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RESUMO GERAL
A encapsulagdo de compostos bioativos vem sendo utilizada como uma alternativa para
minimizar a degradacdo destes ingredientes durante o processamento, armazenamento e/ou
processo digestivo, permitindo o aumento da vida de prateleira dos alimentos e a liberacdo
controlada destes compostos. Nesse sentido, o objetivo geral deste trabalho foi produzir
microgéis a partir da extrusdo de emulsdes O/A contendo isolado protéico de soro de leite
(IPS) e gelana em uma solugdo gelificante de cloreto de célcio visando a encapsulagdo e
liberacao controlada de 6leo e hidrolisado protéico da linhaca. Na primeira parte deste
estudo, a influéncia das condi¢des de homogeneizagdo (pressdo e nimero de passagens) no
preparo de emulsdes estabilizadas por IPS foi avaliada com o intuito de obter sistemas mais
estdveis e com menor oxidagdo lipidica. Todos os sistemas foram estdveis a cremeacdo e
um aumento da pressdo de homogeneizacdo para 800 bar e do nimero de passagens para
até 3 vezes, diminuiu o tamanho médio de gota das emulsdes. Condi¢Oes extremas de
homogeneizagdo levaram a formacdo de agregados protéicos de alta massa molecular (>200
kDa), favorecendo o aumento na viscosidade das emulsdes. Com o aumento da pressao,
uma distribuicdo de tamanho de gotas bimodal, indicando que coalescéncia pode ter
ocorrido, € um aumento na formacdo de produtos primdarios da oxidacdo foram observados.
Na segunda etapa do trabalho, avaliou-se o potencial do isolado protéico da linhaga (IPL)
como agente emulsificante em sistemas puros e mistos com proteinas do soro de leite
preparados sob alta pressao de homogeneizacdo. As emulsdes estabilizadas por IPL ou IPS-
IPL mostraram-se cineticamente instdveis e o aumento da concentracdo de IPL e das
condicdes de homogeneizacdo melhoraram a estabilidade dos sistemas puros, o que foi
atribuido a sua maior viscosidade. No entanto, a maior estabilidade foi obtida com a adicao
de IPS nas emulsdes contendo menor concentracdo de IPL (0,14% m/v) e utilizando

condi¢Oes mais drasticas de homogeneizacdo. Por ultimo, microgéis de IPS e gelana foram
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produzidos a partir da gelificacio idnica de emulsdes visando a encapsulacdo de compostos
bioativos da linhaca. Os microgéis foram avaliados quanto a estabilidade, resisténcia e
liberacdo destes compostos bioativos através da simulacdo in vitro do processo digestivo.
Os resultados mostraram que 6leo e hidrolisado protéico da linhaca foram encapsulados e
que os microgéis resistiram as condigdes gdstricas, mas foram desintegrados no meio
intestinal. Além disso, a adi¢do de hidrolisado diminuiu o tamanho das particulas e parece
ter auxiliado na encapsulacdo do 6leo de linhaca. Sendo assim, os microgéis produzidos
poderiam ser utilizados para a protecdo e liberacdo controlada dos compostos bioativos
encapsulados.

Palavras chave: Emulsdes O/A, proteinas do soro, 6leo de linhaga, hidrolisado protéico da

linhaca, microgéis, digestao in vitro
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ABSTRACT
The encapsulation of bioactive compounds has been used as an alternative to minimize
degradation of these ingredients during processing, storage and/or digestive process,
allowing increased shelf life of foods and the controlled release of these compounds. In this
way, the general purpose of this work was to produce microbeads from extrusion of the
O/W emulsions containing whey protein isolate (WPI) and gellan into a gelling solution of
calcium chloride aiming the encapsulation and controlled release of oil and protein
hydrolysate from flaxseed. In the first part of this study, the influence of homogenization
conditions (pressure and number of passes) in the preparation of emulsions stabilized by
WPI was assessed in order to obtain more stable systems and decreased lipid oxidation. All
the systems were stable to creaming and an increase of homogenization pressure to 80 MPa
and the number of passes up to 3 times, decreased the mean droplet size of the emulsions.
Extreme homogenization conditions led to the formation of high molecular weight protein
aggregates (>200 kDa), favoring the increase in viscosity of the emulsions. Increasing
pressure, a bimodal droplets size distribution, indicating droplets coalescence, and an
increase in the formation of primary oxidation products were observed. In the second step
of the work, the potential of flaxseed protein isolate (FPI) as an emulsifying agent was
evaluated in pure systems and mixed with whey proteins prepared under high pressure
homogenization. The emulsions stabilized by FPI or WPI-FPI were kinetically unstable and
the increase of FPI concentration and homogenization conditions improved the stability of
pure systems, which was attributed to its higher viscosity. However, the greatest stability
was achieved with the WPI addition in the emulsions containing the lowest FPI
concentration (0.14% w/v) and using more drastic homogenization conditions. Finally,
WPI-gellan microgels were produced by ionic gelation of the emulsions aiming the

encapsulation of bioactive compounds from flaxseed. Microgels were evaluated in relation
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to stability, resistance and release of these bioactive compounds by simulating in vitro
digestion process. The results showed that oil and protein hydrolysate from flaxseed were
encapsulated and that microbeads resisted to gastric conditions, but were disintegrated in
intestinal medium. Furthermore, the hydrolysate addition decreased the particle size and
seems to have contributed for the flaxseed oil encapsulation. Thus, microbeads produced
could be used for protection and controlled release of the encapsulated bioactive
compounds.

Keywords: O/W emulsions, whey proteins, flaxseed oil, flaxseed protein hydrolysate,

microbeads, in vitro digestion
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Capitulo 1. Introducio

1.1. INTRODUCAO

A incorporacdo e encapsulacdo de compostos bioativos, tais como vitaminas,
probidticos, peptideos, lipideos, antioxidantes, entre outros, possibilita a protecdo as
condicdes de processo, estocagem e/ou no sistema digestivo destes ingredientes funcionais
(CHEN et al., 2006). Emulsdes 6leo-dgua (O/A) apresentam elevado potencial para a
encapsulacdo de compostos bioativos, principalmente por apresentarem regides polares e
apolares, baixo custo de producdo e relativa facilidade de preparo (McCLEMENTS et al.,
2007). No entanto, emulsdes sdo sistemas termodinamicamente instdveis que tendem a se
desestabilizar com o tempo, sendo o uso de for¢as mecanicas intensas e/ou a adicdo de um
emulsificante/estabilizante, necessdrios para aumentar essa estabilidade por um
determinado periodo de tempo (McCLEMENTS et al., 2007). Além disso, a gelificacdo da
fase continua de emulsdes estabilizadas por biopolimeros pode aumentar a sua estabilidade
(McCLEMENTS et al., 2007). Para isso, o método de extrusdo seguido por gelificacao
ionotrépica pode ser utilizado, resultando na formagdo de microgéis (BUREY et al., 2008;
PERRECHIL et al., 2012), que podem incorporar e proteger compostos bioativos, inclusive
compostos termoldbeis (AZEREDO, 2005), além de poderem ser adicionados em meios
com elevada atividade de 4gua (BUREY et al., 2008).

Atualmente, a linhaca estd recebendo atencdo como um alimento funcional devido
aos beneficios a saide relacionados principalmente ao seu 6leo, lignanas e polissacarideos
soliveis, enquanto que as informagdes sobre os beneficios das suas proteinas sdo ainda
limitadas (MARAMBE et al., 2008). O 6leo de linhaga € muito rico em 4cidos graxos
insaturados, sendo reconhecido como uma das maiores fontes vegetais de d6mega 3 (4cido

a-linolénico) na natureza (TONON et al., 2011), o qual tem um efeito positivo na reducao
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do risco de doencas cardiovasculares (TONON et al.,, 2011; ZHAO et al., 2007). No
entanto, estes 6leos podem oxidar facilmente, devido a seu alto grau de insaturagcdo
(TONON et al., 2011), sendo sua oxidagdo o principal fator de deterioracao da qualidade de
muitos alimentos naturais ou processados (McCLEMENTS & DECKER, 2000; SUN &
GUNASEKARAN, 2009). Hidrolisados protéicos da linhaca vém sendo estudados com
relacdo a suas atividades biologicas, tais como propriedades antioxidantes, anti-
hipertensivas e antiinflamatérias (MARAMBE et al., 2008; UDENIGWE et al., 2009a,b).
No entanto, apesar destas propriedades e do perfil de aminoicidos de boa qualidade
nutricional, que é comparado ao das proteinas da soja (RABETAFIKA et al., 2011;
UDENIGWE et al., 2009a,b; WANG et al., 2009), as proteinas da linhaca ainda nio tém
sido amplamente exploradas na nutricdo humana (MARAMBE et al., 2008; UDENIGWE
et al., 2009b), o que poderia estar relacionado com a dificuldade de isolar a proteina, que
tem baixo rendimento de extragdo devido a presenca de gomas (OOMAH & MAZZA,
1993; SMITH et al., 1946; UDENIGWE et al., 2009b).

Para a obtengdo de beneficios a saude, € também necessédrio garantir a estabilidade
dos compostos bioativos no sistema gastrointestinal e facilitar a sua liberacdo em local
adequado para que os mesmos possam ser absorvidos pelo organismo (CHAMPAGNE &
FUSTIER, 2007). A liberacdo controlada pode melhorar a efetividade de compostos
encapsulados, ampliar a sua faixa de aplicacdo e garantir dosagem 6tima (GOUIN, 2004).
Sendo assim, a encapsulacio destes compostos pode ser interessante na tentativa de evitar a
perda de sua funcionalidade e biodisponibilidade, possibilitando a sua liberagdao no local
desejado.

Existem na literatura trabalhos envolvendo a encapsulacdo de 6leo de linhaga,

visando retardar, inibir ou apenas minimizar a sua oxidacdo (CARNEIRO et al., 2013; LIU
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et al.,, 2010; PARTANEN et al., 2008). Sao encontrados também estudos que avaliam o
efeito da adicdo de aminodcidos e peptideos de soja e de gelatina com atividade
antioxidante a sistemas de encapsulacdo de dcidos graxos poliinsaturados ®-3 com o intuito
de melhorar a sua estabilidade oxidativa (PARK et al.,, 2005a,b). No entanto, ndo sido
encontrados estudos relacionados a adicdo de hidrolisados protéicos da linhaca a sistemas
de encapsulagdo do 6leo de mesma fonte, visando evitar a sua oxidacdo e ainda obter

beneficios a saide em fungio das propriedades funcionais dos mesmos.

1.2. OBJETIVOS

O objetivo geral deste trabalho foi encapsular hidrolisados protéicos bioativos,
obtidos da farinha de linhaca, juntamente com o 6leo de linhaga, rico em dmega 3, através
da gelificacdo i0nica de emulsdes Oleo-dgua (O/A), visando sua protecdo e liberacdo
controlada.

Os objetivos especificos deste trabalho foram:

A) Estudar a influéncia das condi¢cdes de processo, pressio de homogeneizacao
(200-1000 bar) e nimero de passagens pelo homogeneizador (1-7), sobre a estabilidade e
oxidacdo lipidica do 6leo de linhaca das emulsdes O/A estabilizadas por proteinas do soro
de leite, visando definir uma melhor condi¢c@o para o preparo destes sistemas;

B) Avaliar o potencial das proteinas da linhaca como agente emulsificante através
do estudo de emulsdes O/A contendo apenas proteinas do soro, proteinas da linhaca ou uma
mistura de proteinas do soro — proteinas da linhaca, preparadas sob alta pressdo de

homogeneizac¢do (200, 400 ou 600 bar), com uma ou duas passagens pelo homogeneizador;
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C) Produzir microgéis através da extrusdo de emulsdes O/A contendo proteinas do
soro e gelana utilizando o cloreto de cdlcio (CaCl,) como agente gelificante. Estes
microgéis foram utilizados para encapsular 6leo e hidrolisado protéico da linhaca, sendo
avaliada a sua estabilidade e resisténcia as condi¢Oes de cisalhamento, assim como a
liberacdo controlada dos compostos bioativos encapsulados através da simulacdo in vitro do

processo digestivo.

1.3. DESCRICAO DOS CAPITULOS

A apresentacdo deste trabalho foi organizada em 5 capitulos como descrito a seguir:

Capitulo 1: Introdugdo Geral
Capitulo 2: Revisdo Bibliogrdfica

Neste capitulo sdo abordados aspectos tedricos dos sistemas estudados, bem como
uma revisao bibliografica relatando a literatura recente e mais relevante sobre o tema deste

trabalho.

Capitulo 3: Flaxseed oil — Whey protein isolate emulsions: Effect of high pressure
homogenization

Neste capitulo foi realizado um estudo da influéncia das condi¢des de
homogeneiza¢do (pressao e nimero de passagens) sobre a estabilidade e oxidagdo lipidica
das emulsoes 6leo de linhaca — proteinas do soro. A partir deste estudo, foram identificados
os fatores responsaveis pela alteracdo nas caracteristicas das emulsdes e uma condi¢do para
o seu preparo foi definida, visando maior estabilidade e menor oxidacdo lipidica. Os

diferentes sistemas foram avaliados quanto a estabilidade a cremea¢do, microscopia,
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diametro médio das gotas, propriedades reoldgicas, estabilidade oxidativa e distribuicdo de

massa molecular, esta ultima avaliada através da eletroforese em gel de poliacrilamida.

Capitulo 4: Assessing the potential of flaxseed protein as an emulsifier combined with whey
protein isolate

Nesta etapa, o poder emulsificante do isolado protéico da linhaca (IPL) foi avaliado
em sistemas puros € mistos com proteinas do soro (IPS). Primeiramente, foram preparadas
emulsdes de IPS em trés diferentes pressdes de homogeneizacao (200, 400 ou 600 bar),
utilizando uma ou duas passagens pelo homogeneizador. Estas condi¢des foram definidas
com base nos resultados encontrados no Capitulo 3, visando avaliar a influéncia de pressdes
intermedidrias e de um menor nimero de passagens pelo homogeneizador sobre o tamanho
de gotas das emulsdes formadas. A partir deste estudo, foram escolhidas as pressdes de
homogeneizagdo de 400 e 600 bar, com uma ou duas passagens pelo homogeneizador, para
o preparo das emulsdes estabilizadas por IPL ou por IPS-IPL, visando a obtencdo de
sistemas com maior estabilidade cinética.

Para a caracterizacido dos sistemas, foram utilizadas as técnicas de potencial zeta,
FTIR e método da gota pendente e/ou ascendente. A determinagdo das propriedades das
emulsodes e das condi¢des necessdrias para a formacdo de sistemas menos instaveis foi feita
a partir da avaliacdo da estabilidade a cremeacdo, didmetro médio das gotas, microscopia,

reologia e carga protéica.

Capitulo 5: Production of whey protein isolate — gellan microbeads for encapsulation and
release of bioactive compounds from flaxseed

Neste capitulo foi realizado um estudo da producdo de microgéis a partir da

7



Capitulo 1. Introducio

gelificacdo de emulsdes O/A em pH ~ 7,0 utilizando a técnica de extrusdo em uma solugdo
de CaCl, para a encapsulacdo de compostos bioativos da linhaga. As condicdes de
homogeneizagdo (600 bar, duas passagens) utilizadas no preparo destas emulsdes foram
definidas com base nos resultados obtidos no Capitulo 4. Nesta etapa, foram avaliadas a
concentracdo de sal minima necessdria para a gelificacdo, bem como as concentracdes de
gelana e de hidrolisado protéico da linhaca a serem utilizadas. Os microgéis produzidos
foram caracterizados quanto a morfologia, tamanho e potencial zeta, além de serem

avaliados quanto a estabilidade e comportamento reolégico de suas suspensdes e resisténcia

frente as condi¢des gastrointestinais.

Capitulo 6: Conclusoes Gerais

Neste capitulo sdo relatadas as principais conclusdes sobre os resultados obtidos.
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2. REVISAO BIBLIOGRAFICA
2.1. SEMENTE DE LINHO (LINHACA)

O linho (Linum usitatissimum L.) € um dos cultivos mais antigos conhecidos pelo
homem, principalmente pelo uso de seu 6leo e fibras (CHEN et al., 2006; CUI, 2001;
MAZZA & BILIADERIS, 1989; WANASUNDARA & SHAHIDI, 1997). A sua semente é
oval, tem dimensdes aproximadas de 2,5 mm X 5 mm X 1 mm e peso médio de 3-13 mg
por semente (WANASUNDARA & SHAHIDI, 1997). A semente de linho (linhaca)
contém aproximadamente 35% de lipideos, 30% de proteinas e 35% de fibras, dos quais 7-
10% sao fibras soldveis, cuja composicdo varia em funcdo do cultivar, condigcdes
ambientais e localizagdo geografica (GOH et al., 2006).

O crescente interesse na linhaca como fonte alimenticia é devido as inumeras
pesquisas que comprovam que ela pode fornecer uma variedade de beneficios a saidde
(HALL et al., 2006), como reducdo dos riscos de doencas cardiovasculares e cancer,
atividade antiviral e bactericida, atividade antiinflamatéria, efeito laxativo, efeito
hipoglicémico e prevencdo de sintomas da menopausa e osteoporose (BABU &
WIESENFELD, 2003). Os componentes que estdo relacionados a estes beneficios incluem
as lignanas (na sua forma predominante Secoisolariciresinol Diglicosideo (SDG)), o dcido
a-linolénico (ALA) e os polissacarideos (gomas ou fibras) (HALL et al., 2006). O interesse
no ALA e nas lignanas como ingredientes alimenticios tem aberto oportunidades para a
utilizagcdo da linhaca em alimentos (HALL et al., 2006). Porém, o mesmo nivel de interesse
ndo tem sido observado para outros componentes da linhaca, como as proteinas (HALL et

al., 2006).
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2.1.1. Proteinas da linhaca

O conteudo de proteina na linhaca varia entre 10 e 31% (HALL et al., 2006;
OOMAH & MAZZA, 1993), de acordo com o cultivar, a localiza¢do geogréfica e o tipo de
processamento da semente (HALL et al., 2006).

Diferentes métodos podem ser utilizados para o isolamento de proteinas da linhaca
(OOMAH & MAZZA, 1993). Os primeiros processos, que sdo cldssicos, envolviam
extracao com solu¢do salina e precipitacio da proteina por remocdo do sal através de didlise
(OOMAH & MAZZA, 1993; OSBORNE, 1892). Porém, devido a falta de praticidade deste
método, outros foram sendo utilizados ao longo dos anos com o intuito de melhorar o
rendimento de extracdo da proteina (DEV et al., 1986; SMITH et al., 1946; SOSULSKI &
BAKAL, 1969). Um dos fatores que podem influenciar o rendimento é a presenga de
mucilagem na casca das sementes (OOMAH & MAZZA, 1993; SMITH et al., 1946;
UDENIGWE et al., 2009a). Por isso, existem alguns trabalhos que estudam a possibilidade
de melhorar o rendimento do isolado protéico da linhaca utilizando diferentes métodos de
remocdo da mucilagem (UDENIGWE et al., 2009a). Entre alguns destes métodos, estdo o
descascamento da semente (SMITH et al., 1946), a utilizacio de solugdo salina
(MARAMBE et al., 2008) e a hidrélise enzimética das fibras (UDENIGWE et al., 2009a,b)
antes da separacdo da proteina. Segundo Smith et al. (1946), a casca das sementes contém
também pigmentos de coloracdo escura, os quais, se ndo eliminados, sdo extraidos com a
proteina e ddo a ela uma cor escura indesejavel.

Estudos revelam que as proteifnas da linhaca consistem em duas principais fragdes,
uma de alta massa molecular do tipo globulina (11S-12S) soldvel em solucdo salina e outra
de menor massa molecular do tipo albumina (1,6S-2S) solivel em dgua (CHUNG et al.,

2005; MADHUSUDHAN & SINGH, 1985a,b; MARCONE et al, 1998; YOULE &

16



Capitulo 2. Revisao Bibliografica

HUANG, 1981). Quanto a composi¢do de aminodcidos, as proteinas da linhaca possuem
altos niveis de arginina, leucina, 4cido aspartico e acido glutdmico, enquanto a metionina e
cistina estdo em menor concentracdo (HALL et al., 2006; OOMAH & MAZZA, 1993).

O perfil de aminodcidos da proteina da linhaca € bastante similar ao da proteina da
soja, a qual é vista como uma das proteinas vegetais mais nutritivas (OOMAH & MAZZA,
1993; RABETAFIKA et al., 2011; UDENIGWE et al., 2009b). No entanto, a proteina da
linhaca € mais efetiva na diminui¢do do colesterol e triglicerideos do plasma sangiiineo se
comparada com a proteina da soja e a caseina (BHATHENA et al., 2002). Estudo realizado
por Xu et al. (2008) também mostrou que o extrato de proteina da linhaca apresenta
atividade antifiingica contra uma ampla variedade de fungos alimenticios.

Hidrolisados de proteina, especialmente aqueles que contém peptideos de cadeia
curta, sdo ingredientes interessantes para a formulacdo de alimentos funcionais e produtos
nutracéuticos (OMONI & ALUKO, 2006). Tem sido aceito que de 30-50% do nitrogénio
da dieta € absorvido no corpo na forma de pequenos peptideos, os quais podem exercer
diferentes funcdes fisiologicas (MARAMBE et al., 2008). Sendo assim, aten¢do tem sido
dada para estudar e entender a habilidade das proteinas alimenticias em gerar peptideos
bioativos, pois estes estdo mnativos quando presentes na seqiiéncia de proteinas, mas podem
ser liberados durante a digestdo gastrointestinal ou no processamento de alimentos
(MARAMBE et al.,, 2008). Apds sua liberacdo, os peptideos exercem vdrias funcdes
fisiologicas baseadas na seqiiéncia e composicdo de aminodcidos (MARAMBE et al.,
2008).

Recentemente foram publicados alguns trabalhos relacionados aos efeitos benéficos
promovidos pelos hidrolisados biologicamente ativos extraidos da linhaga. Marambe et al.

(2008) reportaram que o hidrolisado protéico da linhaca ndo fracionado apresentou
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atividade anti-hipertensiva, e também propriedades antioxidantes. Udenigwe et al.
(2009a,b) também encontraram resultados favordveis em relacdo a atividade anti-
hipertensiva, antioxidante e antiinflamatéria para fracdes de peptideos catidnicos e de baixa
massa molecular da linhaca obtidos a partir de hidrélise utilizando diferentes proteases.

Além das propriedades funcionais nutricionais, as proteinas da linhaca também
possuem propriedades tecnoldgicas interessantes. Em geral, o isolado protéico da linhaca
exibe maior capacidade de absor¢do de dgua e de 6leo e melhorada atividade emulsificante
e estabilizante se comparado com o isolado protéico da soja (DEV & QUENSEL, 1986). As
proteinas da linhaga parecem ser estruturalmente mais lipofilicas do que as proteinas da
soja, e as propriedades hidrofilicas (ou polaridade) do isolado protéico da linhaca sdo
influenciadas pela presenca de mucilagem na extracdo da proteina (OOMAH & MAZZA,
1993).

No entanto, além de conter considerdveis quantidades de mucilagem (pentosanas),
as proteinas da linhaca também possuem compostos anti-nutricionais, tais como o 4cido
fitico, que influenciam as propriedades funcionais destes ingredientes (KRAUSE et al.,
2002). Sendo assim, Krause et al. (2002) decidiram avaliar a extracdo de proteina da
linhaca por micelizacdo e comparar com a precipitagdo isoelétrica, com o intuito de obter
um isolado com reduzido conteudo de 4cido fitico e pentosanas. O contetido de pentosanas
e acido fitico encontrado no isolado preparado por precipitacdo isoelétrica foi de 2,3% e
0,6%, respectivamente, enquanto que para o isolado obtido por micelizacdo foi encontrado
muito baixo conteiido de pentosanas (0,6%) e praticamente nulo de 4cido fitico (KRAUSE
et al., 2002). Em relag@o as propriedades tecnoldgicas, a proteina obtida por precipitagdao
isoelétrica apresentou menor solubilidade (entre 40-50%), maior capacidade de retencdo de

agua e menor atividade emulsificante (KRAUSE et al., 2002).
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2.1.2. Oleo de linhaca

O 6leo de linhaca bruto, o mais integro nas suas propriedades terapéuticas e
nutricionais, é obtido pelo processo de esmagamento e prensagem mecanica a frio das
sementes de linho (TRUCOM, 2006). A extracdo deve ser realizada a frio, ou seja, a 45 °C
no méximo (ideal a 40 °C), pois a temperatura é uma varidvel que pode acelerar a oxidacao
do 6leo, alterando também sua qualidade e tempo de validade (TRUCOM, 2006). O 6leo de
linhaga possui 73% de acidos graxos poliinsaturados (~57% de 4cido alfa-linolénico (®-3)
e ~16% de acido linoléico (®-6)), cerca de 18% de acidos monoinsaturados e somente 9%
de acidos graxos saturados, sendo considerado o alimento de origem vegetal mais rico em
omega 3 (TRUCOM, 2006; VAISEY-GENSER & MORRIS, 2003).

Os dacidos graxos poliinsaturados 6mega 3 sdo essenciais para O crescimento e
desenvolvimento normal do corpo e possuem um papel importante na prevengdo e
tratamento de doencgas cardiacas corondrias, hipertensido, obesidade, diabetes do tipo 2,
artrite, outras desordens inflamatdrias e auto-imunes, e cancer (SIMOPOULOS, 1999; SUN
& GUNASEKARAN, 2009). Sendo assim, a percep¢do dos beneficios dos dcidos graxos
essenciais, especialmente o ®-3, tem estimulado o consumo de alimentos com alto teor
deste composto ao longo dos ultimos anos e, por isso, existe um crescente interesse em
incorporar estes lipideos bioativos em novas formulacdes (HIGGINS et al., 1999;
KOLANOWSKI et al., 1999; WALLACE et al.,, 2000). No entanto, ainda existem
inimeros desafios de produgdo, transporte, € armazenamento de alimentos fortificados com
-3, pois este é extremamente susceptivel a deterioracio oxidativa (KOLANOWSKI et al.,

1999).
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2.2. OXIDACAO LIPIDICA

A tendéncia dos lipideos de sofrerem oxidacdo € uma das principais causas de
deterioracdo da qualidade de muitos alimentos naturais ou processados, levando a
alteracdes no sabor, aroma, textura, vida de prateleira, aparéncia e perfil nutricional, além
de diminuir a aceitabilidade destes alimentos (McCLEMENTS & DECKER, 2000; PENG
et al.,, 2010). A oxidacdo lipidica € indesejdvel na maioria dos alimentos, pois leva ao
desenvolvimento de sabores e odores indesejaveis (McCLEMENTS & DECKER, 2000;
RAMALHO & JORGE, 2006), além de provocar outras alteracdes que irdo afetar ndo s6 a
qualidade nutricional, devido a degradacdo de vitaminas lipossoliveis e de 4cidos graxos
essenciais, mas também a integridade e seguranca dos alimentos, através da formacgdo de
produtos de reagcdo potencialmente téxicos (RAMALHO & JORGE, 2006).

Lipideos s@o suscetiveis a processos oxidativos na presenca de alguns catalisadores,
tais como luz, calor, enzimas, metais e microrganismos (SHAHIDI & ZHONG, 2005). A
autoxidacdo € o processo mais comum que leva a deterioracdo oxidativa e estd associada a
reacdo do oxigénio atmosférico com &acidos graxos insaturados e ocorre em trés etapas
(Figura 2.1) (RAMALHO & JORGE, 2006; SHAHIDI & ZHONG, 2005). A etapa 1 € a
Iniciagdo, em que ocorre a formagdo dos radicais livres devido a retirada de um hidrogénio
do carbono alilico na molécula do acido graxo, em condicdes favorecidas por luz e calor. A
etapa 2 € a Propagagdo, em que os radicais livres (que sdo prontamente susceptiveis ao
ataque do oxigénio atmosférico), sdo convertidos em outros radicais, aparecendo os
produtos primdrios de oxidacdo (peréxidos e hidroperdxidos), cuja estrutura depende da
natureza dos dcidos graxos presentes. Os radicais livres formados atuam como
propagadores da reacdo, resultando em um processo auto-catalitico. A etapa 3 é o Término,

no qual dois radicais combinam-se, com a formacdo de produtos estdveis (produtos
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secunddarios de oxidac¢d@o) obtidos por cisdo e rearranjo dos peréxidos (epoxidos, compostos
volateis e ndo volateis) (RAMALHO & JORGE, 2006).
Iniciacao RH — R + H°
Propagacao R* + O, — ROO°
ROO* + RH — ROOH + l}‘

Término ROO* + R* —» ROOR
Produtos

ROO* + ROO* — ROOR + O, Estdveis

R* + R* — RR

onde: RH — Acido graxo insaturado; R* — Radical livre;
ROO* — Radical peréxido e ROOH — Hidroperdxido.

Figura 2.1. Esquema do mecanismo da oxidagao lipidica (Fonte: RAMALHO & JORGE,
2000).

A susceptibilidade dos lipideos a oxidagdo € uma das principais causas de
deterioracdo da qualidade de emulsdes alimenticias (COUPLAND & McCLEMENTS,
1996; McCLEMENTS & DECKER, 2000). A oxidacdo de lipideos emulsionados ¢é
mecanicamente diferente da que ocorre com os 6leos a granel, devido as propriedades da
interface das gotas da emulsdo e da habilidade dos pré-oxidantes, antioxidantes e substratos
oxiddveis em se dividir entre as fases 6leo, interface e 4gua (RICHARDS et al., 2002). As
propriedades da interface das gotas influenciam na oxidagdo lipidica devido a sua
capacidade de atrair/repelir pro-oxidantes e antioxidantes, formando uma barreira fisica que
altera as interagdes entre os lipideos e os pro-oxidantes soliveis em dgua (RICHARDS et
al., 2002).

Existem muitos fatores que podem influenciar na taxa de oxidacdo lipidica de

emulsdes O/A, tais como: a composicdo de 4cidos graxos; o pH da fase aquosa e a
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composi¢do i0nica; o tipo e concentracdo de antioxidantes e pro-oxidantes; a concentracao
de oxigé€nio; as caracteristicas das gotas lipidicas, como distribuicio de tamanho,
concentracdo e estado fisico; e as propriedades interfaciais das gotas da emulsdao, como

espessura, carga, reologia, e permeabilidade (WARAHO et al., 2011).

2.3. EMULSOES EM SISTEMAS ALIMENTICIOS

Uma emulsio pode ser simplesmente definida como um sistema composto de dois
liquidos imisciveis, no qual um dos liquidos estd disperso (fase dispersa ou interna) no
outro (fase continua ou externa) como pequenas gotas esféricas (JAFARI et al., 2008). As
emulsdes 6leo em dgua (O/A), que sdo as mais comuns em alimentos, consistem em
sistemas onde as gotas de Oleo estdo dispersas em uma fase continua aquosa como, por
exemplo, leite, maionese, sorvete, sopas e molhos (McCLEMENTS & DECKER, 2000;
WARAHO et al.,, 2011).

Emulsdes sdo sistemas termodinamicamente instiveis devido a energia livre
positiva necessdria para aumentar a area entre as fases aquosa e oleosa, bem como as
diferentes densidades das fases (McCLEMENTS, 2005; McCLEMENTS & DECKER,
2000). Particularmente para emulsdes O/A, existem diversos mecanismos de
desestabilizacdo, sendo os principais a cremeagdo, sedimentacao, floculacio e coalescéncia
das gotas (DICKINSON, 1992).

No entanto, emulsdes cineticamente estidveis por um periodo de tempo
suficientemente longo podem ser produzidas pela adicdo de ingredientes conhecidos como
estabilizantes, tais como emulsificantes e/ou espessantes (McCLEMENTS et al., 2007).
Emulsificantes sdo moléculas com atividade superficial que adsorvem na superficie das

gotas formadas durante o processo de homogeneizacdo. Uma vez presentes na superficie da
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gota, elas atuam de duas maneiras: reduzindo a tensdo interfacial e formando uma camada
protetora que impede a agregacdo das gotas (GUZEY & McCLEMENTS, 2006;
McCLEMENTS, 2005; McCLEMENTS et al, 2007). J4 os espessantes modificam
propriedades da fase aquosa da emulsdo, promovendo o aumento da viscosidade ou entdo a
gelificacdo desta fase, o que retarda ou evita o movimento das gotas (DICKINSON, 2003;
McCLEMENTS et al., 2007).

Muitas proteinas podem ser utilizadas como agentes emulsificantes devido a sua
habilidade em facilitar a formag¢do da emulsdo, melhorar sua estabilidade e induzir
propriedades fisico-quimicas desejaveis (McCLEMENTS, 2004). Alguns parametros que
afetam diretamente a estabilidade de emulsdes com adi¢do de proteina sdo: temperatura,
pH, forca ibnica, concentragcdo e carga da proteina, razdo proteina/éleo, tamanho de gota e
fracdo volumétrica de 6leo (KHALLOUFI et al., 2009).

Proteinas do soro de leite sdo largamente utilizadas em produtos alimenticios devido
a seu alto valor nutricional e excelentes propriedades tecnolégicas, como a habilidade de
formar emulsdes (MORR & HA, 1993), visto que possuem grupos hidrofilicos e
hidrofébicos, os quais possibilitam apresentar excelente atividade superficial e propriedades
de estabiliza¢do de emulsdes (PATEL & CHEN, 2008). Além disso, tem sido reportado que
o isolado protéico de soro possui atividade antioxidante (HU et al., 2003; SUN &
GUNASEKARAN, 2009; TONG et al., 2000), o que poderia ser extremamente benéfico
aos sistemas contendo componentes sensiveis a oxidacdo na fase dispersa (SUN &
GUNASEKARAN, 2009).

As principais fracdes protéicas do soro incluem a f-lactoglobulina (B-Lg, 60%), a

a-lactoalbumina (a-La, 22%), a albumina bovina sérica (BSA, 5,5%) e as imunoglobulinas
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(Ig, 9,1%), cujos valores de ponto isoelétrico correspondem a 5,2, 4,8-5,1, 4,8-5,1, e 5,5-
6,8, respectivamente (BRYANT & McCLEMENTS, 1998). As propriedades funcionais das
proteinas do soro dependem ndo s6 da sua composi¢do, mas também do seu grau de
desnaturacdo (BRYANT & McCLEMENTS, 1998). Em sua forma nativa, as proteinas do
soro t€ém uma estrutura compacta e rigida estabilizada por interagdes intramoleculares,
como interacdes hidrofébicas, eletrostaticas, pontes de hidrogénio e dissulfidicas (KIOKAS
et al.,, 2007). Porém, o aquecimento a altas temperaturas induz a desnaturagdo, resultando
em um desdobramento das moléculas de proteina e exposicdo dos seus sitios reativos
(KIOKAS et al., 2007). Uma pequena modificagdo das proteinas do soro por desnaturacao
induzida pelo aquecimento poderia levar a melhoria ou extensdo das propriedades
funcionais e entdo aumentar suas aplica¢des nos alimentos (KIOKAS et al., 2007).

Polissacarideos sdo freqiientemente empregados como agentes espessantes em
emulsdes 6leo-dgua, conferindo propriedades de textura desejaveis e estabilizando as gotas
contra a cremeagdo (McCLEMENTS & DECKER, 2000). A goma gelana é um
polissacarideo anidnico extracelular produzido pela bactéria Sphyngomonas elodea e tem
potencial para ser utilizada em uma ampla variedade de produtos alimenticios, atuando
como agente gelificante, texturizante, estabilizante e formador de filme (SWORN et al.,
1995), sendo a sua propriedade gelificante importante para a produ¢do de microgéis.

Na sua forma acilada, como biossintetizada, a gelana produz géis fracos devido a
presenca de grupos gliceril (Figura 2.2) que causam impedimento estérico para a formacao
da rede tridimensional (VILELA, 2012). No entanto, um tratamento térmico em pH
alcalino resulta na gelana desacilada (MORITAKA et al., 1995), que constitui sua forma
comercial e possui elevado poder gelificante (PICONE, 2008). Na sua forma desacilada, ela

¢ composta por unidades de tetrassacarideos que se repetem, sendo eles: 1,3-B-D-glicose,
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1,4-B-D-4cido glicur6nico, 1,4-B-D-glicose e 1,4-a-L-ramnose, com um grupo carboxilico
lateral em cada unidade (Figura 2.2) (JANSSON et al, 1983; MIYOSHI et al., 1995;
O’NEILL et al., 1983). A gelana possui um valor de pKa préximo ao pH 3,5, o qual é dado

pelo seu mondmero, 4cido glicurdnico (PICONE & CUNHA, 2010).

CH,OH OH CH,0H it
HO 0, HO o o, QH
O. o]
...... o d HO e &
OH COH OH
Glyceryl a

Figura 2.2. Unidade de tetrassacarideo que se repete na goma gelana desacilada. Os sitios
de ligacdo dos substituintes gliceril e acetil na gelana altamente acilada (“nativa”) estdo

indicados (Fonte: MORRIS et al., 2012).

O mecanismo de gelificacdo da gelana é dividido em duas etapas. Na primeira
ocorre a formacdo de duplas-hélices ordenadas (transicdo conformacional), e em seguida,
ocorre a interagdo entre as hélices (transicdao sol — gel) (Figura 2.3) (MILAS et al., 1990;
PICONE & CUNHA, 2011; RODRIGUEZ-HERNANDEZ et al., 2003; SOSA-HERRERA
et al, 2008; VILELA, 2012; YAMAMOTO, 2006). A temperatura de transicao
conformacional varia entre 30 e 50 °C, dependendo da concentracdo de polimero e da
composi¢do da solucdo (NICKERSON et al, 2003; PICONE, 2008; VILELA, 2012;

YAMAMOTO, 2006).
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Figura 2.3. Representa¢do da transicdo conformacional desordenada-ordenada (1) e da

transicdo sol-gel (2) da gelana (Fonte: MIYOSHI et al., 1995).

O processo de gelificacdo pode ser induzido pela adi¢do de sais, por alteragdes de
pH, tratamento térmico ou aumento da concentracdo do polimero (PICONE, 2008) e, por
isso, vai depender da forg¢a i0nica, tipo de cation, pH, temperatura e concentracdo utilizados
(RODRIGUEZ-HERNANDEZ et al., 2003; SANDERSON, 1990; SOSA-HERRERA et al.
2008; VILELA et al., 2011; YAMAMOTO & CUNHA, 2007). Tem sido reportado que a
gelana € capaz de formar géis em baixas concentracdes (0,05% m/m), porém as
concentracdes normalmente utilizadas variam a partir de 0,2-0,4% (m/m) (RODRiGUEZ—
HERNANDEZ et al., 2003). Estas baixas concentragdes juntamente com as propriedades
multifuncionais da goma, permitem obter uma ampla variedade de texturas e utiliza-la em
combinacdo com outros hidrocol6ides para melhorar a estabilidade, formacao da estrutura e
liberacdo de sabor em sistemas alimenticios (RODRfGUEZ—HERNANDEZ et al., 2003).

Além dos ingredientes utilizados na formulacdo das emulsdes, a estabilidade destes
sistemas também depende do método de emulsificagdo utilizado, o que vai influenciar

diretamente o tamanho das gotas formadas (PERRECHIL, 2012).
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2.3.1. Métodos de emulsificacao

O processo de emulsificacdo inclui duas etapas, onde primeiramente uma alta tensao
de cisalhamento leva a deformacgdo da gota, aumentando sua drea superficial especifica até
0 seu rompimento € em seguida, a nova interface é estabilizada por um emulsificante
(PERRIER-CORNET et al,, 2005). Existem diferentes sistemas disponiveis para a
formacdo de emulsdes, sendo os misturadores do tipo rotor-estator e os homogeneizadores
a altas pressdes os mais comuns (PERRIER-CORNET et al., 2005). Estes processos
influenciam diretamente a adsorcdo da proteina na interface, didmetro de gota e

estabilidade dos sistemas, produzindo emulsdes com diferentes propriedades fisico-

quimicas e organolépticas (PERRIER-CORNET et al., 2005; SANTANA, 2009).

2.3.1.1. Homogeneizacao a alta pressao

A homogeneizacdo a alta pressdo € uma tecnologia que visa a reducdo do tamanho
de gotas de macro-emulsdes pré-formadas, por exemplo, por misturadores do tipo rotor-
estator (McCLEMENTS, 2005; SANTANA, 2009). A maioria das emulsdes alimenticias
possui didmetro de gotas que varia entre 0,1 e 100 um (McCLEMENTS et al., 2007). No
entanto, o uso de homogeneizagcdo a alta pressdo permite produzir emulsdes com gotas
dispersas de didmetros menores que 500 nm, sendo entdo denominadas de nano-emulsoes
(WEISS et al., 2006). Em geral, emulsdes com reduzido tamanho de gota da fase dispersa,
possuem maior estabilidade e textura mais fina (McCLEMENTS, 2005).

Durante a homogeneizacdo a alta pressao, o fluido € for¢ado através de um pequeno
orificio sob pressdo elevada, onde acelera a uma alta velocidade em uma distincia curta,

resultando em um alto gradiente de pressdo entre a entrada e a saida da védlvula, que gera
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forcas cisalhantes intensas com a abertura da vdlvula (CORTES-MUNOZ et al., 2009).
Devido aos efeitos do cisalhamento e da conversdo de energia cinética em calor, o fluido
pode aquecer, porém isto pode ser controlado através de dispositivos de refrigeracao
(CORTES—MUNOZ et al, 2009). A turbuléncia é o mecanismo predominante neste
processo, sendo responsdvel pela ruptura da fase dispersa em pequenas gotas, porém o
cisalhamento laminar e a cavitagdo também desempenham um papel importante (FLOURY
et al., 2000). Um dos problemas que podem ocorrer nestes processos de homogeneizacao
empregando alta energia € a ocorréncia do fendmeno conhecido como “over-processing”,
que leva a um aumento no tamanho das particulas em fun¢do da recoalescéncia das novas
gotas formadas (JAFARI et al, 2008). Este fendmeno pode ser explicado pela maior
colisdo entre as gotas (coalescéncia), menores tempos de residéncia, menor taxa de
adsor¢do do emulsificante e concentracio de emulsificante insuficiente para cobrir

completamente as novas gotas (JAFARI et al., 2007).

2.4. MICROENCAPSULACAO: PARTICULAS GELIFICADAS

A microencapsulag@o € o aprisionamento de pequenas quantidades de ingredientes,
como compostos bioativos, que tem como objetivos reduzir a reatividade do material
encapsulado nas condi¢des ambientais, tais como, luz, oxigénio, umidade e temperatura,
facilitar o seu manuseio, evitar a evaporacdo de compostos volateis, mascarar sabores
indesejdveis e controlar a liberagdo do composto encapsulado (SHAHIDI & HAN, 1993).
Dependendo da estrutura das capsulas, assim como da interagdo entre o nucleo e a parede, a
liberagdo dos compostos encapsulados pode se dar através da ruptura da parede da cépsula

pela acdo de forgas mecanicas, da difusdo do composto encapsulado pela membrana, que
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deve ser semi-permedvel, ou pela dissolu¢do da parede quando submetida a condig¢Oes
apropriadas (SHAHIDI & HAN, 1993).

Microgéis derivados de biopolimeros (biomicrogéis) sdo usados como agentes
encapsulantes e possuem uma ampla faixa de aplicacdes devido a sua baixa toxicidade,
biocompatibilidade e habilidade de desintegracdo sob a acdo de estimulos bioldgicos, tais
como mudangas no pH ou interagdes com enzimas e proteinas (ZHANG et al., 2007). Para
a sua preparagdo, dois processos sdo empregados: a emulsificagdo das fases oleosa com a
aquosa do biopolimero e a gelificacdo das gotas resultantes pela reticulacio quimica ou
fisica (ZHANG et al., 2007).

Dentre os métodos fisicos que podem ser utilizados para a producdo de microgéis a
partir de emulsdes O/A estd a extrusdao, que € uma técnica comumente utilizada devido a

sua relativa simplicidade (PERRECHIL et al, 2012). Neste caso, a emulsdo O/A

(€N

inicialmente produzida pela emulsificacio da solu¢do de biopolimero com o dleo e
alimentada em uma seringa ou bico aspersor (extrusor). Apds, a emulsdo € extrusada dentro
de uma solucdo promotora de gelificacdo (salina ou com pH diferente), sob agitacdo, de
modo que resulte na formagdo dos microgéis (PERRECHIL, 2012). O tamanho das gotas, e
conseqiientemente dos microgéis, vai depender do didmetro da agulha da seringa ou do bico
utilizado, da vazdo da solug¢do e da sua viscosidade (BUREY et al., 2008) e da distancia
entre o bico e a solucdo gelificante (PERRECHIL et al., 2012).

A grande vantagem dos microgéis é que eles apresentam a mesma estabilidade e
resisténcia que as matrizes de gel (PERRECHIL, 2012), porém podem ser incorporados a
diversos tipos de alimentos, inclusive aqueles com alta atividade de dgua (BUREY et al,,
2008), sem que haja grandes alteracdes nas caracteristicas de textura destes alimentos e na

estrutura e propriedades dos microgéis (PERRECHIL, 2012).
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2.5. PROCESSOS DE SIMULACAO DA DIGESTAO IN VITRO

Modelos de digestdo simulada in vitro sdo amplamente utilizados para estudar
alteracdes estruturais, digestibilidade, biodisponibilidade e liberacio de componentes
alimenticios em condi¢Oes simuladas das condi¢des gastrointestinais (HUR et al., 2011).
No entanto, seus resultados sdo muitas vezes diferentes dos encontrados utilizando modelos
in vivo devido as dificuldades para simular com precisdo os eventos fisico-quimicos e
fisiol6gicos altamente complexos que ocorrem no trato digestivo humano e animal (HUR et
al., 2011). Apesar disso, esforcos tém sido dedicados para o desenvolvimento de
procedimentos in vitro, uma vez que os métodos in vivo sao demorados e caros (BOISEN &
EGGUM, 1991; HUR et al., 2011). Entre as vantagens dos testes in vitro estd o menor
custo e tempo, seguranga, relativa reprodutibilidade e o fato de ndo haver restri¢ao ética, o
que muitas vezes pode limitar os experimentos com seres humanos (KONG & SINGH,
2008; PARADA & AGUILERA, 2007).

Existem dois tipos de modelos in vitro do trato gastrointestinal (GI): o estdtico e o
dindmico (KONG & SINGH, 2008). Os modelos estiticos ndo simulam os processos
fisicos que ocorrem ao longo do trato GI, tais como cisalhamento e mistura (PARADA &
AGUILERA, 2007), simulando apenas a composi¢do e as condi¢des dos meios, como a
presenca de enzimas, forca idnica, pH, tempo e temperatura (GARRETT et al., 1999). Ja
nos modelos dindmicos, hd uma tentativa de simulagdo das condi¢des fisiologicas, entre
elas os processos mecanicos que ocorrem durante o processo digestivo (KONG & SINGH,
2008).

Na digestdo, os alimentos passam por uma grande reducdo de seu tamanho para a
liberacdo dos nutrientes, 0s quais passardo para a corrente sanguinea e entdo serao

absorvidos pelas células do corpo (KONG & SINGH, 2008). As for¢as mecénicas e reagoes
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quimicas sdo as responsaveis pela quebra do alimento ingerido em pequenas particulas, e a
cinética da digestdo vai depender das caracteristicas fisicas e quimicas dos alimentos e da
sua interagdo com as substancias envolvidas no processo (KONG & SINGH, 2008).

O processo de digestdo (Figura 2.4) se inicia na boca, etapa que tem como principal
funcdo ingerir os alimentos e converté-los em uma forma apropriada para a degluticao
(McCLEMENTS & LI, 2010). Nesta etapa, a mastigacdo € responsdvel pela reducdo no
tamanho das particulas, aumentando a sua drea superficial, pela hidratacio e lubrificacdo
dos alimentos através da sua mistura com a saliva e pela redu¢do da viscosidade dos
alimentos ricos em amido pela ac¢do rdpida da amilase salivar (HOEBLER et al., 2002;
KONG & SINGH, 2008). Tais fatos resultam na formacao de um bolo alimentar que serd
transportado pelo canal do esdfago até o estomago (KONG & SINGH, 2008). O pH da
saliva humana € geralmente em torno de 5,5-6,1 durante o jejum e ao redor de 7-8 apds a
ingestdao de alimentos (McCLEMENTS & LI, 2010). A mastigacdo tem uma influéncia
significativa sobre o processo digestivo, e se realizada de forma inadequada, pode levar a
ma digestdo (KONG & SINGH, 2008).

No estdmago, o bolo alimentar é misturado com os sucos digestivos &dcidos
contendo enzimas gastricas, minerais, substancias com atividade de superficie, e outros
componentes bioldgicos, e € submetido a agitacdo mecanica devido a motilidade estomacal
(McCLEMENTS & LI, 2010). O pH do estomago humano € em torno de 1-3, sob
condicdoes de jejum, mas muda consideravelmente apés a entrada do bolo alimentar
(McCLEMENTS & LI, 2010).

Ap6s entrar no duodeno, tubo que liga o estbmago ao intestino delgado, o quimo €
misturado com bicarbonato de sddio, sais biliares, fosfolipidios e enzimas secretadas pelo

figado, pancreas e vesicula biliar (McCLEMENTS & LI, 2010). Nessa etapa o pH da
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mistura passa de altamente dcido (pH 1-3) para neutro (pH 5,8-6,5), em que as enzimas
pancredticas sdo mais eficientes (McCLEMENTS & LI, 2010). Os processos de absorcao
dos nutrientes normalmente ocorrem no intestino delgado (KONG & SINGH, 2008;
McCLEMENTS & LI, 2010) e o que ndo € absorvido segue para o intestino grosso, o qual
pode ser dividido em quatro principais regides que diferem em suas fungdes fisioldgicas:
ceco, coOlon, reto e canal anal (McCLEMENTS & LI, 2010). As principais funcdes do célon
sdo a absorcdo de dgua e eletrdlitos, a fermentacdo de polissacarideos e proteinas, a re-
absor¢do de sais biliares e a formagdo, armazenamento e eliminacdo da matéria fecal
(McCLEMENTS & LI, 2010).

No caso das emulsdes, aproximadamente 10-30% da hidrélise lipidica ocorre no
estdmago, sendo a maior parte dos lipideos digerida no intestino delgado (MUN et al.,
2007). Porém, a presenca de substincias com atividade superficial no duodeno, como os
sais biliares, enzimas, proteinas e fosfolipidios, pode alterar a composi¢do interfacial destes

lipideos e entdo, influenciar sobre a sua taxa de hidrélise (MUN et al., 2007).

Boca
B %H >-7 Intestino Delgado
— Enzimas
— Sais —pH 6-7.5
-5-60s — Enzimas
— Sais, Bile
— Agitacao
-1-2h
Estomago
_pH 1-3 Célon
— Enzimas - pH 5-7
— Sais — Enzimas
— Agitacdo — Bactéria
—30min-4h — Agitacdo
-12-24h

Figura 2.4. Diagrama das condi¢des fisico-quimicas nas diferentes regides do trato

gastrointestinal humano (Fonte: McCLEMENTS & LI, 2010).
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ABSTRACT

The effect of high-pressure homogenization (20-100 MPa) and the number of
homogenization cycles (1-7) on the stability of flaxseed oil-whey protein isolate emulsions
was evaluated. All the emulsions were stable to creaming for at least 9 d of storage. An
increase in homogenization pressure from 20 to 80 MPa and number of passes through the
homogenizer up to 3, decreased the mean droplet size of the O/W emulsions despite the
higher polydispersity. Emulsions homogenized at lower pressures (20 MPa) showed a
monomodal distribution of the particles, whereas, an increase in pressure to 80 MPa led to a
bimodal distribution, indicating droplets coalescence. High-pressure homogenization (80
MPa) and an increase in the number of homogenization cycles, led to the formation of high
molecular weight aggregates (>200 kDa), which favored an increase in viscosity of the
emulsions. The increase in homogenization pressure also increased the formation of
primary oxidation products, which could be explained by the increase in temperature and in

the surface area of the droplets.
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3.1. INTRODUCTION

An emulsion can be simply defined as ‘‘a system comprised of two immiscible
liquids, one of which is dispersed as droplets (the dispersed or internal phase) in the other
(the continuous or external phase)’” (Jafari et al., 2008). Emulsions are thermodynamically
unfavorable systems that tend to break down over time, due to a variety of physicochemical
mechanisms. However, it is possible to form emulsions that are kinetically stable for a
reasonable period of time, by using intense mechanical forces and/or including substances
known as stabilizers, for example, emulsifiers (McClements et al., 2007).

High-pressure homogenizers are the most frequently used to produce food
emulsions, providing fine emulsions with good texture properties and greater stability
(Desrumaux and Marcand, 2002). In this process, the combination of intense shear,
cavitation and turbulent flow conditions leads to disruption of the fat droplets
(McClements, 2005). The decrease in average size of the fat droplets reduces the creaming
velocity (Stokes law) and increases the stability of the emulsion (Desrumaux and Marcand,
2002). On the other hand, emulsifiers are surface-active molecules that adsorb to the
surface of freshly formed droplets during homogenization. Once adsorbed onto the droplet
surface, they act in two ways: lowering interfacial tension and forming a protective layer
that prevents the droplets from aggregating (Guzey and McClements, 2006; McClements et
al., 2007; Walstra, 2003).

Proteins are ingredients widely used in food emulsions as emulsifiers/stabilizers due

to their amphiphilic character. The ability of proteins to generate repulsive interactions
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(e.g., steric and electrostatic) between oil droplets, and at the same time form an interfacial
membrane that is resistant to rupture, plays an important role in stabilizing the droplets
against flocculation and coalescence during long-term storage (McClements, 2004). Whey
proteins are often used in food emulsion systems because of their ability to stabilize oil-in-
water (O/W) emulsions (Dalgleish, 1996; Dickinson, 2001; Kerstens et al., 2006; Ye,
2010). Whey proteins adsorbed at an oil/water interface interact with neighboring
molecules adsorbed on the same droplet, or on different droplets via a combination of non-
covalent bonds or covalent disulfide bonding, increasing stability to coalescence
(McClements et al., 1993). Moreover, whey protein isolate (WPI) has been reported to
possess antioxidant activity (Hu et al., 2003; Sun and Gunasekaran, 2009; Tong et al.,
2000), which could be extremely beneficial to systems containing labile oxidative
components as the dispersed phase (Sun and Gunasekaran, 2009).

Flaxseed oil is very rich in unsaturated fatty acids, being recognized as one of the
greatest sources of Omega-3 in nature, thus having a positive effect on human health, being
increasingly recognized for their role in reducing the risk of cardiovascular diseases (Zhao
et al., 2007). However, during processing, distribution and handling, these oils can easily
oxidize, due to their high degree of unsaturation (Tonon et al., 2011). Oxidation leads to the
formation of unpleasant tastes and odors, and consequently to a reduction in product shelf
life, besides promoting the generation of free radicals, which may have negative
physiological effects on the organism (Tonon et al., 2011).

Thus, the objective of the present research was to study the best conditions to
prepare O/W emulsions stabilized by whey proteins, aiming at greater stability and
decreased oxidation of the flaxseed oil in these systems during the storage period. The

effect of high-pressure homogenization (20-100 MPa) and the number of homogenization
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cycles (1-7) on the creaming stability, droplet size, rheology, oxidative stability and
molecular weight distribution of the emulsions was evaluated, the latter being evaluated by

polyacrylamide gel electrophoresis.

3.2. MATERIAL AND METHODS
3.2.1. Material

The whey protein isolate (WPI) was obtained from New Zealand Milk Products
(ALACEN 895, New Zealand) and the flaxseed oil purchased from Cisbra (Panambi, RS,
Brazil), showing the following fatty acid composition: 6.2% C16:0, 5.3% C18:0, 20.1%
C18:1, 13.7% C18:2 and 52.3% C18:3. The protein concentration, determined by the
Kjeldahl procedure (AOAC, 1997), lipid (Bligh and Dyer, 1959), moisture (AOAC, 1997)
and ash (AOAC, 1997) contents (w/w wet basis) of WPI were 87.66 = 0.91% (N x 6.38),
0.36 + 0.02%, 4.54 £ 0.11% and 1.36 + 0.07%, respectively. All other reagents were of

analytical grade.

3.2.2. Preparation of the WPI stock solution
The WPI stock solution (5% w/v) was prepared by dissolution of the powder in
deionized water (pH 6.7) with magnetic stirring for 90 min at room temperature (25 °C).
The pH of the solution was then adjusted to 7.0 + 0.2 using 2.0 M NaOH. The solution was

kept overnight at 10 °C to allow complete protein dissolution.

3.2.3. Preparation of the emulsions
Oil-in-water (O/W) emulsions were prepared at 25 °C by homogenizing the oil in

the aqueous phase using two sequential homogenization methods. The first method
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involved mixing the solutions in an Ultra Turrax model T18 homogenizer (IKA, Germany)
for 4 min at 14,000 rpm. The second method involved subjecting the previously prepared
macroemulsion to a high-pressure homogenization process using a Panda 2K NS1001L
double stage homogenizer (Niro Soavi, Italy). The pressure in the first stage was from 20,
40, 60, 80 or 100 MPa and in the second stage it was fixed at 5 MPa. The number of passes
through the homogenizer (1, 2, 3, 4, 5, 6 or 7) at each pressure, totaling 35 emulsions
produced, was also evaluated. The WPI and flaxseed oil contents were fixed at 3% (w/v)
and 30% (v/v), respectively. Sodium azide (0.02% w/v) was added to the emulsions to

prevent microbial growth and the pH was adjusted to 7.0 using 2.0 M NaOH.

3.2.4. Creaming stability
Immediately after preparation, 10 mL of each emulsion were poured into a
cylindrical glass tube (internal diameter = 11 mm, height = 94 mm), sealed with a plastic
cap and stored at 25 °C for a period of 9 d. The emulsion stability was measured by the
change in height of the bottom serum phase (H) with storage time. The creaming index (CI)
was determined according to Eq. (3.1).

CI (%)=(H/H,)x100 (3.1)
where H, represents the initial height of the emulsion. To facilitate visualization of the
phase separation, Sudam III (reddish dye) was added to the flaxseed oil. The analyzes were
carried out in duplicate. Emulsions homogenized at 20 and 80 MPa were also stored in
glass bottles (~60 mL of emulsion, internal diameter = 45 mm, height = 70 mm), at 25 °C,

and evaluated for 3 months.
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3.2.5. Optical microscopy
The microstructure of the emulsions was evaluated after 1 d of storage. The samples
were poured onto microscopes slides, covered with glass cover slips and observed using a
Carl Zeiss Model Axio Scope.Al optical microscope (Zeiss, Germany) with the x100

objective lens.

3.2.6. Particle size distribution
A Mastersizer 2000 (Malvern Instruments Ltd., UK) was used to determine the
particle size distribution of the emulsions. About 0.1 mL of the emulsion was added to 150
mL distilled water (0.06% v/v) while stirring in the dispersion unit. The mean diameter of
the oil droplets was expressed as the volume mean diameter (d43) and the dispersion index
(span) was also reported, according to Eqgs. (3.2) and (3.3), respectively. The emulsions

were analyzed 1 d after their preparation and each sample was measured in triplicate.

dy = nd' > nd’ (3.2)
Span=(dy, —d,, )/dy, (3.3)
where n; was the number of particles with diameter di, and d;9, dso and dgp were diameters

at 10%, 50% and 90% cumulative volume, respectively.

3.2.7. Polyacrylamide gel electrophoresis (SDS-PAGE)
Molecular weight distribution of proteins resulting from the high-pressure
homogenization of the O/W emulsions was evaluated by polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing and non-reducing conditions, according to

Laemmli (1970). Under dissociating non-reducing conditions, occurs the rupture of protein
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aggregates stabilized by electrostatic and hydrophobic interactions. While that, under
dissociating reducing conditions, occurs the rupture of disulfide interactions formed
between free sulthydryl groups of proteins. A vertical slab Mini-Protean electrophoresis
system (Bio-Rad Laboratories, Hercules, CA, USA) was used and the resolving and
stacking gels contained 15% and 5% of acrylamide, respectively. The whole emulsions,
without phase separation, were diluted in deionized water (2 mg protein/mL) and the
resulting solution was diluted in a sample buffer (1:1) to obtain dissociating non-reducing
conditions (50 mM Tris—HCI (pH 6.8), plus 2% SDS (w/v), 10% glycerol (v/v) and 0.1%
(w/v) bromophenol blue) and dissociating reducing conditions (50 mM Tris—HCI (pH 6.8),
plus 2% SDS (w/v), 10% glycerol (v/v), 0.1% (w/v) bromophenol blue and 5% (v/v) B-
mercaptoethanol). Under dissociating conditions, the samples were heat treated at 70 °C for
5 min and 10 pL aliquots then loaded into the polyacrylamide wells in the stacking gel. The
gels were run at 100 V with a running buffer (pH 8.3) containing 25 mM Tris—HCI, 250
mM glycine and 0.1% (w/v) SDS. The gels were then stained with 0.25% (w/v) Coomassie
Brilliant Blue in ethanol:acetic acid:water (45:10:45 v/v), and diffusion-destained by
repeated washing in an ethanol:acetic acid:water solution (10:5:85 v/v). A native whey
protein solution (non-denatured) was used as reference, and a commercial molecular weight
marker (Pre-Stained Invitrogen'" Bench Marker Protein Ladder, Bioagency International,

Jacksonville, USA) was used for the control of molecular weight.

3.2.8. Rheological measurements
A Physica MCR301 modular compact rheometer (Anton Paar, Germany) with

stainless steel plate geometry (75 mm) and a 0.7 mm gap was used for the measurements.
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The emulsions were evaluated after 1 d of storage and the measurements made in triplicate
at 25 °C. Flow curves were obtained using an up-down-up steps program with the shear
rate varying between 0 and 300 s™'. The model for shear-thinning fluids (Power Law model)

(Eq. (3.4)) was used to fit the flow curves.

o=k (yjn
(3.4)

where o is the shear stress (Pa), ;/ is the shear rate (s'l), k is the consistency index (Pa.s")

and #n is the flow behavior index (dimensionless).

3.2.9. Oxidative stability

The peroxide value (PV) of the WPI-stabilized emulsions was evaluated during the
30 d of storage at room temperature. The emulsions were placed in sealed bottles and
covered with aluminum foil to avoid exposure to light. A control sample containing only
flaxseed oil was also analyzed. The peroxide value (PV) was determined
spectrophotometrically according to the IDF standard method with some modifications
(Shantha and Decker, 1994). Initially the oil was extracted from the emulsions by adding
0.3 mL emulsion to 1.5 mL of isooctane/isopropanol (3:2, v/v), in triplicate. The mixtures
were then vortexed three times for 10 s each, and left to stand for 30 min. After standing,
0.2 mL of the clear upper solvent layer was collected and mixed with 2.8 mL of
chloroform/methanol (7:3, v/v) and vortexed again (4 s). Ammonium thiocyanate solution
(15 pL) was then added, and the samples mixed on the vortex mixer for a further 4 s.
Finally 15 pL iron (II) solution was added, the samples vortexed once again for 4 s, and

after 5 min incubation at room temperature, the absorbance of the samples was determined

54



Chapter 3

at 500 nm against a blank containing all the reagents except the sample, using an UNICO
SpectroQuest™ 2800 UV/VIS Spectrophotometer (United Products & Instruments Inc.,
New Jersey, USA). The entire procedure was carried out in subdued light and completed
within 3 min. The hydroperoxide concentration was determined using a Fe* standard curve
with an iron concentration varying from 1 to 20 pg, as described by Shantha and Decker
(1994). The peroxide value, expressed as milliequivalents of peroxide per kilogram of oil,
was calculated using Eq. (3.5).

(AS _Ab)xm

Peroxide Value (PV) =
5584 xmy, x 2

(3.5)
where A; = absorbance of the sample, A, = absorbance of the blank, m = slope of the
calibration curve, mp = mass (g) of the oil, 55.84 = atomic weight of iron. The result was
divided by a factor of 2 to express the peroxide value as milliequivalents of peroxide

instead of milliequivalents of oxygen.

3.2.10. Statistical analysis
The results were evaluated by an analysis of variance (ANOVA), and significant
differences (p<0.05) between the treatments were evaluated by the Tukey procedure. The
statistical analyzes were carried out using the software STATISTICA 6.0 (Statisoft Inc.,

Tulsa, USA).

3.3. RESULTS AND DISCUSSION
3.3.1. Creaming stability of the emulsions
All the emulsions homogenized by high-pressure (20-100 MPa), irrespective of the

number of passes through the homogenizer (1-7 passes), showed good stability, with no
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signs of phase separation into a top cream phase and a bottom serum phase up to 9 d of
storage in cylindrical glass tubes (10 mL of emulsion, internal diameter = 11 mm, height =
94 mm).

In order to reduce the wall effects, stability tests of the emulsions homogenized at
20 and 80 MPa with 1, 4 and 7 passes through the homogenizer, were carried out at 25 °C
in glass bottles (~60 mL of emulsion, internal diameter = 45 mm, height = 70 mm) for 3
months, since it has been well established that the confining walls can exert an extra
retardation effect on a spherical particle settling in a liquid (Chhabra et al., 2003). However,
under these conditions, the emulsions still showed no phase separation, even after 3 months

of storage (Fig. 3.1).

Fig. 3.1. Visual appearance of the O/W emulsions homogenized at 20 and 80 MPa after 3

months of storage. Number of passes: (A) 1, (B) 4 and (C) 7.

3.3.2. Microstructure and droplet size
The influence of different pressures and number of passes through the homogenizer
on the structure of the emulsions was evaluated by optical microscopy. The microscopic
images of the emulsions showed that increasing the homogenization pressure and the
number of passes, decreased the droplet size, in agreement with another studies (Qian and

McClements, 2011; Santana et al., 2011). However, at high pressures, an increase in the
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number of passes seems to promote coalescence of the emulsion droplets, as can be

observed in Fig. 3.2.

Number Homogenization pressure (MPa)

of passes 20 30

o

Fig. 3.2. Microstructures of t

and 7 passes through the homogenizer. Scale bar = 10 um.

Fig. 3.3 shows the changes in particle size distribution with the number of passes
through the homogenizer, for the emulsions homogenized at 20 and 80 MPa (Fig. 3.3A and
B, respectively). It can be seen that at lower homogenization pressures (20 MPa), the width

of the distribution of particle size decreased appreciably with increasing number of passes,
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making the oil droplets smaller and more mono-dispersed. However, when the pressure was
increased to 80 MPa, the distribution of the emulsion particles became bimodal, indicating
that droplet—droplet aggregation (coalescence) may have occurred.

20 A

(A)
16 A1
S 12
Py
=
= 81
S
4
0 v
0.01 0.1 1 10
Diameter (pm)
16
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12 1

Volume (%)
=]

0 . . .
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Fig. 3.3. Effects of homogenization pressure and the number of passes through the
homogenizer on the droplet size distribution of the emulsions containing 3% (w/v) WPI and

30% (v/v) flaxseed oil, homogenized at (A) 20 and (B) 80 MPa. Number of passes: ( ««:::) 1,

(==e)2,(==)3, (= )4, (=) S5, (eeee- )6and (= 4 7.

The evaluation of the mean droplet diameter and the span, or dispersion index, of

the emulsions homogenized at 20 and 80 MPa (Table 3.1) showed that a significant
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reduction (p<0.05) in the d43 values was obtained at 20 MPa with up to 7 passes through the
homogenizer, as confirmed in Fig. 3.3A. At higher homogenization pressures (80 MPa),
with up to 3 passes, the smallest droplet size (d43) was obtained. However, it can be seen
that the ds3 values showed a significant increase as from 5 passes through the homogenizer,
indicating droplet re-coalescence, which can also be observed from the higher values for
span. Despite producing very small particles, they may immediately re-coalescence,
causing low emulsification efficiency under severe homogenization conditions. This might
be related to lower adsorption rate of the WPI onto the droplets interface, which would
have the following consequences: some of the new droplets may not be covered within a
very short period of time during the deformation and disruption of the droplets in the
homogenizer valve, or part of the new interfaces may be incompletely covered (Jafari et al.,
2007). At the same time, the rate (frequency) of droplet collisions would be very high,
particularly at the higher energy densities (pressures). Thus, this combination of more
energy input, higher volume flow rate and shorter residence times could lead to more
intense re-coalescence and a bigger emulsion droplet size, creating a bimodal distribution

(Jafari et al., 2007).
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Table 3.1. Mean droplet diameter (um) and span of the O/W emulsions stabilized by WPI.

Homogenization pressure (MPa)
Number

20 80
of passes
dy3 (pm) Span dy3 (pm) Span
1 2.17 £0.00*  1.62+0.02 0.83+0.01°® 1.33+0.01
2 1.55+£0.03"*  1.33+£0.01 0.59£0.00” 1.65+0.01
3 1324£0.01°  1.14+£0.00 0.47 £0.00® 3.83 £0.02
4 1.14+£0.01*  097+0.03 0.46+0.00" 427+0.01
5 1.03 £0.00" 0.88+0.01 0.72+0.00" 524 +0.02
6 0.97 +£0.00"  0.82+0.02 0.79+0.00® 5.59 +0.03
7 0.93+0.022* 0.89+0.05 0.90+0.00" 5.91+0.04

Different letters indicate significant differences (p<0.05). Small letters: differences in the same column.

Capital letters: differences in the same line for the different homogenization pressures.

High-pressure homogenization and an increase in the number of passes through the
homogenizer are related to a greater dissipation of mechanical energy in the form of heat,
which leads to an increased temperature of the emulsions. Thus, the temperature of the
O/W emulsions was measured at the exit from the homogenizer after each pass, at the
pressures of 20 and 80 MPa, and the results are shown in Fig. 3.4. According to the results,
it can be seen that an increase in pressure and in the number of passes through the
homogenizer, led to an increase in temperature of the emulsions, as also observed by
Sandra and Dalgleish (2005) and Santana et al. (2011). According to Hayes and Kelly
(2003), the increase in temperature is due to adiabatic heating, in addition to high
turbulence, shear and cavitation forces during high-pressure homogenization. At 80 MPa,
after 4 passes through the homogenizer, the temperature of denaturation (62 °C) of the

second most abundant fraction of the whey proteins, a-lactalbumin (a-La) (22%), was
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reached, and after 6 passes, the temperature of denaturation (64 °C) of the least abundant
fraction, bovine serum albumin (BSA) (5.5%), was reached (Bryant and McClements,
1998). Thus, the increase in droplet size (ds3) with the number of passes through the
homogenizer at high pressure (Table 3.1) and temperature (Fig. 3.4), could also result in
protein unfolding, exposure and interaction between hydrophobic groups via the formation
of covalent bonds, thereby resulting in a decrease in the emulsifying capacity and

promoting droplet coalescence.
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Fig. 3.4. Effects of homogenization pressure and the number of passes through the

homogenizer on the temperature of the emulsions containing 3% (w/v) WPI and 30% (v/v)
flaxseed oil at the exit of the homogenizer. Homogenization pressure: () 20 and (X) 80

MPa.

3.3.3. Polyacrylamide gel electrophoresis (SDS-PAGE)
Polyacrylamide gel electrophoresis (SDS-PAGE) was carried out to determine if the
high-pressure homogenization process and the number of passes through the homogenizer

could have caused protein aggregation due to the increase in temperature observed in the
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emulsions (Fig. 3.4). Emulsions homogenized at 20 MPa and diluted to obtain non-
reducing and reducing conditions, are shown in Fig. 3.5A and B, respectively, and
emulsions homogenized at 80 MPa and diluted to obtain non-reducing and reducing
conditions, are shown in Fig. 3.5C and D, respectively. Fig. 3.5A and C show the
temperatures reached at the exit of the homogenizer after each pass at pressures of 20 and

80 MPa, respectively.

62



Chapter 3

N0 anldliniin w §19 Pt o ®
180kDa—)% " —i - = : 180 kDa=>' == ; 5 Bss
: i e o - B
64 kDa > : —> BSA 64 kDa > :
37kDa=> T R R —> B-Lg dimers 37 kDa—>» ““ - - s - —> B-Lg dimers
26 kDa=> E 26 kDa => :
19kDa > 19kDa >
L
15 kDa=> m“—)ﬁLg 15 kDa=> —> B-Lg
SRR R W Soala iirh»:-sf-@—nwa
5 30 32 35 37 38 39 39 °C :
N MR AT e (C) , _ D)
T 7 —— «~ = = — o Aggregates :
180 kDa—> s rmmR” 180 kDa-> _
64kDay —i— == = = = - BSA 64 kDa-> IRSSRESEE —> BSA
37 kDa—> 3 . 37 kDa=> -—-:----—— éﬁ-L di
- - 1 g dimers
26KkDa 3 -.-- - e —> B-Lg dimers 26 kDa=> :
19 kDa—> A 19 kDa=—>
15kDa m -L. 15kDa—> DDA o —> (-Lg
> et --32L§1 I ——— =Y o]
42 50 56 62 63 6664 °C ! :
1 2 _UT P, P, P; P, Ps P Py 1 2 _UTP1 P, P; P, P; P, P;

Fig. 3.5. Polyacrylamide gel electrophoresis (SDS-PAGE) of the O/W emulsions homogenized in an Ultra Turrax (14000 rpm)
and at high pressure (20 and 80 MPa) with different numbers of passes through the homogenizer. (A, B) 20 MPa and (C, D) 80
MPa. (A, C) SDS-PAGE under non-reducing conditions, and (B, D) SDS-PAGE under reducing conditions. Columns (1)
commercial molecular weight marker, (2) native whey protein solution (non-denatured), (UT) Ultra Turrax, (P;) 1 pass, (P2) 2
passes, (P3) 3 passes, (P4) 4 passes, (Ps) 5 passes, (Ps) 6 passes and (P7) 7 passes. The temperatures reached at the exit of the

homogenizer after each pass are shown in detail.
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Two major bands were visualized under the different homogenization conditions
(pressure and number of passes) in the molecular weight region around 15 and 19 kDa,
corresponding to the fractions of a-lactalbumin (o-La) and B-lactoglobulin (B-Lg),
respectively. Furthermore, minor bands were observed in the molecular weight regions
between 26-37 kDa and around 64 kDa, related to the fractions of 3-Lg dimers and bovine
serum albumin (BSA), respectively.

According to Fig. 3.5A and B, there was no formation of high molecular weight
protein aggregates in the emulsions homogenized at 20 MPa, which could be explained by
the lower pressure and lower temperatures reached after each pass through the
homogenizer. However, when the pressure was increased to 80 MPa, it can be seen that,
with only 1 pass through the homogenizer, there was already some formation of aggregates
with molecular weight above 64 kDa, and this has been intensified after 4 and 5 passes
(Fig. 3.5C). Therefore one must say that, despite not having reached the denaturation
temperature of the whey protein fractions after a smaller number of passes, pressure
promoted the formation of high molecular weight aggregates. The effects of high
hydrostatic pressure on proteins are primarily related to the rupture of non-covalent
interactions (hydrophobic and electrostatic), leading to disruption of the quaternary and
tertiary structure of the globular proteins, with relatively little influence on their secondary
structure (Bouaouina et al., 2006). This aggregation process was intensified by the increase
in temperature after 4 and 5 passes through the homogenizer. Partial globular whey proteins
unfolding can result in more compact adsorbed layers, exposing reactive sulphydryl groups
(Singh and Sarkar, 2011). Thus sulfthydryl-disulfide interchange reactions could be formed

between protein molecules adsorbed at the interface, leading to an increase in the surface

64



Chapter 3

viscoelasticity of the protein film surrounding the droplet, which could explain the stability
of these emulsions against coalescence (Dickinson et al., 1990; Dickinson and Matsumura,
1991; McClements et al., 1993).

Under non-reducing conditions (Fig. 3.5C), the formation of high molecular weight
protein aggregates was also visualized in the stacking gel, which could correspond to a
molecular weight exceeding 200 kDa (Copeland, 1990). However, in the presence of [3-
mercaptoethanol, a rather sharp decrease in these aggregates bands occurred (Fig. 3.5D),
indicating that they were stabilized by disulfide bonds. Thus, the aggregation process could
also be evaluated by the decrease in the whey protein fractions, mainly after 6 and 7 passes,
simultaneously with the formation of high molecular weight aggregates in the stacking gel
after a higher number of passes through the homogenizer (4-7). The gradual disappearance
of low molecular weight proteins from the electrophoretic profiles is also linked to the
aggregation process with increasing pressure (from 400 MPa) in emulsions stabilized by
11S soy protein. Such behavior was observed for both adsorbed and non-adsorbed proteins,
indicating that regardless of the location of the proteins (aqueous phase or interface), the

use of high pressure induced the aggregation of this globular protein (Puppo et al., 2011).

3.3.4. Rheology
The flow curves data for WPI-stabilized emulsions, homogenized at high pressure
with different numbers of passes through the homogenizer, were fitted to the power law
model equation well (Table 3.2) for all the emulsions (R2 > 0.993). The values for apparent
viscosity at a shear rate of 100 s are also shown in Table 3.2. This parameter was

evaluated at this shear rate since it is typical of food processes, such as flow through a pipe,
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stirring or mastication (McClements, 2005). The O/W emulsions showed low
pseudoplasticity, since the flow behavior index (n) of all the emulsions was in the range
from 0.78 to 0.95. According to Table 3.2, in general, one can observe that the consistency
index (k) increased with the number of passes through the homogenizer, whereas the values
for the flow behavior index (n) decreased, suggesting an increase in viscosity and in the
pseudoplasticity of the O/W emulsions, respectively. An increase in homogenization
pressure and in the number of passes led to an increase in viscosity of the emulsions, which
can be seen from the values for apparent viscosity at 100 s™ (1100), and could be associated

with a higher protein aggregation and mean droplet size.
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Table 3.2. Rheological parameters obtained from the power law model and the apparent viscosity at 100 s (1100) for the O/W

emulsions stabilized by WPI.

Homogenization pressure (MPa)

Number 20 40 60 80 100
of passes k MN10o n k MN10o n k MN10o n k MN10o n k MN10o
(Pas™)  (mPa.s) (Pa.s") (mPa.s) (Pas™)  (mPa.s) (Pa.s™) (mPa.s) (Pas™)  (mPa.s)

1 0.94**  0.004** 3.1 0.91** 0.004** 3.0 0.90**  0.004 3.0 094  0.006* 4.5% 0.95**  0.005** 4.5%
2 0.85**  0.007™* 38" 0.91*" 0.005* 3.6 0.89""  0.006"* 4.0 092"  0.006"*" 42 090"  0.007"" 50"
3 0.92®*  0.005™* 3.8" 0.89™%  0.006™*®  3.9°* 091" 0.006™" 4.1 0.92**  0.006"*" 4.7 0.92**  0.007™®  5.1°P
4 0.92"*  0.005™* 3.7 0.88™%  0.007°* 41" 092" 0.006™  43F 078"  0.015 55 091"  0.008"° 5.3
5 0.88™*  0.006™* 3.8" 0.90™*  0.006™* 4.1 088 0008 48"  0.89"* 0.009"* 5.2% 0.95*  0.007"*  5.9%
6 0.87°*"  0.007"* 3.9" 0.89™*®  0.007°* 42%% 092" 0.006™ 48T 082" 0014 59" 093® 0.009"**  7.0P
7 0.87"%  0.008"** 41" 0.85"* 0.008"" 44°% 091" 0007 49" 088" 0.010™* 6.0 0.90**  0.013% 9.0"

Different letters indicate significant differences (p<0.05). Small letters: differences in the same column. Capital letters: differences in the same line.
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3.3.5. Lipid oxidation

The progress of lipid oxidation was monitored by measuring the formation of
primary reaction products (lipid hydroperoxides) in the O/W emulsions homogenized at
high pressure (Fig. 3.6). The emulsions homogenized at 20 MPa showed lower or
statistically similar peroxide values to the pure oil, except after 30 d of storage (7 passes)
(Fig. 3.6A). The presence of an emulsifier (protein) prevents the binding of some pro-
oxidant impurities (such as transition metals), protecting against oil oxidation (Fomuso et
al.,, 2002; McClements and Decker, 2000). However, the peroxide value only increased
from 0.420 to 0.714 meq/kg oil for the pure oil after 30 d of storage. When the pressure was
increased to 80 MPa, there was an increase in the formation of primary oxidation products
in the emulsions in relation to the pure oil (Fig. 3.6B) and the emulsions homogenized at 20
MPa (Fig. 3.6A), which may have been a consequence of the increase in temperature
observed in these emulsions (Fig. 3.4) (Shahidi and Zhong, 2005). Moreover, the decrease
in droplet size (d43) with increase in pressure (Table 3.1) may also have influenced the
increase in oxidation, since the surface area of the droplets increased. According to
McClements and Decker (2000), lipid oxidation can be accelerated by reactions that take
place at the surface of the emulsion droplets. Therefore the rate of lipid oxidation should
increase as the droplet size decreases, since smaller droplets expose a larger surface area
per unit volume to the pro-oxidants at the interface (Lee et al., 2011; McClements and
Decker, 2000; Osborn and Akoh, 2004). The emulsions homogenized at 80 MPa showed an
increase in peroxide value from 0 to 1.777 meq/kg oil after 1 pass through the
homogenizer, from 0 to 0.847 meq/kg oil after 4 passes, and from 0.026 to 2.957 meq/kg
oil after 7 passes. Furthermore, it seems that the primary oxidation products continued to

increase after 30 d, whereas in the pure oil they only increased from 0.401 to 0.647 meqg/kg
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oil (Fig. 3.6B). The increase observed in the oxidation of the emulsions and pure oil can be
considered small, since the WPI probably acted as an antioxidant in the emulsions.
Moreover, the low temperature used in the assays (25 °C) may have prevented greater
oxidation, since, according to Pu and Sathivel (2011), flaxseed oil at 30 °C exhibited
minimal lipid oxidation with time, but showed higher peroxide values with increase in

temperature (30-60 °C).
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Fig. 3.6. Effects of homogenization pressure and the number of passes through the
homogenizer on the peroxide value of the emulsions containing 3% (w/v) WPI and 30%
(v/v) flaxseed oil, homogenized at (A) 20 and (B) 80 MPa. Number of passes: ([J 1 pass,
(EA) 4 passes, () 7 passes and () pure oil. The bars represent the standard deviation

amongst replications.

3.4. CONCLUSIONS

The results of this study revealed that emulsions stabilized by whey proteins showed
good stability, with no sign of phase separation, when homogenized at high-pressure (20—

100 MPa) with different numbers of homogenization cycles (1-7). An increase in
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homogenization pressure from 20 to 80 MPa, and in the number of passes up to 3, resulted
in a smaller mean droplet size of the O/W emulsions. However, higher pressures and a
greater number of passes led to droplets coalescence and the formation of high molecular
weight protein aggregates due to shear and the increase in temperature, which reduced its
emulsifying capacity. In addition, there was an increase in viscosity of the O/W emulsions
and the formation of primary oxidation products, the latter being explained by the increase
in temperature and decrease in droplet size (increase in surface area) of the emulsions at the
higher pressure. Therefore, when aiming for greater stability and a reduction in oxidation of
the flaxseed oil in the O/W emulsions, the best process conditions would be the use of a

homogenization pressure of 20 MPa and up to 5 passes through the homogenizer.
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ABSTRACT

The potential use of flaxseed protein isolate (FPI) as an emulsifying agent was studied in
combination with whey protein isolate (WPI) or alone without the presence of other
emulsifier. All the FPI and WPI-FPI emulsions were kinetically unstable, while WPI
emulsions were stable for at least 11 days of storage. The increase of FPI concentration led
to a higher stability of the FPI emulsions, due to increased viscosity at higher concentration
(0.7% wlv). However, WPI-FPI emulsions showed a smaller droplet size and were more
unstable at this FPI concentration, maybe due to the presence of flaxseed gum in the
protein. An emulsion in destabilization process was observed at lower concentration
(0.14% wi/v) in the FPI systems, while at higher concentrations there was gelation and an
excess protein, which was confirmed by the saturation of the droplets interface. In the

mixed systems (0.14 or 0.7% (w/v) FPI) excess protein was also verified. However, the
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increase of FPI concentration led to a greater surface protein content, except at higher
homogenization pressure and protein concentration (0.7% (w/v), 60 MPa, two passes),
which showed a reduction due to the higher surface area. The rheological behavior of the
bottom phase of the WPI-FPI emulsions was also influenced by the FPI concentration. A
shear thinning behavior was observed at 0.14% (w/v) FPI and a Newtonian behavior was
found at 0.7% (w/v) FPL. On the other hand, FPI emulsions were not influenced by the
protein concentration and exhibited a shear thinning and thixotropic behavior. Increasing
homogenization conditions (pressure and number of passes), the stability of the FPI
systems increased, mainly at higher concentration (0.7% w/v). Meanwhile, in the mixed
systems, the stability of the emulsions containing 0.7% (w/v) FPI decreased even more, but
was improved for the emulsions with 0.14% (w/v) FPIL. A higher viscosity and
pseudoplasticity was observed for the top cream phase of the WPI-FPI emulsions in more
drastic process conditions, while the top phase of the FPI emulsions showed lower
pseudoplasticity with increasing number of passes. WPI stable emulsions showed a smaller
droplet size at higher pressure and number of passes, and the reduction in the mean droplet
diameter of the WPI-FPI unstable emulsions was mainly influenced by the increase in the
number of passes through the homogenizer.

Keywords: O/W emulsions; High-pressure homogenization; Whey protein; Flaxseed

protein isolate; Stability; Rheology.

4.1. INTRODUCTION
Many food products are partially or fully composed by emulsions, as for example,
mayonnaise, ice cream, milk, butter, cheese, soups, beverages, and the most common form

of emulsions in foods is oil-in-water (O/W) (McClements, 2005; Waraho, McClements, &
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Decker, 2011). Traditionally, the high-pressure homogenization of the oil and aqueous
phases in the presence of one or more emulsifiers is used to produce O/W emulsions
(Guzey & McClements, 2006). Proteins are used as emulsifiers because of their
amphiphilic character, which facilitates the emulsion formation, improves its stability and
produces desirable physicochemical properties (McClements, 2004). Proteins can adsorb on
the surfaces of freshly formed oil droplets during homogenization, reducing the interfacial
tension and forming a membrane around the droplets in order to protect them from
aggregation by generating repulsive interactions (Guzey & McClements, 2006;
McClements, 2005).

Whey proteins have been widely used in food products due to their high nutritional
value and excellent technological properties, such as the emulsifying properties (Morr &
Ha, 1993). Due to its amphiphilic character, whey protein isolate (WPI) can provide
protection to the oil droplets through a combination of electrostatic and steric interactions,
stabilizing the emulsions against flocculation and/or coalescence (Sun & Gunasekaran,
2009; Taherian, Britten, Sabik, & Fustier, 2011).

Flaxseed proteins have received attention for their health benefits (Rabetafika,
Remoortel, Danthine, Paquot, & Blecker, 2011), but also show interesting technological
properties, such as greater capacity to absorb water and oil and improved emulsifying and
stabilizing activity, if compared with soybean protein isolate (Dev & Quensel, 1986).
Flaxseed proteins consist of two major fractions, one salt-soluble with high molecular
weight (11-12S) and another water-soluble with low molecular weight (1.6-2S) (Chung
Chung, Lei, & Li-Chan, 2005; Madhusudhan & Singh, 1985a,b; Marcone, Kakuda, &
Yada, 1998; Youle & Huang, 1981). Hydrophilic properties of flaxseed proteins are

influenced by the presence of polysaccharide gums (Dev & Quensel, 1988; Oomah &
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Mazza, 1993), which can also interfere with the settling and isolation of the protein (Oomah
& Mazza, 1993; Smith, Johnsen, & Beckel, 1946). Emulsifying properties of flaxseed
proteins have been evaluated in pure and mixed systems (Karaca, Low, & Nickerson, 2011;
Krause, Schultz, & Dudek, 2002; Martinez-Flores et al., 2006; Wanasundara & Shahidi,
1997; Wang, Li, Wang, Adhikari, & Shi, 2010; Wang, Li, Wang, & Ozkan, 2010; Wang,
Wang, Li, Adhikari, & Shi, 2011). Wang et al. (2011) found that the gum Arabic addition
(up to 2% w/w) improved the stability of oil-in-water emulsions stabilized by flaxseed
protein concentrate (FPC), by increasing the emulsion viscosity. In a similar way, Wang et
al. (2010a) observed higher stability of soybean oil-in-water emulsions with increasing FPC
concentration. However, in our knowledge, there are no published works related to whey
protein isolate — flaxseed protein isolate emulsions.

Therefore, the objective of this work was to evaluate the potential use of flaxseed
protein isolate as an emulsifier agent and its interaction with WPI. Systems containing
whey protein, flaxseed protein or mixed whey protein — flaxseed protein were prepared
under high pressure homogenization (20, 40 or 60 MPa) with one or two passes through the
homogenizer. Interfacial tension and emulsions properties such as creaming stability,
droplet size, microscopy, rheology and protein load were analyzed, in order to characterize

and find a better stability condition for these systems.

4.2. MATERIAL AND METHODS
4.2.1. Material
The whey protein isolate (WPI) was obtained from New Zealand Milk Products
(ALACEN 895, New Zealand) and the flaxseed protein isolate (FPI) was extracted from

partially defatted flaxseed meal (Cisbra, Panambi, RS, Brazil), according to methodology
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described by Silva, O’Callagahan, O’Brien, and Netto (2013). Flaxseed oil was purchased
from Cisbra (Panambi, RS, Brazil), showing the following fatty acids composition: 6.2%
C16:0, 5.3% C18:0, 20.1% C18:1, 13.7% C18:2 and 52.3% C18:3 (provided by Cisbra).
The protein concentration, determined by the Kjeldahl procedure (AOAC, 1997), lipids
(Bligh & Dyer, 1959), moisture (AOAC, 1997), ashes (AOAC, 1997) and carbohydrates
content (% w/w, wet basis) of the WPI were 87.66 £ 0.91% (N x 6.38), 0.36 £ 0.02%, 4.54
+0.11%, 1.36 £ 0.07% and 6.08% (by difference), respectively, and of the FPI were 68.53
+0.33% (N x 6.25), 3.07 £ 0.11%, 8.81 £ 0.02%, 1.23 + 0.03% and 16.20 £ 0.29% (Total

dietary fiber — AOAC, 2005), respectively. All other reagents were of analytical grade.

4.2.2. Characterization of the WPI and the FPI
4.2.2.1. Zeta potential
The pH dependence of the zeta potential of WPI (0.5% w/v), FP1 (0.5% w/v) and
WPI-FPI (0.5%-0.5% w/v) dispersed in deionized water was measured using a Zetasizer
Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK) equipment. Titration curves

from pH 7.0 to 2.0 by adding 0.25 M NaOH or HCI were performed, in triplicate, at 25 °C.

4.2.2.2. Fourier transform infrared spectroscopy (FTIR)
A spectrophotometer Model Spectrum One (Perkin Elmer, Ohio, USA) with Fourier
transform and provided with a Universal Attenuated Total Reflectance (UATR) accessory
was used to characterize the flaxseed protein isolate (FPI). Automatic signals were

collected in 16 scans and the measurement range was 4000-650 cm™, at resolution of 4 cm™
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(Vicentini, Dupuy, Leitzelman, Cereda, & Sobral, 2005). The software Spectrum One B

(version 5.31) was used to analyze the results.

4.2.3. Preparation of the WPI and the FPI stock solutions
The WPI (10% w/v) and the FPI (2% w/v) stock solutions were prepared by
dissolution of the powders in deionized water with magnetic stirring for 90 and 120 min,
respectively, at room temperature (25 °C). The pH of the solutions was then adjusted to 7.0
+ 0.3 using 10.0 M NaOH. The solutions were kept overnight at 10 °C to allow complete

protein dissolution.

4.2.4. Preparation of the emulsions

Oil-in-water (O/W) emulsions were prepared at 25 °C by homogenizing the oil in
the aqueous phase using two sequential homogenization methods. The first method
involved mixing the solutions in an Ultra Turrax model T18 homogenizer (IKA, Germany)
for 4 min at 14,000 rpm. The second method involved subjecting the previously prepared
macroemulsion to a high-pressure homogenization process using a Panda 2K NS1001L
double stage homogenizer (Niro Soavi, Italy). The pressure in the first stage was 20, 40 or
60 MPa and in the second stage was fixed at 5 MPa. Samples were subjected to one or two
passes through the homogenizer. Three types of emulsions were evaluated, containing only
WPI or FPI and a mixture of WPI-FPI, according to described in Table 4.1. Small FPI
concentrations were chosen because a high viscosity was observed in the FPI emulsions
containing 0.7% (w/v). Such high viscosity was attributed to the presence of flaxseed gum

(soluble fiber) that was not removed during the protein extraction process. Sodium azide
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(0.02% w/v) was added to the emulsions for microbial growth prevention and the pH was

adjusted to 7.0 £ 0.1 using 0.1 M NaOH and/or HCL

Table 4.1. Composition of the O/W emulsions evaluated.

Emulsion Flaxseed oil (% v/v) WPI (% w/v) FPI (% w/v)

WPI 30 3 -
FPI 30 - 0.14,0.350r 0.7
WPI-FPI 30 3 0.14 or 0.7

4.2.5. Characterization of the O/W emulsions
4.2.5.1. Interfacial tension

The interfacial tension between water and oil phase using the same composition of
the emulsions (% w/v) was measured using a tensiometer Tracker-S (Teclis, Longessaigne,
France), by the pendant (W/O) and rising (O/W) drop method. The measurements were
performed at 25 + 1 °C with the formation of an oil droplet in the aqueous phase (3% WPI
and 0.14% FPI solutions) or a droplet of the aqueous phase in the oil phase (0.35 and 0.7%
FPI solutions and 3% WPI — 0.14 or 0.7% FPI solutions). Drop volume was 3 pL for FPI
(0.35 and 0.7%) or mixed WPI-FPI (3% — 0.7%) systems and 4 pL for WPI (3%), FPI

(0.14%) or mixed WPI-FPI (3% — 0.14%) systems.

4.2.5.2. Creaming stability
Immediately after preparation, 25 mL of each emulsion were poured into a
cylindrical glass tube (internal diameter = 17 mm, height = 105 mm), sealed with a plastic

cap and stored at 25 °C. The WPI emulsions were stored for a period of 11 days and the
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FPI and WPI-FPI emulsions were stored up to reach kinetic equilibrium (11 and 14 days,
respectively). The emulsion stability was measured by the change in height of the bottom
serum phase (H) along storage time. The creaming index (CI) was determined according to
Eq. (4.1) (Keowmaneechai & McClements, 2002).

CI (%)=(H/H,)x100 (4.1)
where H, represents the initial height of the emulsion. To facilitate visualization of the
phase separation, Sudam III (reddish dye) was added to the flaxseed oil. The analyses were

carried out in duplicate.

4.2.5.3. Optical and fluorescence microscopy

The microstructure of the emulsions was evaluated by optical microscopy (WPI
emulsions) after 1 day and by fluorescence microscopy (FPI and WPI-FPI emulsions) after
14 days of storage (steady state conditions). The emulsions were poured onto microscope
slides, covered with glass cover slips and observed using a Carl Zeiss Model Axio
Scope.Al optical microscope (Zeiss, Germany), with a 100 x objective lens, and an
Olympus BX51 epifluorescence microscope (Olympus, Japan), with a digital camera DP72,
and objective lenses of 10 x for the FPI emulsions and of 80 x for the WPI-FPI emulsions.
For the fluorescence microscopy, Rhodamine B was added to the protein solutions in order
to label the molecules and images were collected using filter excitation/emission of 480-

590/590 nm.
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4.2.5.4. Particle size distribution
A Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, UK) was used to
determine the particle size distribution of the emulsions. Samples were dispersed in
distilled water (~0.03-0.06% v/v) prior to measurements. The size of the oil droplets was
expressed as the volume-surface mean diameter (ds;) and the dispersion index (span) was
also reported (Jafari, He, & Bhandari, 2007), according to Egs. (4.2) and (4.3), respectively.
The WPI and WPI-FPI emulsions were analyzed 1 and 14 days after their preparation,

respectively, and each sample was measured in triplicate.

dg =)0} /D n,d? (4.2)
Span=(d,, —d,, )/ds, (4.3)
where n; is the number of droplets with diameter d;, and d,0, dso and dog are diameters at 10,

50 and 90% of cumulative volume, respectively.

4.2.5.5. Rheological measurements

The rheological measurements were carried out using a Physica MCR301 modular
compact rheometer (Anton Paar, Austria). A stainless steel plate geometry (75 mm) and a
0.6 mm gap was used to analyze the WPI-FPI emulsions. For the top cream and bottom
serum phases of the FPI emulsions, a stainless steel plate geometry (50 and 75 mm) and a
0.5 and 0.4 mm gap were used, respectively. The emulsions were evaluated after 14 days of
storage and the measurements were made in triplicate at 25 °C. Flow curves were obtained
using an up-down-up steps program with the shear rate varying between 0 and 300 s™, in
order to evaluate the thixotropy. The shear time-dependence (thixotropic behavior) was

estimated using the area between the curves S; and S, (first and last shear cycle,
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respectively) (hysteresis) (Perrechil, Santana, Fasolin, Silva, & Cunha, 2010; Sato &
Cunha, 2007; Steffe, 1996). The third flow curve data were fitted to the models for

Newtonian (Eq. (4.4)) and shear-thinning fluids (Power law model) (Eq. (4.5)).
=N (4.4)

o=k (yj (4.5)

where o is the shear stress (Pa), ;/ is the shear rate (s'l), k is the consistency index (Pa.s")

and #n is the flow behavior index (dimensionless).

4.2.5.6. Protein load

The protein load (PL) is the total protein (mg) adsorbed on the oil (g) of the top
cream phase. It was determined according to adapted methodology from Girard, Turgeon,
and Paquin (2002). The FPI emulsions were centrifuged (15,317 x g, 45 min, 20 °C) using
a temperature-controlled centrifuge model Allegra 25 — R (Beckman Coulter, Fullerton,
USA). The bottom serum phase was collected, weighed and the mass of the top cream
phase was determined by difference. The protein content of separated phases was
determined by Kjeldahl method (AOAC, 1997) and the protein load was calculated
according to Eq. (4.6).

PCP) x (MCP)

(
FL="0P)x (EM)

(4.6)

where PCP and MCP correspond to the protein concentration (%) and the total mass (g) of
cream phase after centrifugation, respectively, OP the oil concentration in the initial

emulsion (30% v/v) and EM the emulsion mass (g).
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The surface protein concentration (SPC) (mg/mz) of the WPI-FPI emulsions was
calculated as the ratio of the protein content (mg/g of emulsion) in the top cream phase
(PCP) to the surface area (m*/g of sample) of the oil droplets, determined from the particle
size distribution analysis (section 4.2.5.4), according to Eq. (4.7).

PCP
SPC 2)———— 4.7
(mg/m ) Surface area “.7)

All the emulsions were analyzed 1 day after their preparation.

4.2.6. Statistical analysis
The results were evaluated by analysis of variance (ANOVA), and significant
differences (p<0.05) between the treatments were evaluated by the Tukey’s procedure. The
statistical analyses were carried out using the software STATISTICA 6.0 (Statisoft Inc.,

Tulsa, USA).

4.3. RESULTS AND DISCUSSION
4.3.1. Characterization of the biopolymers

Zeta potential of the biopolymers could help to predict the destabilization
mechanisms of the emulsions (flocculation and coalescence), since interfaces electrically
charged exert positive influence on the emulsions stability (Bouyer, Mekhloufi, Rosilio,
Grossiord, & Agnely, 2012; Gharsallaoui et al., 2010).

The pH dependence of the zeta potential of the aqueous solutions of whey protein
(WPI), flaxseed protein isolate (FPI) and whey protein-flaxseed protein isolate (WPI-FPI)
was determined (Fig. 4.1). Aqueous solution of WPI (0.5% w/v) showed a zeta potential

which changed from a negative (-24.2 mV) to a positive value (+21.7 mV) when pH was
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lowered from 7.0 to 2.0. The isoelectric point (pI) of whey protein isolate was around pH
4.8, close to the reported in the literature for the main fractions of whey protein (a-La, pI
4.8-5.1 and B-Lg, pI 5.2) (Bryant & McClements, 1998).

For aqueous solution of FPI (0.5% w/v), the zeta potential varied from a negative
value (-47.8 mV) to a slightly positive value (+6.7 mV) when the pH was lowered from 7.0
to 2.0, and the pl of the protein was near pH 4.2, which is in agreement with the reported in
literature (Wang et al., 2010a). The wide pH range in which the zeta potential was close to
zero (4.2 to 2.7) could be a consequence of the presence of gum (16.20 + 0.29% of total
dietary fiber).

The zeta potential of the aqueous solution containing whey protein and flaxseed
protein isolate (WPI-FPI) (0.5%-0.5% w/v) showed a pH-dependence similar to the
aqueous solution of FPI, but the charge density was near zero at pH around plI of the WPIL.
Since at pH 7.0 the aqueous solutions of WPI, FPI and WPI-FPI showed a zeta potential
value between -25 mV and -45 mV, this pH condition was considered adequate to prepare

the emulsions in order to keep an enhanced stability.
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Fig. 4.1. pH-dependence of zeta potential for aqueous solutions of ( @) WPI, ( ) FPI

and ( %) WPI-FPIL.

The frequency of light and the corresponding absorbed energy in the infrared region
by a sample allows identifying its constituent molecules. Fig. 4.2 shows the FTIR spectrum
for flaxseed protein isolate (FPI). One peak was obtained at a wavelength near 3280 cm™,
whereas the region 3600-2500 cm™ is associated with O-H stretching absorption due to
inter- and intramolecular hydrogen bonds (Gnanasambandam & Proctor, 2000). A second
smaller peak, superimposed upon the broader O-H band, was found at 2934 cm”, similar to
the observed by Gnanasambandam and Proctor (2000) for pectin samples. Bands around
2950 cm™ (3000-2800 c¢cm™) refer to C-H absorption, including C-H, C-H, and C-H;

stretching and bending vibrations (Gnanasambandam & Proctor, 2000).
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Fig. 4.2. FTIR spectrum of flaxseed protein isolate (FPI).

The peak at 1629 cm™ corresponds to amide I band (~1620-1700 cm™), which arises
predominantly from the C=O stretching vibration of the amide C=0O group, and its
vibrational frequency can be used to predict protein secondary structure (Yu, McKinnon,
Soita, Christensen, & Christensen, 2005). For a-helix, the amide I lies in the range between
1648-1658 cm™ and for B-sheet, the peak can be found within the range of 1620-1640 cm™
(Yu et al., 2005). Thus, it may be suggested that there is a predominance of B-sheet
structure in the FPI. Indeed Yu et al. (2005) found that the brown flaxseed contained
relatively higher content of [(-sheet (46.3%) as compared to a-helix (36.9%). The peak
found at 1527 cm™ belongs to the amide II band (~1500-1560 cm™), corresponding mainly
to N-H bending vibration (60%) coupled to C-N stretching (40%). This peak can be also
used to evaluate protein conformation, but is less useful because it arises from complex
vibrations involving multiple functional groups (Yu et al., 2005).

Carbohydrates are composed of sugars containing C-C, O-H and C-O bonds (Yu et

al., 2005). Depending on the linkage and type of sugar, the carbohydrates band can be
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placed between 1180-950 cm’! (Yu et al., 2005), region in which was observed the peak
1038 cm™. Thus, this peak could be associated with the non-removed flaxseed gum present

in the FPI (16.20 £ 0.29% of total dietary fiber).

4.3.2. Characterization of the emulsions

The interfacial tension between aqueous and oil phases was measured and the
results are shown in Fig. 4.3. The initial interfacial tension was around 9.8 mN/m for WPI
system and decreased from 10.9 to 9 mN/m in the FPI systems with the increase of FPI
concentration from 0.14 to 0.7% (w/v). Nonetheless, for both systems, the interfacial
tension decreased with time, reaching values around 1.5-2.5 mN/m under steady state. The
initial interfacial tension at water—flaxseed oil interface was slightly lower (8.1-8.7 mN/m)
for the mixed systems. However, the systems containing only FPI (0.35 or 0.7% w/v) took
less time (2700-3300 s) to reach interfacial tension equilibrium (~1.4 mN/m) than the
systems with WPI-FPI (4800-7300 s). Therefore, the drop formation and protein adsorption
at the interface occurred more readily in mixed systems (lowest initial interfacial tension),
which could be indicating a higher surface activity of these systems. The longest time to
rearrange and reach equilibrium could be associated with the increased complexity of the
mixed system. Oilseed proteins (canola and flaxseed) can be slightly more effective in
reduction of the interfacial tension when compared with WPI (Karaca et al., 2011), which is

in agreement with our results.
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Fig. 4.3. Interfacial tension (mN/m) between flaxseed oil and protein in the WPI (3% w/v) (

), FPI (0.14 ( M), 0.35 (=) or 0.7% (w/v) ( “')) and WPI-FPI (3% (w/v) - 0.14%

(whv) ( X ) or 3% (w/v) - 0.7% (w/v) ()) systems.

4.3.2.1. WPI emulsions
Emulsions stabilized by WPI showed no phase separation during 11 days of storage.
Increasing homogenization pressure and the number of passes, a reduction in droplet size

was observed, as can be seen in Fig. 4.4, in a similar way to that observed in a previous

study (Kuhn & Cunha, 2012).
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Fig. 4.4. Microstructure and particle size distribution of the O/W emulsions containing 3% (w/v) WPI and 30% (v/v) flaxseed
oil, homogenized at (.....) 20, (= =) 40 and ( =) 60 MPa, with (A) one or (B) two passes through the homogenizer. Scale bar

=10 pm.
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In general, higher homogenization conditions (pressure and number of passes) led to
a decrease in the mean droplet diameter and the distribution width (span) (Table 4.2).
However, the span values (dispersion index) increased (p<0.05) in the extreme energy
condition (60 MPa, two passes), which could be a consequence of increase in volume of
smaller droplets. In this condition, a significant increase (p<0.05) in apparent viscosity of

the emulsions (1;00) was also observed (Kuhn & Cunha, 2012).

Table 4.2. Mean droplet diameter (d3;) and span of the WPI emulsions (3% w/v).

Number of passes

Homogenization T >
pressure (MPa)
da (pm) Span da (pm) Span
20 1.60 £0.01**  1.62+£0.02** 1.30+0.08® 1.33 £0.01*"
40 0.88 £0.01™ 1.32+0.03"* 0.87 £0.00"* 0.77 +0.02°®
60 0.74 £0.00°*  1.05£0.00® 0.54 £0.01® 1.23+0.01"

Different letters indicate significant differences (p<0.05). Small letters: differences in the same column.

Capital letters: differences in the same line.

The temperature of the O/W emulsions stabilized by WPI (3% w/v) was measured
at the exit of the homogenizer after each pressure and pass. The maximum temperatures, 38
and 40 °C, were observed at pressure of 60 MPa, after one and two passes through the
homogenizer, respectively. However, these values were below the denaturation temperature
(Ty4) of the whey proteins (B-Lg, Tq =78 °C and a-La, T4 = 62 °C) (Bryant & McClements,

1998), indicating that no thermal denaturation would have occured.
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From these results, the pressures of 40 and 60 MPa, with one and two passes
through the homogenizer, were chosen to prepare the O/W emulsions in the following

steps, since the emulsions homogenized at 20 MPa showed much higher droplet size.

4.3.2.2. FPI emulsions

All the emulsions stabilized by FPI (0.14, 0.35 or 0.7% w/v) showed kinetic
instability, forming a bottom serum phase and a top cream phase. The creaming index (CI)
of these emulsions with the storage time is presented in Fig. 4.5. Emulsions stabilized with
lower FPI concentration (0.14% w/v) were the least stable, exhibiting the highest
equilibrium creaming index, about 40% after 24 h, regardless of pressure and the number of
passes through the homogenizer. An increase in homogenization pressure and/or the
number of passes exerted little influence on the CI of the emulsions containing 0.35% (w/v)
FPI (similar CI at equilibrium). However, the separation kinetics of the emulsions was
different. Emulsions homogenized at 40 and 60 MPa, with one pass through homogenizer,
destabilized only after 1 and 6 days of storage, respectively. At higher FPI concentration
(0.7% wlv), a decrease in the CI was observed with increasing homogenization pressure
and/or the number of passes. Moreover, there was a clear increase in viscosity of the
emulsions, leading to a greater stability (CI ~ 1.5%), mainly when homogenized at 60 MPa
and two passes through homogenizer. Regardless of the method of protein isolate
production (isoelectric precipitation or salt extraction), Karaca et al. (2011) also found a
phase separation in the emulsions containing higher flax protein isolate concentration (1%

w/w) and lower flaxseed oil content (20% w/w) than it was evaluated in our work.
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Fig. 4.5. Effect of flaxseed protein isolate (FPI) concentration on the creaming index (CI) of the O/W emulsions homogenized at

40 or 60 MPa, with one or two passes through the homogenizer. FPI concentration: (A) 0.14, (o) 0.35 or (X) 0.7% (w/v).
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The structure of the emulsions stabilized by different FPI concentrations was
assessed by fluorescence microscopy and the images are presented in Fig. 4.6, under white
(top) and fluorescent light (bottom). An emulsion in destabilization process was observed at
lowest FPI concentration (0.14% w/v). While that, at 0.35% (w/v) FPI, an emulsion with an
onset of gelation was visualized, and at highest FPI concentration (0.7% w/v), there was
complete gelation. Moreover, at higher FPI concentrations (0.35 or 0.7% w/v), an excess
protein was observed on the microscopy of the cream phase of the emulsions. It was
evidenced by the lighter regions in images under fluorescent light, since Rhodamine B dye
was used to stain the protein molecules. Homogenization pressure and the number of passes

through the homogenizer did not exert influence on the droplet size of the emulsions.
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Fig. 4.6. Microstructures of the top cream phase of the O/W emulsions containing 0.14,

0.35 or 0.7% (w/v) FPI and 30% (v/v) flaxseed oil. Scale bar = 100 pm.
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The flow curves of the top phase of the emulsions were fitted to the power law
model (R2 > 0.996) and the bottom phase to the Newtonian model (R2 > 0.973). The
rheological parameters are presented in Table 4.3. The apparent viscosity at a low shear rate
(3 s™) was analyzed in order to evaluate the viscosity under conditions similar to storage
(stability). In general, an increase in the number of passes and/or the FPI concentration led
to a significant increase (p<0.05) in the flow behavior index (n), as well as a decrease in the
consistency index (k) and in the apparent viscosity of the top phase of the emulsions. The
viscosity of the bottom phase of the emulsions usually was not significantly influenced by
pressure and number of passes through the homogenizer. At lower FPI concentration
(0.14% wlv), this phase showed a viscosity similar to water, but the increase of protein

concentration led to a higher viscosity (p<0.05).
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Table 4.3. Rheological parameters obtained from the Newtonian and the power law model

and the apparent viscosity at 3 s™ (1)3) for the O/W emulsions stabilized by FPI (0.14, 0.35

or 0.7% wiv).

Homogenization pressure (MPa)

FPI 60
(% wiv) Phase Number of passes
1 2 1 2
n 0.61 +0.02 0.66 £ 0.01° 0.57 £0.01™ 0.69 +0.01°¢
Top  k(Pas™  0327+0.045"  0.242+0.017°*  0.563 +0.058** 0.245 +0.028™"
014 ns(mPa.s) 162.67 +16.62"  180.67 +6.43"* 292,00 + 12.53**  278.00 + 6.00**
Bottom 1 (mPa.s) 1.03 +£0.02°¢ 1.00 +0.02°¢ 1.07 £ 0.06* 1.10 £ 0.06*
n 0.65 £ 0.01°" 0.71 £0.00™ 0.70 £ 0.00™ 0.77 + 0.00*®
Top  k(Pas™ 0221 +0.012°®  0.146+0.006™  0.237 £0.005®  0.141 +0.071"®
0-3 n3(mPa.s) 166.67 + 13.61**  182.00 £ 6.00** 10520 £591°®  120.33 +£2.08™
Bottom 1 (mPa.s) 1.46 +0.08"" 1.42 +0.00™® 1.39 +£0.03"" 1.30 +£0.02"®
n 0.69 + 0.00°* 0.79 £ 0.00** 0.72 £0.01* 0.80 £ 0.00™*
Top  k(Pas™ 0275+0016"" 0.127+0.010®  0.224 +0.020°®®  0.119 +0.007°"
o7 n3(mPa.s) 108.67 £3.21°®  5893+265®  89.40+5.14™® 5453 +1.76°
Bottom m (mPa.s)  2.29 +0.04** 2.25 +0.08* 2.28 +0.04* 2.06 £ 0.04™*

Different letters indicate significant differences (p<0.05). Small letters: differences in the same line. Capital

letters: differences between concentrations in the same process condition.

Fig. 4.7 shows the shear time-dependent behavior of the top phase of the emulsions.

The reduction in viscosity with the shear time (reduction in shear stress value at a same

shear rate), which is indicated by hysteresis between the curves S; and S,, is an indication

that the top cream phase of the emulsions showed thixotropic behavior.
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Fig. 4.7. Time-dependence of the top cream phase of the O/W emulsions containing 0.14,
0.35 or 0.7% (w/v) FPI and 30% (v/v) flaxseed oil. S; (open symbols): data without prior
shearing and S, (closed symbols): data at steady state. FPI concentration: ( L1, B) (.14,

(O,9)0350r (4, A)0.7% (WIV).

In general, hysteresis between the curves decreased significantly (p<0.05) with the
increase of the number of passes through the homogenizer (Table 4.4). However, the
homogenization pressure did not exert a clear influence on shear time dependence. The
emulsions with a higher FPI concentration (0.7% w/v) showed the highest values of

thixotropy.
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Table 4.4. Area between the curves corresponding to the first (S;) and last cycle (S;) of

shear (thixotropy, Pa/s) of the emulsions stabilized by FPI (0.14, 0.35 or 0.7% w/v).

Homogenization pressure (MPa)

FPI 40 60

(% wiv) Number of passes

1 2 1 2

0.14 452.67 + 11.44% 34451 +£12.48°C  416.23 + 16.40% 280.84 + 14.32°

0.35 1126.93 + 80.54°®  664.78 +4.81®  1068.76 +22.048  844.96 + 13.02"8

0.7 1387.64 + 63.05*  1618.67 + 17.48** 1459.97 + 123.12**  1134.59 +71.37°*

Different letters indicate significant differences (p<0.05). Small letters: differences in the same line. Capital

letters: differences in the same column.

The protein load (PL) of each emulsion was calculated based on the protein
concentration of the top cream phase of the emulsions stabilized by FPI (Table 4.5). For the
emulsions stabilized by 0.14% (w/v) FPI, an increase in homogenization pressure or the
number of passes through the homogenizer led to an increase in the amount of protein
adsorbed on the surface oil droplets (top phase). Meanwhile, in the emulsions containing
higher FPI concentrations (0.35 or 0.7% w/v) the interface seemed to be saturated, mainly
with 0.7% (w/v), since a clear influence of the homogenization conditions on the protein
load was not observed. The highest FPI concentration (0.7% w/v) led to greater amount of
protein adsorbed on the oil droplets. This indicates that proteins adsorption at the oil-water
interface is proportional to their concentration in the aqueous phase (Raikos, 2010;
Taherian et al., 2011; Ye, 2008).

After centrifugation, three phases were observed in the emulsions containing 0.14%
(w/v) FPI: serum, cream and free oil phases. This behavior could be associated with the

lack of protein to cover the oil droplets, since in the emulsions stabilized by 0.35% (w/v)
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FPI the amount of free oil was quite smaller and in the emulsions with 0.7% (w/v) FPI, this

oil phase was not observed. Such results confirm that a higher amount of FPI would be

necessary to stabilize the emulsions.

Table 4.5. Protein concentration of the top (TP) and bottom (BP) phases and protein load

(PL) of the O/W emulsions containing different FPI concentrations (0.14, 0.35 or 0.7%

w/v).
FPI Homogenization Number Phase after Protein LD
(% wlv) pressure (MPa) of passes centrifugation (%)
TP 0.31 £0.00
1 3.14 £0.03
BP 0.22 £ 0.00
40
TP 0.38 £0.03
2 3.60 £0.27
BP 0.12£0.02
0.14
TP 0.40 £ 0.01
1 4.13 £0.07
BP 0.10 £0.02
60
TP 0.49 +£0.00
2 4.52 £0.00
BP 0.04 £ 0.00
TP 0.62£0.12
1 6.65 +£1.24
BP 0.13 £0.00
40
TP 0.57 £0.04
2 571 +0.41
BP 0.10 £0.02
0.35
TP 0.62 £0.04
1 6.78 £0.44
BP 0.14 £0.03
60
TP 0.65 £0.02
2 6.84 £0.19
BP 0.00 £ 0.00
TP 1.34 £0.07
0.7 40 1 15.48 £0.81
BP 0.08 £ 0.00
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TP 1.25 £0.04

2 14.70 £ 0.45
BP 0.11 £0.03
TP 1.22 £0.03

1 14.56 +0.32
BP 0.10£0.02

60

TP 1.24 £0.10

2 1552 +1.28
BP 0.10£0.02

(*1) In the top phase (TP).

4.3.2.3. WPI-FPI emulsions

The emulsions stabilized by WPl (3% w/v) and FPI (0.14 or 0.7% w/v),
homogenized at high pressure (40 or 60 MPa), with one or two passes through the
homogenizer, showed phase separation during storage. However, they separated in a
different way depending on the FPI concentration. The systems with the lowest FPI
concentration (0.14% w/v) showed a separation in two cream phases, with the formation of
a “top cream concentrated phase” and a “bottom cream phase”. On the other hand, the
emulsions containing 0.7% (w/v) FPI, exhibited a more pronounced phase separation, with
a “top cream phase” and a “bottom serum phase”, as can be seen in Fig. 4.8. In the latter,
the bottom aqueous phase observed could be explained by the excess protein that could not
bind to the oil droplets, remaining free in aqueous solution. Moreover, the flaxseed gum
present in the FPI (section 4.2.1), can bind to the water more easily, favoring phase
separation.

In general, the emulsions (0.14 or 0.7% (w/v) FPI) started to destabilize at 1 day and
remained almost constant after 4 days of storage. The corresponding values of the separated
bottom phase of the WPI-FPI emulsions after 14 days of storage are presented in Fig. 4.8.

An increase of pressure and the number of passes through the homogenizer decreased even
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more the stability of the emulsions containing 0.7% (w/v) FPI (increased the bottom serum
phase), but led to less unstable emulsions with 0.14% (w/v) FPI (decreased the top cream
concentrated phase). Such results suggest that WPI-FPI stable emulsions (with no phase
separation) could be obtained if more drastic homogenization conditions (pressure and

number of passes) were used, in combination with low content of FPI in mixed systems.

=

68.8%
. 22.4%
32.4%

PR
i1

y
o B
2 4

Fig. 4.8. Visual appearance and separation percentage (BCP = bottom cream phase and
BSP = bottom serum phase) of the O/W emulsions containing 3% (w/v) WPI, (A, B) 0.14
or (C, D) 0.7% (w/v) FPI and 30% (v/v) flaxseed oil, homogenized at 40 MPa, with (A, C)

one or (B, D) two passes through the homogenizer.

The particle size distribution of the top cream concentrated phase of the emulsions
containing 0.14% (w/v) FPI was influenced only by increase of the number of passes,
which led to a reduction in size and polydispersity of the droplets (Fig. 4.9A). Generally, in
the top cream phase of the emulsions containing 0.7% (w/v) FPI (Fig. 4.9B), the increase of
pressure and the number of passes decreased the polidispersity of the droplets. However, a
bimodal distribution was observed, with an increased population of smaller droplets, in the

extreme process condition (60 MPa, two passes), which could be explained by the
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increased viscosity that makes difficult the coalescence of the droplets. Homogenization
pressure and the number of passes did not exert influence on the particle size distribution of
the bottom cream phase of the emulsions containing lower FPI concentration (0.14% w/v)
(Fig. 4.9A), but led to an increase in volume of smaller droplets of the bottom serum phase

of the emulsions containing higher FPI concentration (0.7% w/v) (Fig. 4.9B).

20 1
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12 -- 60 MPa — 2 passes
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Fig. 4.9. Particle size distribution of the O/W emulsions containing 3% (w/v) WPIL, (A)
0.14 or (B) 0.7% (w/v) FPI and 30% (v/v) flaxseed oil, homogenized at 40 or 60 MPa, with
one or two passes through the homogenizer. Phase of the emulsion: Top (black color) and

bottom (gray color) phase.
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An increase in the number of passes through the homogenizer was primarily

responsible for the significant reduction (p<0.05) in the ds, values (Table 4.6) of the top

and bottom phases of the emulsions (0.14 or 0.7% (w/v) FPI). In addition, increasing FPI

concentration also led to a significant decrease (p<0.05) in the mean droplet diameter,

especially in the top cream phase of the emulsions. In general, the span values (dispersion

index) of the bottom serum phase with 0.7% (w/v) FPI were greater (p<0.05), and the

highest value was noticed in the extreme homogenization condition (60 MPa, two passes),

similar to the observed for the WPI emulsions. This result is in agreement with the large

increase in volume of smaller droplets observed in Fig. 4.9B.

Table 4.6. Mean droplet diameter (ds;) and span of the O/W emulsions stabilized by WPI

(3% wi/v) and FPI (0.14 or 0.7% w/v).

Homogenization pressure (MPa)

% FPI
Phase
(w/v) Number of passes
1 2 1 2
dsy; (um) 1.41+£0.02**  1.15+0.03"* 1.37+0.01** 1.07 +£0.02*
TOp B bA A bB
Span  1.26+0.04® 0.99+0.05"* 1.35+0.01** 0.88+0.08
0.14
dsy; (um) 0.50 £0.00°®  0.46 £0.00"* 0.45+0.02® 0.40+0.01
BOttOIIl bA bB bB B
Span 136 +0.00" 1.37+0.00"® 1.36+0.03" 1.41+0.00"
dsy; (um) 1.22£0.01*® 0.87£0.00° 1.11+0.02"® 0.49 +0.00"
Top
Span  1.35+0.02* 0.96+0.00* 1.16+0.10™ 1.39 +0.00
0.7
. dsy; (um) 0.62£0.02**  0.37+0.03® 0.56 +0.04* 0.25+0.01°"
ottom
Span 170 +£0.30™ 1.54£0.04" 1.43+0.03" 4.13+0.20"

Different letters indicate significant differences (p<0.05). Small letters: differences in the same line. Capital

letters: differences between concentrations in the same process condition.
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The microscopic images of the top and bottom phases of the mixed emulsions (Fig.
4.10) suggest an excess protein (lighter regions under fluorescence) in both emulsions (0.14
or 0.7% (w/v) FPI). Furthermore, a decrease in droplet size with increasing FPI
concentration and the number of passes through the homogenizer was observed in the top
phase, in agreement to the observed in Table 4.6. But, it was not possible to observe
homogenization pressure effect on the structure of the emulsions stabilized by WPI and
FPI. According to the bottom cream phase microstructures (0.14% w/v FPI) (under white
light), oil droplets were observed in this phase, which was expected since the phase
separation of these emulsions was less drastic. However, in the emulsions containing 0.7%

(w/v) FPI, practically no oil droplet was visualized in the bottom serum phase (not shown).
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Homogenization pressure (MPa)

FPI 40 60

(% wiv) Number of passes

1 2 1 2

0.14-TP

0.14-BP

Fig. 4.10. Microstructures of the top (TP) and bottom (BP) phases of the O/W emulsions

containing 3% (w/v) WPI, 0.14 or 0.7% (w/v) FPI and 30% (v/v) flaxseed oil. Scale bar =

25 pm.
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The flow curves of the WPI-FPI emulsions were well-fitted (R2 > 0.996) to the
Newtonian and power law models (Eqgs. (4.4) and (4.5), respectively). Table 4.7 shows
these results as well as the apparent viscosity values at 3 s™ (13). Separated phases of the
emulsions containing 0.14% (w/v) FPI (top cream concentrated and bottom cream) showed
shear thinning behavior. On the other hand, the emulsions containing 0.7% (w/v) FPI
showed Newtonian and shear thinning behavior for the bottom serum and top cream phases,
respectively. The increase of homogenization pressure and the number of passes led to an
increase in the apparent viscosity and in the consistency index (k), but also led to an
increase in the pseudoplasticity (lower n) of the top cream phases of the emulsions
containing both FPI concentration (0.14 or 0.7% w/v), opposite result to that observed in
the absence of WPI with increasing number of passes (Table 4.3). The bottom serum phase
of the emulsions with higher FPI concentration practically was not influenced by the
process conditions.

The increase of FPI concentration modified the flow behavior of the bottom phase
of the emulsions from shear thinning to Newtonian. In addition, a decrease in viscosity of
this phase was observed, which could be a consequence of excess oil droplets interacting
and forming an emulsion packed in the top cream phase. It was also observed that at lower
FPI concentration (0.14% w/v), the increase of the number of passes through the
homogenizer hindered the phase separation, decreasing height of the top cream
concentrated phase. Such result could be associated to the higher viscosity (Table 4.7) and
lower droplets size (Table 4.6) in the bottom cream phase. According to Stokes Law, the
decrease in average size of fat droplets and the increase of the continuous phase viscosity

reduce the creaming velocity, enhancing the stability of the emulsions (Desrumaux &

112



Chapter 4

Marcand, 2002). The highest viscosity was observed in the top cream phase of the emulsion

containing 0.7% (w/v) FP1, homogenized at 60 MPa with two passes, confirming what was

discussed on the particle size distribution of this condition (Fig. 4.9B).

Table 4.7. Rheological parameters obtained from the Newtonian and the power law model

and the apparent viscosity at 3 s (n3) for the O/W emulsions stabilized by WPI (3% w/v)

and FPI (0.14 or 0.7% w/v).

Homogenization pressure (MPa)

% FPI 40 60
(w/v) Phase Number of passes
1 2 1 2
n 0.81 +£0.02** 0.76 + 0.02*
Top k (Pas™  0.027 +0.003"™ IS 0.141 +0.023*® IS
ns (mPa.s)  37.60 +3.12°° 144.00 + 4.00™®
014 n 0.80 £ 0.04™ 0.76 +0.03 0.85 £0.01° 0.80 £0.01®
Bottom k (Pas”)  0.009 £0.002° 0.016 +0.003* 0.008 +0.001°  0.014 +0.001*
ns (mPa.s)  16.05+1.65°  27.60+690°  10.65+£0.25°  24.75 £ 0.65"
n 0.64 +0.00™ 0.59 £0.01°  0.59 +0.01" 0.56 £0.01°
Top k (Pa.s™)  0.152+0.007** 0.337 £0.014" 0.315 +0.008"*  0.684 +0.071"
07 ns (mPa.s) 209.33 +12.10°*  412.00 +£8.72" 368.33 £9.02"*  686.33 + 30.92°
Bottom 1 (mPa.s) 2.83 +£0.01° 2.83 +0.03" 2.78 £0.01° 2.77 £0.01°

IS = insufficient sample for analysis.

Different letters indicate significant differences (p<0.05). Small letters: differences in the same line. Capital

letters: differences between concentrations in the same process condition.

The surface protein concentration (SPC) of the WPI-FPI emulsions was determined

and the results are presented in Table 4.8. The second pass through the homogenizer
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resulted in a reduction in the amount of protein adsorbed at the surface of the oil droplets
and the increase of homogenization pressure led to a similar behavior for the emulsions
containing 0.7% (w/v) FPI. At higher FPI concentration, a significant increase (p<0.05) on
the surface protein of the emulsions homogenized at 40 MPa was observed, but at 60 MPa
with two passes through the homogenizer, there was a significant reduction of the SPC, due
to the much higher surface area (lower mean droplet diameter, Table 4.6). A decrease in
surface concentration with increasing homogenization pressure (i.e., increasing oil surface
area) may be attributed to increased spreading and rearrangement of adsorbed protein

molecules at the interface (Srinivasan, Singh, & Munro, 1996).

Table 4.8. Surface protein concentration (SPC) (mg/mz) of the O/W emulsions stabilized

by WPI (3% w/v) and FPI (0.14 or 0.7% w/v).

% FPI Homogenization Number Protein Surface area SPC

(w/v) pressure (MPa) of passes (%) D (mZ/g) D (mg/mz)
1 206+0.06 425+006  4.85+0.13"
0 2 223+0.09 522+0.12  4.28+0.18"
014 1 225+0.15 439+004  5.12+034"
0 2 2.59+£0.08 5.62+0.09 4.61+0.14"*
1 296+0.06 4.90+003  6.05+0.12*
0 2 3.16+0.02 6.89+0.02  4.59+0.04
07 1 2914002 541+0.09  5.38+0.04"
0 2 3.55+0.04 1223+£0.06 2.91+0.03"

(*1) Corresponding to the top phase.

Different letters indicate significant differences (p<0.05). Small letters: differences in the same concentration.

Capital letters: differences between concentrations in the same process condition.
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4.4. CONCLUSIONS

WPI-stabilized emulsions showed good stability, while FPI- and WPI-FPI-stabilized
emulsions showed phase separation and were affected by the FPI concentration and
homogenization conditions (pressure and number of passes). A higher FPI content (0.7%
w/v) led to a greater stability of the FPI systems as a consequence of the increased
viscosity, while the mixed systems were more unstable at this concentration. The increase
in pressure and the number of passes increased stability of the FPI (0.7% w/v) and WPI-FPI
(0.14% wl/v) emulsions, but increased the phase separation of the WPI-FPI (0.7% w/v)
emulsions. Higher number of passes through the homogenizer led to a decrease in the
consistency index and in the pseudoplasticity of the top phase of the emulsions stabilized
by FPI, which exhibited shear thinning and thixotropic behavior. Opposite effect was
observed for the WPI-FPI emulsions (top cream phase) in more drastic homogenization
conditions. Mixed emulsions showed a rheological behavior dependent on the FPI
concentration. Systems containing 0.14% (w/v) FPI showed only shear thinning behavior,
while the emulsions with 0.7% (w/v) FPI showed Newtonian and shear thinning behavior
for the bottom serum and top cream phases, respectively. Mean droplet diameter of the
WPI-stabilized emulsions decreased with increasing homogenization pressure and the
number of passes, while for the top cream phase of the WPI-FPI emulsions, a higher FPI
concentration and number of passes were primarily responsible for its reduction. Thus, our
results suggest that even though FPI was not a good emulsifier, its combination with WPI
(3% wi/v) improved the kinetic stability of the emulsions, using a low FPI concentration
(0.14% w/v) and more drastic homogenization conditions. Therefore, a higher

homogenization pressure (60 MPa) and two passes through the homogenizer should be
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used in order to obtain a better stability of the emulsions composed by whey and flaxseed

proteins.
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ABSTRACT

Production of whey protein isolate (WPI) — gellan gum microbeads from extrusion of the
O/W emulsions into a CaCl, solution was evaluated to encapsulate oil and protein
hydrolysate (FPH) from flaxseed. In addition, microgels resistance and the controlled
release of oil and FPH were investigated. Microscopic images showed that gellan prevailed
at the external surface of the particles and that there were few free oil droplets in
microbeads containing high gellan concentration, indicating that FPH and oil were
encapsulated. Microbeads produced at higher gellan concentrations showed a more regular
and spherical morphology, but a significant decrease in their size and an increase in their
polydispersity were observed with the FPH addition, which can be consequence of the
formation of a more dense biopolymers network. The microbeads suspensions were stable

at different salt concentrations with regard to their shape, not releasing the encapsulated oil.
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And the FPH presence decreased the viscosity and shear thinning behavior of microbeads
suspensions, which could be attributed to their smaller size. WPI-gellan microbeads were
resistant to simulated gastric conditions, but did not resist to intestinal conditions, making
these microgels able to protect bioactive compounds during their passage through the
stomach for releasing them in the small intestine.

Keywords: Extrusion; Flaxseed protein hydrolysate; Flaxseed oil; Rheology; In vitro

digestion.

5.1. INTRODUCTION

Encapsulation can be used for protection of actives compounds against evaporation,
chemical reactions or migration in food, reduction of flavor loss during the product shelf-
life and extend its perception and mouthfeel, prevention of undesirable interactions with
other components in food products and masking unpleasant feelings (Klaypradit & Huang,
2008; Nedovic, Kalusevic, Manojlovic, Levic, & Bugarski, 2011). In addition,
encapsulation allows controlling the release and preservating the stability of bioactive
compounds during processing and storage, in order to ensure their bioavailability and
efficacy (Klaypradit & Huang, 2008; Nedovic et al., 2011). It has been employed to protect
active components such as probiotics (Cook, Tzortzis, Charalampopoulos, &
Khutoryanskiy, 2012; Doherty et al., 2011), vitamins (Beaulieu, Savoie, Paquin, &
Subirade, 2002; Chen & Subirade, 2006), oils (Tonon, Pedro, Grosso, & Hubinger, 2012)
and peptides (Chandy, Mooradian, & Rao, 1998).

The application, economic features and health safety are the main criteria that
govern the choice of encapsulation material and process (Chan, 2011). In the food sector,

materials used for encapsulation must be food-grade and biodegradable, providing maximal
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protection to the encapsulated material during processing and storage and not reacting with
it (Nedovic et al., 2011).

The extrusion method followed by an ionotropic gelation is extensively used to
produce microbeads (Albertini et al., 2010; Corbo, Bevilacqua, & Sinigaglia, 2011;
Perrechil, Vilela, Guerreiro, & Cunha, 2012; Smrdel, Bogataj, Zega, Planinsek, & Mrhar,
2008), which can encapsulate bioactive compounds. It consists in forming droplets by the
use of a syringe or an atomizer nozzle into a gelling solution (ionic), where microgels are
formed, hardened and then collected (Perrechil et al., 2012). One advantage of these
microgels is that they can be used in hydrated media without breaking (Burey, Bhandari,
Howes, & Gidley, 2008).

Polysaccharides are most widely used as wall materials (Nedovic et al., 2011) due to
their good biocompatibility, biodegradability, low toxicity, abundance in nature and low
cost (Kaihara, Suzuki, & Fujimoto, 2011; Karewicz, Legowik, & Nowakowska, 2011;
Perrechil et al, 2012). However, proteins are also a good coating material for the
encapsulation of bioactive compounds, due to their unique functional properties such as the
ability to form gels and stabilize emulsions (Chen, Remondetto, & Subirade, 2006).
Moreover, they have high nutritional value, good sensory properties and are widely
available, inexpensive, natural and GRAS (generally recognized as safe) materials, as the
milk proteins (Livney, 2010). Protein-polysaccharide mixtures have been also evaluated as
wall materials (Chen & Subirade, 2005, 2006; Perrechil et al., 2012; Tang et al., 2013).

Flaxseed (Linum usitatissimum L.) has been emerging as one of the key sources of
bioactive ingredients in the functional food area (Zhang, Xu, Wang, Yang, & Lu, 2009). It
is an oilseed, rich in lipids, dietary fiber (both soluble and insoluble), proteins and lignans

(Marambe, Shand, & Wanasundara, 2008). Its major product is oil, which is the richest
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known plant source of the omega 3 (»-3) fatty acid (a-linolenic acid, ALA) (Marambe et
al., 2008), increasingly recognized for their role in reducing the risk of diseases and
maintaining human health (Liu, Low, & Nickerson, 2010; Shahidi & Miraliakbari, 2005).
Flaxseed proteins are gaining prominence with respect to their health benefits (Rabetafika,
Remoortel, Danthine, Paquot, & Blecker, 2011), since studies have reported that their
hydrolysates have biological activities such as antihypertensive, antioxidant and anti-
inflammatory properties (Marambe et al., 2008; Udenigwe, Lin, Hou, & Aluko, 2009;
Udenigwe, Lu, Han, Hou, & Aluko, 2009).

For obtaining health benefits it is necessary to ensure the stability of the compounds
in the gastrointestinal (GI) system and to facilitate controlled release at the appropriate GI
target (Champagne & Fustier, 2007). In view of this, the protection of bioactive compounds
from flaxseed, through encapsulation, could be an alternative in the attempt to avoid their
functionality and bioavailability loss before their release. Thus, the aim of this work was to
produce microbeads of whey protein isolate and gellan gum from extrusion of O/W
emulsions containing these biopolymers into a calcium chloride (CaCl,) solution in order to
encapsulate oil and protein hydrolysate from flaxseed and then evaluate the release of these
compounds by simulation of in vitro digestion process. For this, microgels were
characterized according to their morphology, particle size, zeta potential, stability and

rheological behavior of particles suspensions and resistance to gastrointestinal conditions.
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5.2. MATERIAL AND METHODS
5.2.1. Material

The whey protein isolate (WPI) was obtained from New Zealand Milk Products
(ALACEN 895, New Zealand), the gellan gum was donated by Kelco Biopolymers (San
Diego, California, USA) and the flaxseed protein hydrolysate (FPH) was obtained from the
protein extracted from partially defatted flaxseed meal (Cisbra, Panambi, RS, Brazil),
according to methodology from Silva, O’Callagahan, O’Brien, and Netto (2013). The
hydrolysis condition chosen was that resulted in a FPH with the highest antioxidant
capacity (pH 8.5 and enzyme:substrate ratio 1:90, w/w). The protein concentration (% w/w,
wet basis), determined by the Kjeldahl analysis (AOAC, 1997), of the WPI, gellan and FPH
was 87.66 + 0.91% (N x 6.38), 0.40 + 0.00% (N x 6.25) and 70.38 £ 0.91% (N x 6.25),
respectively. Flaxseed oil was purchased from Cisbra (Panambi, RS, Brazil), showing the
following fatty acids composition: 6.2% C16:0, 5.3% C18:0, 20.1% C18:1, 13.7% C18:2
and 52.3% C18:3 (provided by Cisbra). The enzymes Alcalase 2.4 L, pepsin from porcine
gastric mucosa (P7000) and pancreatin from porcine pancreas (P1625), bile extract porcine
(B8631) and FITC were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA).
Reagents dimethyl sulfoxide (DMSO), pyridine and dibutyltin dilaurate were purchased

from Merck KGaA (Darmstadt, Germany). All other reagents were of analytical grade.

5.2.2. Preparation of stock solutions
The WPI (10% w/v) and the FPH (2.5% w/v) stock solutions were prepared by
dispersing the powder in deionized water using magnetic stirring during 90 and 120 min,

respectively, at room temperature (25 °C). Then, the solutions were kept overnight at 10 °C
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to allow complete protein dissolution. The gellan (1% w/v) stock solution was prepared by
dissolving the powder in deionized water during 120 min (25 °C), followed by heat
treatment at 90 °C for 30 min under magnetic stirring and subsequent cooling to room

temperature in an ice bath. Stock solutions were prepared at natural pH (WPI solution =

6.5, FPH solution = 8.4-8.8 and gellan solution = 5.2).

5.2.3. Preparation of the O/W emulsions

Primary oil-in-water (O/W) emulsions were prepared at 25 °C by homogenizing the
oil with the aqueous phase using two sequential homogenization methods. The first
involved mixing the solutions in an Ultra Turrax model T18 homogenizer (IKA, Germany)
for 4 min at 14,000 rpm, and the second method involved a homogenization at 60 MPa / 5
MPa, with two passes through the homogenizer, using a Panda 2K NS1001L double stage
homogenizer (Niro Soavi, Italy). The WPI and flaxseed oil content were fixed at 3% (w/v)
and 30% (v/v), respectively, and the FPH concentration varied between 0 and 1% (w/v).
Secondary O/W emulsions were prepared by mixing the primary emulsion into gellan
solutions using magnetic stirring for 1 h at 25 °C. The final composition of secondary
emulsions was 15% (v/v) flaxseed oil, 1.5% (w/v) WPI, 0 — 0.5% (w/v) FPH and 0.1 —

0.5% (w/v) gellan.

5.2.4. Gelation of the emulsions
Preliminary trials were conducted in order to determine the appropriate CaCl,
concentration (0.56, 0.74, 0.93 or 1.11% w/v) for gelation of the emulsions (15% (v/v)

flaxseed oil, 1.5% (w/v) WPI and 0.1 — 0.5% (w/v) gellan). For this, a syringe (5 mL)
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coupled to a needle (0.8 mm diameter) was used to drip samples (20 drops) in CaCl,
solutions (50 mL) under magnetic stirring at room temperature (25 °C). The height between
the needle outlet and the CaCl, solution was fixed at 10 cm (Chan, Lee, Ravindra, &
Poncelet, 2009). The particles were held in CaCl, solutions for 30 min under orbital stirring
(100 rpm) (Model TE-420, Tecnal, Brazil). After that, the gelled particles were separated

using a sieve and visually observed.

5.2.5. Production of microbeads

Secondary emulsions were extruded through an atomizer nozzle (I mm diameter)
into a 0.56% (w/v) CaCl, solution (concentration determined in section 5.2.4) at room
temperature (25 °C) (Fig. 5.1). The collecting distance between the atomizer nozzle and the
CaCl, solution (H) was of 30 cm and the feed flow rate and the compressed air pressure
were fixed at 0.268 L/h and 1.0 bar, respectively. In order to obtain smaller particles
diameter, the higher difference between the air pressure and the feed rate was used
(Herrero, Martin Del Valle, & Galan, 2006; Perrechil, Sato, & Cunha, 2011; Rizk &
Lefebvre, 1980), avoiding that the salt solution was splashed out of the container. The best
relation gellan/FPH to produce microbeads was investigated from the particles preparation
using different concentrations of gellan (0.1, 0.3 or 0.5% w/v) and FPH (0, 0.25 or 0.5%
w/v). Microbeads produced were maintained in the salt solution under magnetic stirring for
30 min (Chan et al., 2009; Perrechil et al., 2011), filtered using a sieve with opening of
0.037 mm and then stored at room temperature for 1 day, for their evaluation and

characterization (sections 5.2.6 and 5.2.7).
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Fig. 5.1. A) Schematic representation of the production of microbeads by extrusion and B)
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atomizer nozzle. H = distance between the atomizer nozzle and the salt solution, d; =

diameter of the feed nozzle exit (1 mm) and d, = diameter of air nozzle exit (3.08 mm).

5.2.6. Evaluation of microbeads
5.2.6.1. Stability

Microbeads stability in different media (water and CaCl, aqueous solutions (0.56,
1.11 or 2.22% wi/v)) was monitored by particle size distribution (section 5.2.7.2) during 60
min, and samples were collected every 10 min. Suspensions were prepared by dispersing
microbeads containing 0.3% (w/v) gellan in distilled water, directly in the measurement
unit of the laser diffraction equipment (Mastersizer 2000, Malvern Instruments Ltd., UK).
At the same time, the microstructure of microbeads suspensions in these different media

was evaluated by optical microscopy (section 5.2.7.3).
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5.2.6.2. Rheological properties of microbeads suspensions

The rheological properties of the suspensions (10, 30, 50, 70 or 90% w/v) of
microbeads (0 or 0.25% (w/v) FPH and 0.3% (w/v) gellan) in 0.56% (w/v) CaCl, solution
were evaluated using a Physica MCR301 modular compact rheometer (Anton Paar,
Austria). A stainless steel plate geometry (50 mm) and a 0.6 mm gap was used for the
measurements. Flow curves were obtained using an up-down-up steps program with the
shear rate varying between 0 and 300 s”'. All measurements were performed in triplicate at
25 °C. The model for shear-thinning fluids (Power law model) (Eq. (5.1)) was used to fit

the flow curves.
o=k (7/) 5.1)

where o is the shear stress (Pa), ;/ is the shear rate (s'l), k is the consistency index (Pa.s")

and #n is the flow behavior index (dimensionless).

5.2.6.3. Simulation of in vitro digestion process

Microbeads were incubated in different media simulating buccal (salivary), gastric
and intestinal digestion. In the simulation of oral digestion step, microgels were mixed in
phosphate buffer (0.005 M, pH 6.9, 1 M NaCl + 0.004 M CaCl,) at a ratio of 1 g of sample
to 4 mL of buffer (Hoebler et al., 2002). Then, gastric and intestinal digestions were
simulated, following the methodology of Garrett, Failla, and Sarama (1999). Porcine pepsin
(40 mg/mL in 0.1 M HCI) was added to simulate the gastric juice, at a ratio of 0.5 g of
pepsin per 100 g of sample (Miller, Schricker, Rasmussen, & Van Campen, 1981), the pH

was adjusted to 2 by adding 6 M HCI and then the mixture was incubated for 1 h at 37 °C
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under orbital stirring (100 rpm). After, in intestinal digestion, the pH of the resulting
mixture was raised to 5.3 using 0.9 M sodium bicarbonate solution followed by the addition
of a mixture of pancreatin and bile extract (2 mg/mL pancreatin + 12 mg/mL bile extract in
0.1 M sodium bicarbonate), in order to obtain final concentrations of 0.4 mg/mL pancreatin
and 2.4 mg/mL bile extract. The pH of the system was adjusted to 7 with 0.1 M NaOH
prior to its incubation at 37 °C for 2 h under orbital stirring (100 rpm) (Model TE-420,
Tecnal, Brazil). The zeta potential, particle size distribution and morphology (sections
5.2.7.1, 5.2.7.2 and 5.2.7.3, respectively) of the particles were evaluated before, during

(samples were collected every 15 min) and after the gastric and intestinal digestion steps.

5.2.7. Characterization of microbeads
5.2.7.1. Zeta potential
To determine the electrical charge on the surface of microbeads, aliquots of their
suspensions in different media were diluted in Milli-Q water and a Zetasizer Nano-ZS
(Malvern Instruments Ltd., UK) equipment was used. Measurements were performed at 25

°C in triplicate.

5.2.7.2. Particle size distribution
A Mastersizer 2000 (Malvern Instruments Ltd., UK) was used to determine the
particle size distribution of microbeads in distilled water as dispersion medium (~0.06%
v/v). The size of particles was determined as the volume-surface mean diameter (d3;) and
the dispersion index (span) was also reported (Jafari, He, & Bhandari, 2007), according to
Egs. (5.2) and (5.3), respectively. The particle size and span were reported as the average

and corresponding standard deviation of three replicates.
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dg = n,d? /Y nd? (5.2)
Span=(dy, —d,, )/dy, (5.3)
where n; 1s the number of microbeads with diameter d;, and d,¢, dso and dgy are diameters at

10, 50 and 90% of cumulative volume, respectively.

5.2.7.3. Optical microscopy
The morphology of microbeads was evaluated by optical microscopy. Microgels
were poured onto microscope slides, carefully covered with glass cover slips and observed
using a Carl Zeiss Model Axio Scope.Al optical microscope (Zeiss, Germany), with a 10 x

objective lens.

5.2.7.4. Confocal scanning laser microscopy (CSLM)

Fluorescein-5-isothiocyanate (FITC) was used to label the gellan gum according to
methodology described by Heilig, Goggerle, and Hinrichs (2009). 20 mL DMSO and 80 pL
pyridine were mixed with 1 g gellan gum and stirred for 30 min at room temperature. Then,
0.1 g FITC and 40 pL dibutyltin dilaurate were added, the mixture was incubated for 3 h in
a water bath (95 °C) and after cooled down to room temperature. The resulting sample was
crushed, washed with ethanol (99.5%) and dried in a vacuum oven (65 °C). To prepare the
polysaccharide solution, FITC-labeled gellan was dissolved and heat treated as described in
section 5.2.2. The proteins (WPI and FPH) were stained with a fluorescent dye Rhodamine
B, which was directly added to solutions.

Emulsions and microbeads were prepared with protein and polysaccharide labeled

solutions, according to sections 5.2.3 and 5.2.5, respectively. Samples were evaluated using
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a Zeiss LSM 780-NLO confocal on an Axio Observer Z.1 microscope (Carl Zeiss AG,
Germany) with a 40 x objective. Images were collected using 488 and 543 nm laser lines
for excitation of FITC and Rhodamine B fluorophores, respectively, with pinholes set to 1

airy unit for each channel, 1024x1024 image format.

5.2.8. Statistical analysis
The results were evaluated by analysis of variance (ANOVA), and significant
differences (p<0.05) between the treatments were evaluated by the Tukey’s procedure. The
statistical analyses were carried out using the software STATISTICA 6.0 (Statisoft Inc.,

Tulsa, USA).

5.3. RESULTS AND DISCUSSION
5.3.1. Gelation of the O/W emulsions

Gelation of the emulsions was performed at different concentrations of gellan gum
(0.1, 0.3 or 0.5% w/v) and CaCl, (0.56, 0.74, 0.93 or 1.11% w/v). Gelled particles on a
macroscopic scale (Fig. 5.2) were observed and the adequate CaCl, concentration for gel
formation was determined. At lower gellan concentration (0.1% w/v), emulsions did not
form gelled particles, but gelled wires. However, at higher gellan concentrations (0.3 or
0.5% wlv), gelled particles were observed, which became more regular and spherical with
increasing gellan concentration, regardless of salt concentration. Thus, as the salt
concentration studied had no apparent effect on gelation of the emulsions for these gellan
concentrations, the lowest CaCl, concentration (0.56% w/v) was chosen to be used in the

production of microgels by extrusion. Despite the size and the appearance of whey protein

136



Chapter 5

beads are influenced by CaCl, concentration (Hébrard et al., 2006), such influence was not

visually observed at the range of salt concentration evaluated.

CaCl, (%)
Gellan (%)

0.56 0.74 0.93 1.11

0.1

0.5

Fig. 5.2. Visual appearance of the particles composed by 15% (v/v) flaxseed oil, 1.5%

(w/v) WPI and 0.1, 0.3 or 0.5% (w/v) gellan, gelled in 0.56, 0.74, 0.93 or 1.11% (w/v)

CaCl,. Scale bar = 0.5 cm.

5.3.2. Microbeads
5.3.2.1. Choosing the ratio gellan/FPH
Different concentrations of gellan (0.1, 0.3 or 0.5% w/v) and FPH (0, 0.25 or 0.5%
w/v) were evaluated aiming to determine the appropriate ratio gellan/FPH for producing
stable and smaller microgels. Fig. 5.3 shows that microgels containing 0.1% (w/v) gellan
exhibited a bimodal distribution, which was more accentuated in the absence of FPH (Fig.

5.3A) or at lower concentration (0.25% w/v) (Fig. 5.3B). Increasing gellan concentration to
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0.3% (wl/v), the particle distribution was similar to that of lower gellan concentration.
However, microbeads composed by 0.3% (w/v) gellan and 0.5% (w/v) FPH (Fig. 5.3C) or
with greater gellan concentration (0.5% w/v) showed higher polydispersity, which could be
attributed to the increased solution viscosity at higher polysaccharide concentration or total
concentration of polymers (Chen & Subirade, 2006). Such observations were confirmed by
the increase in the mean diameter (ds;) and span values (dispersion index) of microbeads
(Fig. 5.3) with the increase of gellan concentration. However the effect of flaxseed
hydrolysate depended on the gellan concentration. Microbeads produced with 0.1% (w/v)
gellan showed a significant increase (p<0.05) of the size at highest FPH concentration
(0.5% wi/v), while a significant decrease was observed for microbeads containing 0.3 or
0.5% (w/v) gellan. Opposite result was found for the span values. Such size reduction and
polydispersity increase of microbeads could be related to an electrostatic interaction
between biopolymers, since WPI and FPH have amphiphilic character (they have negative
and positive charges), and/or to the bridges formed between the negatively charged groups
of gellan and the CaCl,. Both events could contribute to a more dense biopolymers network

and consequently with a reduced size.
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The influence of gellan and FPH concentration on the microstructure of microbeads
can be observed in Fig. 5.4. According to the pictures, the increase of gellan concentration
from 0.1 to 0.3% (w/v) led to more regular and spherical microgels, while microbeads with
0.5% (w/v) gellan were similar to those with 0.3% (w/v) gellan. Tang et al. (2013) also
observed more spherical alginate-whey protein microspheres produced at higher polymers
concentration. The hydrolysate concentration affected the morphology of microgels in a
lesser extension. However, microbeads without the FPH addition or with lower gellan
concentration seemed to have a greater number of free oil droplets (indicated in Figure),
indicating that the presence of the hydrolysate and high gellan concentration (0.3 or 0.5%
w/v) may have assisted in the flaxseed oil encapsulation. Regarding this, the combined
effect of amphiphilic interface and the higher viscosity of the continuous phase in these
conditions must be taken into account.

Thus, despite the smaller size of microgels with 0.1% (w/v) gellan, it was chosen
0.3% (w/v) gellan for the production of microbeads in the following steps, since at this
concentration microgels were more uniform and presented less free oil droplets in solution.
The hydrolysate concentration chosen was 0 or 0.25% (w/v) in order to better evaluate its
influence on the microgels produced with 0.3% (w/v) gellan and on the flaxseed oil

encapsulation.
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Fig. 5.4. Microstructure of microbads composed by 15% (v/v) flaxseed oil, 1.5% (w/v) WPI, 0 — 0.5% (w/v) FPH and 0.1 —

0.5% (w/v) gellan. Scale bar = 100 pm.
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5.3.2.2. Evaluation of stability

Microbeads stability with the time was evaluated in different media (water and
CaCl, solutions (0.56, 1.11 or 2.22% w/v)) in order to determine their resistance to release
the encapsulated oil during the storage. The mean diameter (d3;) of microbeads decreased
from 65.25 £ 0.21 um to 50.16 = 0.03 um in distilled water over time (from O to 60 min)
(Fig. 5.5), which could be indicating a disaggregation of some particles agglomerates. In
CaCl, solutions, the mean diameter decreased mainly in the first 10 min (from ~67 pm to
~60 pm) and then became almost stable, with no difference between the CaCl,
concentrations. Such size reduction with the salts addition could be explained by the type of
interaction performed by divalent cations, which form bridges between the negatively
charged groups on biopolymers, allowing the release of free water (Chandrasekaran,
Puigjaner, Joyce, & Arnott, 1988; Kuhn, Cavallieri, & Cunha, 2010; Vilela, Cavallieri, &
Cunha, 2011), thus leading to shrinkage of the particles.

The particle size distribution of microbeads in these different media (results not
shown) was monomodal and similar. The results showed size slightly larger at time zero

when dispersed in water, whereas in CaCl, the size distribution did not change with time.
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Fig. 5.5. Mean particle diameter (ds;) of microbeads containing 15% (v/v) flaxseed oil,
1.5% (w/v) WPI and 0.3% (w/v) gellan, dispersed in (e) distilled water and in CaCl,

solutions: (X) 0.56, (—) 1.11 and (+) 2.22% (wW/v).

The morphology of microbeads before and after dispersion in distilled water or in
CaCl, solutions was observed (Fig. 5.6). The oil droplets were not released from
microbeads during 1 h in any medium, which may be an indication of good stability of
these microgels during the storage period. In general, it was not observed difference
between the microstructures of microbeads dispersed in distilled water or in CaCl,
solutions, nor with respect to time of dispersion. Then, according to these results, a low salt
concentration (0.56% (w/v) CaCl,) was chosen as dispersion medium of microgels in the

rheological measurements.
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Fig. 5.6. Microstructure of microbeads composed by 15% (v/v) flaxseed oil, 1.5% (w/v)

WPI and 0.3% (w/v) gellan in different media. Scale bar = 100 um.

5.3.2.3. Rheological properties
The microbeads suspensions in CaCl, solution (0.56% w/v) showed a shear thinning

behavior, regardless of the concentration of suspensions (Fig. 5.7). Apparent viscosity was
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greater in the microbeads suspensions without hydrolysate addition (Fig. 5.7A) than of
microbeads with 0.25% (w/v) FPH (Fig. 5.7B), which was more noticeable at larger
concentrations (above 50% w/v), indicating higher resistance to shear.
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Fig. 5.7. Apparent viscosity of microbeads suspensions composed by 15% (v/v) flaxseed

oil, 1.5% (w/v) WPIL, (A) 0 or (B) 0.25% (w/v) FPH and 0.3% (w/v) gellan in CaCl,
solution (0.56% w/v). Volume fraction of microbeads: (<) 10, ( ©) 30, (£) 50, ( 1) 70

and ( <) 90% (w/v).

Thus, the flow curves were fitted to power law model (R* > 0.996) and the flow
behavior index (n), the consistency index (k), as well as the apparent viscosity at 50 s (M5s0)

are shown in Table 5.1. Apparent viscosity was evaluated at this shear rate in order to

145



Chapter 5

simulate a shear rate typical of chewing (Steffe, 1996). Suspensions with a lower
concentration of microbeads (10% w/v) showed a behavior close to Newtonian (n = 0.94
and n = 0.95 for microbeads without and with FPH addition, respectively), but with
increasing concentration of microbeads, suspensions became more pseudoplastic (n value
decreased). The rheological behavior of suspensions at low volume fraction is determined
by the continuous phase since there is no interaction between the suspended particles (Sato
& Cunha, 2012). However, at higher solids concentration there is an increase of interactions
of weak intensity, which are broken with increasing shear rate, leading to reaggregation and
shear shinning behavior (Vilela, 2012). An increase of the consistency index (k) was also
observed with increasing concentration of suspensions, mainly for microbeads without FPH
addition, which also showed a flow behavior index (n) lower (p<0.05) than microgels with
hydrolysate. This result may suggest that microgels without FPH addition are more
susceptible to alignment and elongations resulting from the shear rate application, which
would explain the intensification of shear thinning behavior (decrease in n values) (Vilela,
2012).

The apparent viscosity (nso) showed a significant increase (p<0.05) with the
increase of concentration of microbeads in suspension. However, the viscosity values were
very low (the maximum was 0.0078 Pa.s), which could be indicating that the addition of
microbeads would exert little influence on the rheological behavior of food products
(Perrechil, 2012). Microbeads with 0.25% (w/v) FPH showed lower viscosity (and k
values) than microgels without hydrolysate. This behavior became more evident as the
concentration of microbeads in suspension was increased and could be explained by lower

particles size (Fig. 5.3).
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Table 5.1. Rheological parameters obtained from the power law model and the apparent
viscosity at 50 s (nso) for the microbeads suspensions composed by 15% (v/v) flaxseed

oil, 1.5% (w/v) WPI, 0 or 0.25% (w/v) FPH and 0.3% (w/v) gellan in CaCl, solution

(0.56% w/v).
Suspension FPH (%)
(% wiv) 0 0.25

10 0.94 +0.00*" 0.95 £0.01**
30 0.87 £0.01"® 0.91 +0.00"

50 n 0.80+0.00%  0.89+0.01°
70 0.72 +0.00"® 0.86 + 0.00"*
90 0.67 £0.01° 0.84 +£0.01°*
10 0.002 +0.000*  0.002 + 0.000°"

30 0.004 +0.000  0.002 + 0.000°®

50 k(Pas™  0.008+0.000° 0.004 £ 0.000

70 0.017 +0.001°*  0.006 + 0.000°®

90 0.028 £ 0.001**  0.007 + 0.000*®
10 1.4 +0.00" 1.2 +0.06°

30 2.2 +0.00% 1.8 + 0.00%®

50 ns(mPas)  3.5+0.10° 2.3 +0.06°

70 57+0.15% 3.3 +0.06"

90 7.8+0.15% 3.8 +0.00°"

Different letters indicate significant differences (p<0.05). Small letters: differences in the same column.

Capital letters: differences in the same line.

5.3.2.4. Confocal microscopy
The microstructure of microbeads with O or 0.25% (w/v) FPH and 0.1 or 0.3% (w/v)

gellan was characterized by CSLM (Fig. 5.8). As observed in optical microscopy (section
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5.3.2.1), microgels composed by 0.3% (w/v) gellan showed a more regular shape. In these
micrographs, proteins (WPI and FPH) are represented in red and the green areas indicate
the presence of gellan gum. Thus, it can be verified that there was a predominance of
polysaccharide at the external surface of microbeads, regardless of gellan concentration and
FPH addition, which confirms that the hydrolysate was encapsulated.

Due to the amphiphilic character of proteins and the polar character of gellan, it is
believed that the WPI and the FPH were to the oil/water interface, whereas the gellan

migrated to the external surface, coating the particles.
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Fig. 5.8. CSLM micrographs of microbeads composed by 15% (v/v) flaxseed oil, 1.5%

(w/v) WPL, 0 or 0.25% (w/v) FPH and 0.1% or 0.3% (w/v) gellan. Scale bar = 20 pm.
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5.3.2.5. In vitro digestion
The evaluation of the resistance of microbeads and release of encapsulated
compounds was performed by simulating in vitro human digestive process. Fig. 5.9 shows
the zeta potential of microgels before digestion and in gastric and intestinal media during
and after these steps. A control of digestive media, without sample addition, was also

carried out to compare with these results.
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Fig. 5.9. Zeta potential (mV) of microbeads composed by 15% (v/v) flaxseed oil, 1.5%
(w/v) WPI, (A) 0 or (B) 0.25% (w/v) FPH and 0.3% (w/v) gellan, before digestion and of

microbeads in ( ©O) gastric and ( L)) intestinal media during digestion.
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After gastric step (1 h), the zeta potential of microgels without and with FPH
addition in gastric medium reached values around -3.88 = 0.20 mV and -7.54 + 0.95 mV,
respectively. On the other hand, microbeads in intestinal medium showed a reduction in
zeta potential and reached values around -65 mV after 2 h of digestion. The zeta potential
determined for the gastric and intestinal media, without sample addition, was around O and
from -40 to -50 mV, respectively. Thus, it could be said that there was interaction between
microgels and gastric and enteric media, since a change in zeta potential values was
observed.

The effect of the digestive process conditions on the morphology of microbeads was
also evaluated (Fig. 5.10). The gastric digestion step did not alter the morphology of
microgels, which was similar to the result obtained by Vilela (2012) for microbeads of
gellan (1% w/w) produced with gelation induced by CaCl, (1.1% w/v) or KC1 (2.28% w/v).
But, it was also observed that the FPH presence seems to have reduced the amount of free
oil droplets, suggesting that the hydrolysate can be assisting in stabilizing the emulsions. At
the beginning of gastric digestion (time zero), there were many nonencapsulated oil
droplets (indicated in Figure) in microgels without hydrolysate, whereas it was not
observed in microbeads with 0.25% (w/v) FPH. However, during the intestinal digestion

(15 min) free oil droplets were observed in both systems.
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Fig. 5.10. Microstructure of microbeads composed by 15% (v/v) flaxseed oil, 1.5% (w/v) WPL 0 or 0.25% (w/v) FPH and 0.3%

(w/v) gellan, before and during the gastric and intestinal steps. Scale bar = 100 pm.
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The mean diameter (d3;) and the span values of microbeads were almost constant
over time (up to 60 min) during the gastric digestion (Fig. 5.11), and the dispersion index
was greater for microgels with 0.25% (w/v) FPH. In the simulation of intestinal digestion, a
drastic reduction in the size was observed at 15 min, indicating that microgels were
disintegrated, and suggesting that mainly the mean diameter of oil droplets was measured,
maybe due to presence of large amount of free oil in the medium (Fig. 5.10). Over time,
diameter values have slightly increased, and this increase was more significant in microgels
without hydrolysate, which also showed an increase in the span values. On the other hand,
through the microscopy, it can be observed that some particles remained almost unchanged
after the intestinal step. This observation was corroborated by the particle size distribution
(Fig. 5.11), which showed that despite the size of microgels has been substantially reduced
in intestinal digestion, a population with large particle size could still be observed (Fig.
5.11B). Vilela (2012) also observed no change in size of some particles after the intestinal

digestion, which was confirmed by the bimodal volumetric particles distribution.
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(A)
Time FPH (%)
Step . 0.25
(min)
d3; (um) Span ds; (um) Span

d?ngsotgn 61.18 4 0.62*  1.64+0.01® 60.19+0.84* 1.72+0.03"
0 5820+228" 1.68+0.02"® 56.22+3.08" 1.97+0.11**
15  63.95+0.30™ 1.68+0.02"® 63.25+2.17** 1.80+0.04"*
Gastric 30  64.01+1.05* 1.63+0.03"* 62.26+0.90** 1.69+0.06™"
100 " 10000 45  65.02+0.60 1.68+0.01"® 63.17+044® 1.75+0.02""
Diameter (1m) 60 6580+0.56 1.70+0.01°® 62.54+1.38"% 1.74+0.02°*
(B) 15 1.36+0.02"*  1.00+0.02® 133+0.00™ 2.20+0.28"
30 1.41+0.01" 1.54+0.02® 1374010 1.89+0.19**
45  148+0.01°° 1.82+0.05" 133+0.00"® 1.90+0.09**
Intestinal — 90 1:50% o.ozbZA 1.83+0.12%  1.35+0.01"® 1.93+0.03**
75 1.554+0.02*% 2.54+0.04* 1.37+£0.00"® 1.84 +0.08"
90  1.56+0.03** 2.05+0.10 1.38+0.01"® 1.77+0.03"®
105  1.55+0.00* 2.06+0.09°* 1.41+0.03"® 1.81+0.08"
120 1.57+0.03**  232+0.13"*  1.43+0.02°®  1.87 +0.09"8

1000

Diameter (um)

Fig. 5.11. Particle size distribution, mean particle diameter (ds;) and span of microbeads composed by 15% (v/v) flaxseed oil,

Different letters indicate significant differences (p<0.05). Small letters: differences in the same
column and condition. Capital letters: differences in the same line.

1.5% (w/v) WPI, (black color) 0 or (gray color) 0.25% (w/v) FPH and 0.3% (w/v) gellan, before and during the (A) gastric and

(B) intestinal steps. Before digestion: ( e==) O Or ((*=++» ) 0.25% (w/v) FPH. Time of gastric step: (=) 0, (+sses ) 15, ( ==-) 30,

(= =)45and (= .) 60 min and of intestinal step: (=) 15, (+sss
105 and (= =) 120 min.
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These results indicate that microbeads of WPI and gellan show resistance against
the conditions found in the human stomach (gastric digestion), but they are partially
disintegrated in intestinal digestion step. Pepsin is known to preferentially attack peptide
bonds involving hydrophobic aromatic amino acids (Beaulieu et al., 2002). In its native
structure, the major protein of whey, B-lactoglobulin (3-Lg), is known to be resistant to
peptic digestibility (Beaulieu et al., 2002; Morr & Ha, 1993; Reddy, Kella, & Kinsella,
1988), since its amino acid hydrophobic lateral chains are located on the inside (Beaulieu et
al., 2002; Bertrand & Turgeon, 2007). Furthermore, the gellan gum is not easily degraded
by the action of enzymes (Nag, Han, & Singh, 2011) and is resistant to acidic environments
(Nag et al., 2011; Sun & Griffiths, 2000), which could explain the resistance to gastric
medium of WPI-gellan microbeads. The degradation by pancreatin (intestinal digestion)
would be attributed to the combined effect of the proteases, mainly trypsin, chymotrypsin,
and elastase, which catalyze the hydrolysis of the peptide bonds, but with different
specificities (Beaulieu et al., 2002). If not at high concentration, bile salts can decrease the
interfacial tension, facilitating the emulsification of oil droplets, and leading to an increase
in the available surface area for pancreatic lipase activity (Bauer, Jakob, & Mosenthin,
2005; Malaki Nik, Wright, & Corredig, 2011).

Beaulieu et al. (2002) observed that whey protein beads produced using an
emulsification/cold gelation method, exhibited resistance to the hydrolytic action of pepsin
(after 30 min), but they were totally degraded in pancreatic medium (within 6 h). According
to the authors, after gastric incubation, the beads showed a very slight degradation,
suggesting that they are gastroresistant and therefore, they can be used as matrix to protect

fat-soluble bioactive molecules that are sensible to stomach pH (i.e., retinol) (Beaulieu et
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al., 2002). Pure alginate and pure whey protein microspheres did not allow satisfactory
protection of bioactive compounds in gastric fluids, but the mixture of alginate and WPI
produced microspheres capable of delaying riboflavin release in the stomach and allow

complete release in small intestine (Chen & Subirade, 2006).

5.4. CONCLUSIONS

The results showed that it was possible to produce WPI — gellan microbeads to
encapsulate bioactive compounds from flaxseed using a simple process. Amphiphilic
character of proteins and polar of gellan led to the migration of the WPI and the FPH to the
oil/water interface and of gellan to the external surface, coating microgels. At higher gellan
concentrations, the hydrolysate addition led to a significant size reduction and to a
polydispersity increase of microbeads, maybe due to an electrostatic interaction between
biopolymers and/or the bridges between gellan and CaCl,. A smaller number of free oil
droplets was observed in these conditions and could be related to the amphiphilic interface
and to a higher viscosity of the continuous phase. Microgels were resistant to gastric
conditions, since that showed no change in size distribution and morphology, but they were
disintegrated under intestinal conditions, releasing the encapsulated flaxseed oil, although
some microbeads remained almost intact during the evaluated time. Thus, microbeads of
WPI and gellan gum produced from extrusion of the O/W emulsions into a CaCl, solution
could be used as a vehicle for the encapsulation and protection of oil and protein
hydrolysate from flaxseed during the digestion process and for their release in the small

intestine.
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6. CONCLUSOES GERAIS

Emulsdes O/A estabilizadas por proteinas do soro e preparadas sob diferentes
condicdes de homogeneizagdo, pressao (200—1000 bar) e nimero de passagens pelo
homogeneizador (1-7), foram estdveis a cremeacdo, sem sinais de separacdo de fases. O
aumento da pressdo de homogeneizacdo de 200 para 800 bar e do nimero de passagens
para até 3 vezes levou a menores tamanhos de gotas das emulsdes, apesar da maior
polidispersdo. No entanto, maiores pressdes e numeros de passagens levaram a
coalescéncia das gotas e a formacao de agregados protéicos de alta massa molecular, que
foram resultantes da desnaturagdo das proteinas do soro pelo cisalhamento e conseqiiente
aumento de temperatura, o que levou a uma redu¢@o na sua capacidade emulsificante. Além
disso, observou-se um aumento na viscosidade das emulsdes e na formagdo de produtos
primdrios da oxidacdo, sendo este ultimo explicado pelo aumento de temperatura e
diminui¢do no tamanho de gotas (aumento da drea superficial) das emulsdes em maior
pressdo. Portanto, visando uma maior estabilidade e uma menor oxidagdo lipidica do dleo
de linhacga nas emulsdes O/A, as melhores condi¢des de processo seriam utilizar pressoes
de homogeneizacao intermedidrias € menor nimero de passagens pelo homogeneizador.

A capacidade emulsificante do isolado protéico da linhaca (FPI) foi testada em
sistemas puros € mistos com proteinas do soro (WPI), sendo obtidas emulsdes instveis
com separacdo de fases, que foram influenciadas pela concentracdo de FPI e pelas
condicdes de processo (pressao de homogeneizacdo e nimero de passagens). Uma maior
estabilidade foi obtida com o aumento da concentracio de FPI e das condigdes de
homogeneiza¢do nos sistemas puros, como conseqiiéncia do aumento da viscosidade,
enquanto que os sistemas mistos foram mais estdveis com menor concentracio de FPI

(0,14% m/v). Os resultados mostraram que o FPI ndo foi um bom emulsificante, porém a
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adicdo de WPI melhorou a estabilidade cinética das emulsdes contendo menor
concentracdo de FPI (0,14% m/v), e homogeneizadas em condi¢cdes mais drésticas.
Portanto, uma maior pressdo de homogeneizacdo (600 bar) com duas passagens pelo
homogeneizador deveria ser utilizada visando maior estabilidade dos sistemas mistos.

A técnica de extrusdo em uma solucdo gelificante foi eficaz na producdo de
microgéis de emulsdes O/A com concentracao fixa de proteinas do soro (WPI) e variada de
gelana para a encapsulagdo de compostos bioativos da linhaca. O cardter anfifilico das
proteinas e polar da gelana levou a migracdo de WPI e de hidrolisado protéico da linhaca
(FPH) para a interface 6leo/dgua e de gelana para a superficie externa, recobrindo as
particulas, o que confirmou a encapsulacao do hidrolisado. Em maiores concentragdes de
gelana, a adicdo de hidrolisado levou a uma reducdo no tamanho € a uma maior
polidispersdao dos microgéis, o que poderia ser resultado da formacdo de uma rede de
biopolimeros mais densa. Além disso, através da microscopia observou-se uma menor
quantidade de gotas de 6leo livres nestas condi¢des. Os microgéis mostraram resisténcia as
condicdes gastricas, desde que ndo apresentaram mudanca na distribuicdo de tamanho e na
morfologia, mas foram desintegrados sob condi¢cdes intestinais, liberando o dleo
encapsulado, apesar de algumas particulas permanecerem praticamente intactas durante o
tempo avaliado. Portanto, os microgéis de WPI e gelana poderiam ser utilizados como
veiculo para a encapsulacio e protecdao de 6leo e FPH durante o processo digestivo e para

sua liberag@o no intestino delgado.
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7. SUGESTOES PARA TRABALHOS FUTUROS

Visando dar continuidade ao estudo da producdo de microgéis de proteinas do soro
(WPI) e gelana para a encapsulacdo e liberacdo controlada de compostos bioativos da
linhaga, algumas sugestdes sdo apresentadas:

v A determinacdo da composi¢do quimica (proteina, polissacarideo e 6leo)
antes e ap0s a separacdo de fases das emulsdes puras de isolado protéico da linhaca (FPI) e
mistas WPI-FPI poderia enriquecer a discussdo e explicar alguns resultados;

v O estudo de emulsdes de WPI e hidrolisado protéico da linhaca (FPH), sem e
com a adicdo de gelana, antes da producdo dos microgéis seria interessante para avaliar a
interacdo entre os biopolimeros;

v Na simulagdo in vitro do processo digestivo seria importante avaliar também
o comportamento dos microgéis em um meio sem a presenga das enzimas (pepsina e
pancreatina) e do extrato de bile e em um meio com a presenca apenas do extrato de bile,
para assim entender melhor o efeito das condicdes e das etapas do processo;

v A determinacdo da eficiéncia de encapsulagcdo do 6leo e do hidrolisado seria
interessante para comprovar quantitativamente que os compostos foram encapsulados.
Porém, é necessdario encontrar uma forma de quantificar o hidrolisado sem que o WPI

interfira.
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