17 kJmol-1) indica o estabelecimento de poucas interações inter e 

intramoleculares entre as cadeias de polissacarídeos. Outros trabalhos relacionam a 

energia de ativação à forma estrutural dos polissacarídeos, sendo que baixos valores de 

Ea (15 – 17 kJmol-1) estariam relacionados a polissacarídeos ramificados enquanto que 

polissacarídeos lineares apresentariam alta energia de ativação (27 kJmol-1) (Bae et al., 

2008; de Paula et al., 2001). Além disso, baixas energias de ativação também foram 

reportadas como tendo relação com fluidos cujas propriedades reológicas são pouco 

dependentes da temperatura (Chun & Yoo, 2004; Holdsworth, 1971). Portanto, a relativa 
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alta energia de ativação observada para a quitosana pode estar relacionada ao seu alto 

grau de desacilação (80%) que favorece as interações intermoleculares na solução.  

O valor da constante B, que corresponde à viscosidade à temperatura infinita (Bae 

et al., 2008; Togrul & Arslan, 2003) foi aproximadamente zero, confirmando a diminuição 

da viscosidade das soluções de quitosana a altas temperaturas. 

3.2. Ensaios oscilatórios 

A Figura 4 apresenta a viscosidade complexa (*) da solução de quitosana durante 

o aquecimento e resfriamento dentro do intervalo de viscoelasticidade linear das 

amostras. De forma geral, a viscosidade complexa das amostras diminuiu com o 

aquecimento até 80 °C da mesma forma que a viscosidade aparente, porém um rápido 

aumento da viscosidade foi observado entre 85 – 90 °C associado a uma grande 

histerese entre as curvas de aquecimento e resfriamento. Isso indica a ocorrência de uma 

reorganização molecular da quitosana com a temperatura. A histerese normalmente está 

relacionada à associação molecular ou grau de agregação em transições sol - gel de 

biopolímeros (Lai et al., 2000; Picone & Cunha, 2010), porém a formação de hidrogéis de 

quitosana só foi anteriormente reportada na presença de agentes reticulantes (George & 

Abraham, 2006). No valor de pH estudado (4,4) o aumento de temperatura não interfere 

no grau de desacetilação da quitosana, mas pode aumentar o grau de protonação dos 

grupos amino (-NH2) aumentando a repulsão eletrostática intra e inter-molecular da 

quitosana que resulta na expansão das cadeias (Peng et al., 2010; Thongngam & 

McClements, 2004) e redução da mobilidade molecular da solução. No entanto, mais 

estudos são necessários para elucidar este comportamento. 
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Figura 4. Viscosidade Complexa (*) durante o aquecimento (símbolos fechados) e 
resfriamento (símbolos abertos) de soluções de quitosana 0,2 % (m/m).  

4. Conclusões  

As soluções de quitosana apresentaram comportamento pseudoplástico 

dependente da temperatura. Em altas temperaturas a viscosidade das soluções diminui e 

tende a zero a temperaturas infinitas. Uma alta energia de ativação foi observada nos 

ensaios de escoamento, refletindo a linearidade das moléculas de quitosana devido ao 

seu alto grau de desacetilação. Os ensaios oscilatórios de varredura de temperatura 

confirmaram que não houve estruturação das soluções de quitosana nas condições 

estudadas, porém a alta histerese revelou uma mudança da organização molecular 

provavelmente associada à maior protonação da quitosana a altas temperaturas. 
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