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RESUMO

O dleo sacha inchi (OSI) (Plukenetia volubilis L) é rico em acidos graxos e carotenoides como
0 B-caroteno (B-C). O B-C € percussor da vitamina A e possui propriedades antioxidantes. Tais
compostos apresentam sensibilidade a fatores externos (calor, oxidagdo e alcalinidade) e sob
tais circunstancias podem ter seu potencial bioldgico reduzido. A microencapsulagdo é uma
alternativa na protecdo do Oleo sacha inchi e seus componentes. Dentre os métodos de
microencapsulacdo, a coacervacdo complexa apresenta vantagens como baixa concentracdo de
materiais de parede, elevada eficiéncia de encapsulacdo, e uma variedade de biopolimeros que
podem ser utilizados como materiais de parede. A coacervacdo complexa consiste na interacdo
eletrostaticas entre duas ou mais soluc@es poliméricas, que possuem cargas opostas. Consiste
em trés etapas bésicas: emulsificacdo, coacervacdo e reticulacdo. Os biopolimeros como
proteinas e polissacarideos sdo os mais utilizados como materiais de parede na microencapsulagédo
por coacervagdo complexa, estes sdo naturais e apresentam propriedades funcionais. O objetivo
deste trabalho foi encapsular o B-C presente no OSI através da técnica de coacervagdo complexa
utilizando como material de parede o isolado proteico do soro (IPS) e carboximetilcelulose
(CMC). O sistema IPS e CMC mostrou-se eficiente como material de parede, apresentaram alta
eficiéncia de encapsulagéo do B-C (96.21%). O sistema de simulagdo gastrointestinal indicou
que a liberacdo de p-C ocorreu principalmente no intestino (92%) e uma parcela relativamente
menor na fase gastrica (11-16%). A bioacessibilidade demonstrou que 33,14% do B-C esta
disponivel para absorcdo, enquanto a estabilidade das microcapsulas foi de 82,73%. A
simulacdo em alimentos oleosos ocorreu por difusdo Fickian de acordo com modelo Rigger-
Peppas. Os resultados alcancados sugerem a eficicia dos materiais parede utilizados para

encapsular ingredientes ativos.

Palavras-chave: Biopolimeros, isolado proteico do soro, interacdo eletrostatica, eficiéncia de

encapsulamento, carotenoides
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ABSTRACT

Sacha inchi oil (OSI) (Plukenetia volubilis L) is rich in fatty acids and carotenoids such as 3-
carotene (B-C). B-C is a precursor of vitamin A and has antioxidant properties. Such compounds
are sensitive to external factors (heat, oxidation and alkalinity) and under such conditions may
have their biological potential reduced. Microencapsulation is an alternative in protecting sacha
inchi oil and its components. Among microencapsulation methods, complex coacervation has
advantages such as low concentration of wall materials, high encapsulation efficiency, and a
variety of biopolymers that can be used as wall materials. Complex coacervation consists of
electrostatic interactions between two or more polymeric solutions, which have opposite
charges. It consists of three basic steps: emulsification, coacervation and cross-linking.
Biopolymers such as proteins and polysaccharides are the most used as wall materials in
microencapsulation by complex coacervation, these are natural and have functional properties.
The objective of this work was to encapsulate the -C present in the OSI through the complex
coacervation technique using whey protein (WPI) and carboxymethylcellulose (CMC) as wall
material. The WPl and CMC system proved to be efficient as a wall material, with high -C
encapsulation efficiency (96.21%). The gastrointestinal simulation system indicated that the
release of B-C occurred mainly in the intestine (92%) and a relatively smaller portion in the
gastric phase (11-16%). Bioaccessibility demonstrated that 33.14% of B-C is available for
absorption, while the stability of microcapsules was 82.73%. The simulation in oily foods
occurred by Fickian diffusion according to the Rigger-Peppas model. The results achieved

suggest the effectiveness of the wall materials used to encapsulate active ingredients.

Key words: biopolymers, whey protein isolate, electrostatic interaction, encapsulation

efficiency, carotenoids
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INTRODUCAO

Nos ultimos anos, existe um maior interesse na aplicacdo de tecnologias envolvendo a
utilizacdo de polissacarideos e proteinas. E grandes investimentos tém sido realizados pela
indUstria de alimentos para fabricar produtos com alto valor agregado (GAONKAR et al.,
2014). Busca-se uma melhoria nas propriedades de alimentos existentes; e tal aperfeicoamento
depende de uma melhor compreensdo da complexa inter-relacdo entre estrutura e desempenho
dos alimentos (DESAI; PARK, 2005; GIRARDI et al., 2016; McCLEMENTS, 2014,
McCLEMENTS et al., 2009).

Associado a tal fato, estudos na area de formacdo de complexos coacervados entre
proteinas e polissacarideos vém sendo realizados. Como o caso do IPS e CMC (KOUPANTSIS;
PAVLIDOU; PARASKEVOPOULOU, 2016; ROJAS-MORENO et al., 2018), ovoalbumina e
alginato de sodio (SOARES et al., 2019), lactoferrina e alginato de sodio (BASTOS;
CARVALHO; GARCIA-ROJAS, 2018).

A celulose, possui papel na organizacdo estrutural, crescimento das plantas e
manutencdo da resisténcia a tracdo. E um polimero linear, higroscopico, insolivel em agua
(DICK-PEREZ etal., 2011; GOPINATH et al., 2018). A carboximetilcelulose é biodegradavel,
também conhecida como goma de celulose, € um polimero linear anidnico, em consequéncia
de seus consideraveis grupos carboxilicos ionizados, obtido ao se agrupar grupos de
carboximetil a molécula celulose nativa (McCLEMENTS, 2014).

O soro é o subproduto fluido resultante da precipitacdo de proteinas do leite (KILARA;
VAGHELA, 2017). Possui proteinas (a-lactalbumina, B-lactoglobulina, albumina sérica
bovina, lactoferrinas e imunoglobulinas) que exibem propriedades: antioxidantes, funcionais
(coagulacdo, gelificacdo e formacdo de espuma), acdo antimicrobiana e nutricionais. Sdo,
comumente, combinadas com carboidratos (maltodextrina, amido modificado e celulose
modificada) na formacdo de complexos. Com isso, 0 Isolado Proteico do Soro (IPS) é
frequentemente utilizado como material de parede para obter microcapsulas (GARCIA-
MORENO et al., 2018). O tratamento térmico do IPS leva a alteragdes caracteristicas nas
conformacdes da proteina (JONES; DECKER; McCLEMENTS, 2010). O IPS é instavel ao
calor e pode desnaturar, alterando suas funcionalidades como: emulsificacdo e formacao de
espuma, e possui seu ponto de desnaturacdo em torno de 75-80°C (BERNAL,; JELEN, 1985;
HAQUE et al., 2013; SETIOWATI et al., 2017).



O oleo de sacha inchi (Plukenetiavolubilis L.) possui caracteristicas funcionais, como a
elevada percentagem de acidos graxos insaturados essenciais cerca de 42-48% de &cido
linolénico (®-3), 32-37% de acido linoleico (w-6) e 9-12% de acido oleico (®-9) e contém cerca
de 0,07-0,09 mg de B-C equivalente por 100 g de semente (FANALI etal., 2011; WANG; ZHU;
KAKUDA, 2018). O B-C é um carotenoide que possui beneficios a salide como a prevencao de
doengas cardiovasculares (GAMMONE; RICCIONI; NICOLANTONIO, 2014) previne o
desenvolvimento de cancer (LE GOFF et al., 2019). E percursor da vitamina A e atua como
anti-inflamatorio (BOIKO et al., 2017). Porém tais propriedades podem ser afetadas quando €
exposto a condi¢Bes do trato gastrointestinal, altas temperaturas, oxigénio e luz, também, a
baixa solubilidade do composto em meio aquoso torna sua bioacessibilidade extremamente
baixa (THAKUR et al., 2017).

A técnica de encapsulacdo envolve um ingrediente ativo em um material de parede
formado por polimeros, produzindo pequenas particulas em que o principal objetivo é proteger
o0 encapsulado de fatores ambientais tais como umidade, luz, e temperatura com o proposito de
melhorar as propriedades de liberacdo e estender sua vida atil (SHAHIDI; HAN, 1993;
GHARSALLAOUI; CHAMBIN, 2007; SANTOS et al., 2015; ZHOU et al., 2018).

Dentre as técnicas de encapsulacdo, pode-se destacar a coacervacdo complexa, que
ocorre principalmente por interacdes eletrostaticas, em que os polimeros apresentam cargas
opostas. Para que haja ideal encapsulacao os tipos de material devem apresentar caracteristicas
funcionais, ser biodegradavel, ter capacidade de formar uma barreira entre a fase interna e suas
imediacBes, o0 custo e seguranca do material de parede e o método devem ser acessiveis
(FAVARO-TRINDADE; PINHO, 2008; McCLEMENTS, 2014).

Assim, esta dissertacdo foi organizada em capitulos. Onde no capitulo | trata de uma
revisao de literatura na qual foram apresentados temas estudados no capitulo seguinte. Uma
revisdo sobre microencapsulacdo, coacervacdo complexa, matérias de parede e lipideos
bioativos (6leo sacha inchi), B-C, simulacéo gastro intestinal in vitro e liberagdo controlada em
alimentos.

No capitulo 1l foi estudado o processo de formacdo dos complexos coacervados entre
IPS aquecido e CMC em funcdo da razdo de proteina e polissacarideo em diferentes pHs,
microencapsulacdo do 6leo sacha inchi pela técnica de coacervacdo complexa, caracterizacéo
morfologica da microcapsula, simulacdo gastro intestinal in vitro e liberacdo em alimentos de

matriz lipidica



OBJETIVO GERAL

Encapsular o B-caroteno presente no 6leo de sacha inchi por coacervacdo complexa

utilizando os biopolimeros carboximetilcelulose e isolado proteico do soro desnaturado.

OBJETIVO ESPECIFICO

e Estudar a influéncia dos biopolimeros na formacdo do complexo coacervado entre
carboximetilcelulose e isolado proteico do soro desnaturado, e caracteriza-lo quanto as

suas propriedades quimicas.

e Encapsular o 6leo de sacha inchi rico em [-caroteno por coacervacdo complexa
empregando carboximetilcelulose e isolado proteico do soro desnaturado como

materiais de parede. e caracterizar (morfologicamente e quimicamente) as capsulas.

e Estudar a estabilidade do B-caroteno presente no 6leo de sacha inchi encapsulado por
coacervacao complexa, durante a simulacéo gastrointestinal in vitro e sua liberagdo em

matriz alimenticia simulada



CAPITULO | REVISAO BIBLIOGRAFICA



1 Microencapsulagio

A microencapsulacdo é definida como processo no qual um ingrediente ativo
(encapsulado) € rodeado por um revestimento (material de parede), formando microcapsulas e
protegendo o encapsulado contra condi¢bes ambientais adversas (GAONKAR et al., 2014; LI
et al., 2019) .Tal revestimento pode ser composto por multiplos ou um componente, e sua
estrutura pode ser heterogénea ou homogénea (CHAMPAGNE e FUSTIER, 2007; GAONKAR
etal., 2014; ZHOU et al., 2018).

O emprego desta tecnologia adquiriu aplicacdo em industrias farmacéuticas, alimenticia,
quimica e agricola para fins de promover o bem-estar e a sallde humana. Recentemente vém-se
usando o encapsulamento de compostos bioativos como lipideos, vitaminas, minerais e
nutracéuticos (FATHI; MARTIN; McCLEMENTS, 2014; GAONKAR et al., 2014).

A microencapsulacdo fornece uma barreira fisica para proteger compostos contra fatores
ambientais externos (calor, oxidagdo, umidade, evaporacao, alcalinidade), para assim melhorar
a estabilidade do composto quando o mesmo for liberado (GAONKAR et al., 2014; ZHOU et
al., 2018). Essas particulas protegidas, permanecem inertes em céapsulas por periodo especifico
de tempo e liberam o seu material de nucleo quando necessario para sua funcdo especifica
(ARSHAD; ALI; HASNAIN, 2018).0 componente do nucleo é denominado o encapsulado,
nacleo e agente ativo. J& os polimeros de revestimento, que envolvem o nicleo, sdo chamados
de revestimento, material da parede, transportador ou agente encapsulante (DESAI e PARK,
2005).

Quanto ao tamanho das céapsulas, estas podem ir desde poucos nanémetros até varios
micrémetros, séo classificadas como: macrocapsulas (>5,000um), microcapsulas (0,2 a 5000
um) e nanocapsulas (<0,2 um) (FAVARO-TRINDADE e PINHO, 2008).

Diferentes tipos de particulas podem ser obtidos a depender das propriedades fisico-
quimicas da composicdo da parede, nlcleo e da técnica de microencapsulacao utilizada. As
microcapsulas sdo caracterizadas por seu ndcleo ser concentrado na regido central, circundado
pelo material de parede. Microsferas o nucleo é uniformemente disperso em uma matriz. O que
distingue uma microcapsula de uma microesfera, & que nas microesferas uma pequena porgao
do material encapsulado permanece exposto na superficie, o que ¢é evitado pela “verdadeira”
encapsulacdo. No entanto, o termo ‘encapsulacdo’ tem sido usado em seu sentido amplo,
englobando tanto a formacdo de microcapsulas quanto de microesferas (RE, 1998;
GHARSALLAOUI e CHAMBIN, 2007). A Figura 1 demonstra diferentes configuracoes

estruturais de sistemas de microencapsulagéo.



Figura 1. Comparacao das Morfologias da microcapsula (A, B e C) e microesfera (D e E).
Fonte: Adaptado de GAONKAR et al., (2014).

1.1 Técnicas de Microencapsulagao

A concepcdo de particulas pode ser dividida em: métodos fisicos, quimico e fisico-
quimicos (FAVARO-TRINDADE; PINHO, 2008; McCLEMENTS et al., 2009). A escolha do
método dependera da aplicacdo dada a microcapsula, mecanismo de liberagdo, tamanho
desejado, propriedades fisico-quimicas do material encapsulado (RE, 1998).

As técnicas fisicas sdo caracterizadas pelo uso de temperatura e pressdo para
impulsionar a formacéo da parede que reveste o material do nicleo. A exemplo :spray drying (
SANTANA et al., 2016; TAMM et al., 2016; GIORGIO; SALGADOAND; MAURI, 2018),
spray chilling (ARSLAN-TONTUL; ERBAS; GORGULU, 2019; CHALELLA
MAZZOCATO; THOMAZINI, 2019), spray cooling (GAVORY et al., 2014; MATOS-JR et
al., 2015), extrusdo ( ZHANG; ZHANG; McCLEMENTS, 2016; PRADEEP; NAYAK, 2019),
co-cristalizagdo (SARABANDI; MAHOONAK; AKBARI, 2019) e liofilizagdo (HUGUES-
AYALA etal., 2020; LI et al., 2019).

Os métodos quimicos sdo: coacervacdo simples (NGAMEKAUE; CHITPRASERT,
2019), coacervacdo complexa (WANG et al, 2015a, 2018a; TIMILSENA, 2016),
envolvimento por lipossomos (CHAVES; PINHO, 2019; LINSLEY et al., 2019).

Métodos fisico-quimicos: emulsificacdo (SANTOS et al.,, 2015) e polimerizacdo
interfacial (FATHI; MARTIN; McCLEMENTS, 2014).

1.1.1 Coacervacgao simples e coacervacao complexa
De acordo com a IUPAC (Unido Internacional de Quimica Pura e Aplicada),
coacervacao pode ser definida como uma separacéo coloidal de sistemas em duas fases liquidas
(IUPAC, 2014). Pode-se classificar a coacervagdo como: coacervagao simples ou complexa. A
coacervacao complexa da-se através de interacOes eletrostaticas entre duas ou mais solucdes

poliméricas, que possuem cargas opostas, o que resulta em duas fases liquidas imisciveis, onde
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uma delas é a fase que contém menos polimero, e a outra, a fase densa é abundante em polimero,
enquanto a coacervacao simples envolve apenas um polimero (SCHMITT e TURGEON, 2011,
GAONKAR et al., 2014).

A coacervagdo complexa apresenta vantagens como: baixa concentracdo de materiais
de parede (SOARES et al., 2019), elevada eficiéncia de encapsulagéo, aproximadamente 90%
(RUTZ et al., 2017), condigcdes brandas de temperatura no processamento, integridade do
material de parede, boa taxa de liberacdo controlada do material do nucleo, variedade de
biopolimeros que podem ser utilizados como materiais de parede (GAONKAR et al., 2014).

A técnica de coacervacdo complexa é composta de seguintes passos: emulsificacdo,
coacervacao e reticulagdo (ROJAS-MORENO et al., 2018; WANG et al., 2018b).

A primeira etapa consiste na formacdo da emulsdo. Uma solucdo contendo Oleo e
polimero (usualmente um polissacarideo ou uma proteina) a um pH acima do ponto isoelétrico
é emulsificada. Para a producdo de emulsdo varios métodos podem ser utilizados, como:
homogeneizacdo a alta presséo, agitacdo mecénica ou inversdo de fase (GAONKAR et al.,
2014; WANG et al., 2018b).

Na segunda etapa ocorre a coacervacao complexa, devido a atracdo eletrostatica dos
biopolimeros que possuem cargas opostas sendo usualmente um polissacarideo aniénico e uma
proteina. Ocorre pela reducdo do pH da solucdo abaixo do ponto isoelétrico Wang et al.,
(2015b). Quando o pH é reduzido abaixo do pl (ponto isoelétrico) da proteina o nimero de
cargas positivas na proteina aumenta (-NH>— — NH"3) enquanto o nimero de cargas negativa
reduz (—CO2H——CO™,). Assim 0s grupos anidnicos do polissacarideo se associam com 0s
grupos catiénicos da superficie da proteina (SCHMITT; TURGEON, 2011). Geralmente os
coacervados sdo mais adequados para uso em delivery systems, porque tendem a formar
particulas com propriedades com melhor defini¢do (tamanho e carga) e ttm melhor estabilidade
a agregacdo e sedimentacdo (GONNET; LETHUAUT; BOURY, 2010; BARROW et al., 2013;
McCLEMENTS, 2014).

Proteina e polissacarideos, quando misturados em ambiente aquoso, para formacéo de
complexos, se originam principalmente de interacfes eletrostaticas entre macromoléculas de
cargas opostas, e ainda outros fatores como pH e forca iénica (SCHMITT e TURGEON, 2011).
Pode-se observar na Tabela 1 os biopolimeros utilizados como material de parede, o material
encapsulado, o pH estabelecido e as analises e metodologias realizadas na técnica de

coacervagao complexa para encapsulagéo.



Tabela 1. Biopolimeros aplicados como material de parede atravées da técnica de coacervacdo complexa, pH, ingredientes encapsulados e anéalises/técnicas

realizadas

Material de parede Material Emulsdo pH Agente Crosslink Metodologla/anallses Fontes
Encapsulado Realizadas
Lactoferrinae Oleo de Oleoeméagua 4,0 Transglutaminase EE: FT-IR, MEV, DI (BASTOS et al., 2020a)
Alginato de sodio pimenta preta
B-lactoglobulina e Oleo de Oleoemagua 45 Transglutaminase EE; FT-IR; DTP; DI; MEV (BASTOS et al., 2020b)
Alginato de sodio pimenta preta
. ; . Cloreto de Calcio . . (WANG; ADHIKARI;
IPS- Goma guar. Oleo de atum Oleo em agua 4,75 EE; FT-IR; TG BARROW, 2019)
. : Acido Tanico.
IPS e CMC Oleoessencial = 5100 emagua 3,0 Transglutaminase. EE; MM; EEO; DTP; AM. (ROJAS-MORENO etal.,
de Laranja . 4 2018)
Sodiumtripolyphosphate
o . < f A ] [P (KOUPANTSIS; PAVLIDOU;
IPSe CMC B- pineno Oleo em Agua 2,8 Acido tanico MEV; FTIR; EE; RE; TGA. PARASKEVOPOULOU, 2016)
IPS e Goma Acécia B-C Oleo em 4gua 4,2 Glutaraldeido EE; DTP; FT-IR; DI (JAIN et al., 2015)
Gelatinae CMC Limoneno Oleo em 4gua 4-6 Glutaraldeido MEV; FTIR; DTP; (SANCHEZ'%?E;ARRO etal,
i . . A ) [ i (KOUPANTSIS; PAVLIDOU;
IPSe CMC B-pineno Oleo em agua 2,8 Acido tanico ZP; MM; EE; RE; GC- FID. PARASKEVOPOULOU, 2014)
Gelatina— NaCMC  Tetracloretileno ~ Oleo em &gua 5,0 Glutaraldeido FT-IR; MEV; MM (WU etal., 2011)

Legenda: AB= Atividade Bioldgica; AM= Andlise morfoldgica; AMP= Andlise microbioldgica dos Probioticos; ANP= Avaliagdo nutricional da Proteina; CC= Coacervagdo complexa; CQM =
Composi¢do Quimica das microcépsulas; DI= Digestdo in vitro; DGV= Dindmica de Gelatinizacdo e Viscoelasticidade; DT= Determinagéo da Turbidez; DTP= Distribuicdo do Tamanho Da Particula;;
EE= Eficiéncia de Encapsulagio; EEO= Eficiéncia de Encapsulagio do Oleo; EDL= Espalhamento Dinamico De Luz; MEV: Microscopia Eletrénica de Varredura; MM= Morfologia das Microcépsulas;
PZ= Potencial Zeta; PT= Propriedades de Textura; RC= rendimento de Coacervacdo; RE= Rendimento de encapsulamento; TGA = Analise Termogravimétrica.; TG= Temperatura de Transi¢do Vitrea.



Na ultima etapa, acontece o endurecimento das paredes das microcpsulas devido a
adicdo de agentes de reticulacdo. As paredes das microcdpsulas formadas pelo processo de
coacervacao geralmente possuem instabilidade e baixa resisténcia mecanica, por conta da
natureza iénica da interacdo entre os biopolimeros (GAONKAR et al., 2014). Alguns agentes
reticulantes usualmente utilizados sdo tween 80, tween 20, acido tanico e transglutaminase
(ROJAS-MORENQO et al., 2018).

A Transglutaminase é encontrada nos tecidos de animais, plantas e de microrganismos,
porém € normalmente isolada de bactérias por conta da facilidade de separacéo, purificacéo e
abundancia (ZEEB; McCLEMENTS; WEISS, 2017).Estudos empregaram a transglutaminase
como agente reticulante no processo de producdo de microcépsulas para coacervagdo complexa
(LV et al., 2014; IFEDUBA; AKOH, 2015; YE et al., 2017; ROJAS-MORENO et al., 2018;
DA SILVA et al., 2019; RIOS-MERA et al., 2019)

1.2 Materiais de Parede

O desenvolvimento de um material de parede adequado ao encapsulado necessita de
varios fatores, incluindo a selecdo do processo, design de formatacédo e selecdo de material.
Pode ser complexo construir um material de revestimento ideal, em especial porque muitos
parametros de interacdo determinam o sucesso de um determinado material de parede para a
capsula. Cada situagdo exige uma solucao personalizada devido a grande variagdo de alimentos,
armazenamento, necessidade de diferentes disparadores de liberacdo e requisitos de consumo
(GAONKAR et al., 2014).

No processo de encapsulamento, a eficacia e estabilidade da capsula séo influenciadas
pelo material de parede. Logo o agente encapsulante ideal deve ter capacidade de selar e manter
0 ndcleo no interior da capsula, ndo ser reativo com o nicleo, ser capaz de fornecer o maximo
de protecdo ao nucleo contra condigdes externas adversas, ndo possuir gosto desagradavel
quando aplicado a alimentos e viabilidade econémica (GAONKAR et al., 2014; LUCY et al.,
2014). A maioria dos materiais de parede ndo possui todas as propriedades desejadas, e a jungédo
de dois ou mais materiais de parede geralmente é realizada para alcancar os atributos desejados
(FAVARO-TRINDADE; PINHO, 2008).

Proteinas e polissacarideos sdo largamente usados em industrias de alimentos,
farmacéutica e biomédica, tendo em vista suas propriedades funcionais ( ZHANG et al., 2012;
COMUNIAN etal., 2013; RUTZ et al., 2017; SHADDEL et al., 2017;). E podem ser utilizados
como material de parede em microencapsulacdo de vitaminas e compostos bioativos
(TOLSTOGUZOV, 2003; McCLEMENTS et al., 2009; TURGEON e LANEUVILLE, 2009).
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1.2.1 Celulose

Derivada de plantas como: cascas de laranja, casca de aveia, casca de banana e bagaco
de cana-de-agucar, mas também pode ser encontrado em bactérias, algas e fungos (KLEMM et
al., 2005; MOHAMED et al., 2017). Polimero natural com maior abundancia, estima-se que a
natureza € capaz de produzir anualmente 10'!-10'? toneladas/ano de celulose. Esta
macromolécula tem um papel na organizacéo estrutural, crescimento das plantas e manutencéo
da resisténcia a tragdo (DICK- PEREZ et al., 2011; KUKRETY ET AL., 2017). Sendo utilizada
pelo ser humano em vasta escala na industria do papel, mineragdo, construcdo e fonte de
bioenergia (KLEMM et al., 2005; COFFEY; BELL; HENDERSON, 2006). A celulose € um
homopolimero linear, higroscépico, insolivel em agua, porém com capacidade de inchar em
acido diluido, 4gua e em solventes; possui alta massa molecular, constituido de unidades
repetidas de B-D-glicopiranosil (1-4), unidas por ligagdes glicosidicas, com a estrutura quimica
de (CeH1005)n (COFFEY; BELL; HENDERSON, 2006; FENNEMA; PARKIN; CLADERA-
OLIVERA, 2010; GOPINATH et al., 2018).

A celulose, em seu estado natural, ndo é indicada para ser utilizada como componente
estrutural em alimentos, pela formacdo de fortes ligacdes de hidrogénio intermoleculares,
tornando-a insoltvel em agua. Contudo, o biopolimero em questdo pode ser modificado por
diferentes formas para obter produtos que sdo Uteis como componentes estruturais no projeto
de delivery systems (KLEMM et al., 2005; McCLEMENTS, 2014).

1.2.1.1 Carboximetilcelulose (CMC)

Este biopolimero é um polissacarideo biodegradavel e pode ser inteiramente degradado
em sistemas ambientais, mostrando-se também como ndo téxico, tem aplicacdo em areas e.g
alimentos, farmacéutica, cosméticos entre outros (VAN GINKEL; GAYTON, 1996;
TOGRUL; ARSLAN, 2003; XUE; NGADI, 2009; KARIMI; M.R. NAIMI-JAMAL, 2018).

O CMC constitui-se de uma longa e relativamente rigida molécula com carga negativa,
devido a seus numerosos grupos carboxilicos ionizados, a repulsdo eletrostatica faz com que
essas moléculas, quando em solucdo, fiqguem estendidas. Da mesma forma, as cadeias
adjacentes repelem umas as outras. Como consequéncia, as solugdes de CMC tendem a ser,
altamente viscosas e estaveis, estando disponivel em uma ampla faixa de graus de viscosidade.
A CMC estabiliza dispersdes de proteinas, particularmente perto do valor do pH isoelétrico da
proteina (FENNEMA; PARKIN; CLADERA-OLIVERA, 2010).
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Obtém-se a carboximetilcelulose pela reacdo da celulose com hidréxido de sddio,
originando a alcali-celulose. Da reacdo da alcali-celulose com monocloroacetato de sodio
obtém-se a carboximetilcelulose sodico (CMC). A celulose é constituida de uma longa cadeia
de unidades anidroglucose, sendo que cada unidade contém trés grupos de hidroxilas
disponiveis para a derivatizagdo. Assim se todos esses grupos hidroxila fossem substituidos, o
produto teria grau de substituicdo(DS) de 3 (MACHADO, 2000;KLEMM et al., 2005;
COFFEY; BELL; HENDERSON, 2006;KARIMI; M.R. NAIMI-JAMAL, 2018).

A associacdo inter-cadeias dos grupos hidroxila adjacentes é importante determinador
da solubilidade. O DS no CMC possui efeito nas propriedades fisicas das solugdes. Em DS com
baixas concentracdes, a eterificagdo ocorreu nas regides superficiais amorfas e cristalinas da
celulose, obtendo um produto com baixa solubilidade em &gua; com isso CMC com DS <0,3 é
apenas soluvel em alcali. No DS mais alto, as associacdes inter-cadeias sdo mais rompidas,
produzindo material parcialmente soldvel. A medida que o DS se aproxima de 0,7, as regides
cristalinas foram suficientemente rompidas para produzir material altamente solivel em agua
(COFFEY; BELL; HENDERSON, 2006; ZHIVKOV, 2013; KUKRETY et al,
2017).Comercialmente o CMC ¢ encontrado na forma de sais de sddio ou célcio e esta
disponivel em diferentes pesos moleculares e DS, variando de 0,4 -1,3. (VAN GINKEL,;
GAYTON, 1996; McCLEMENTS, 2014).

1.2.2 Isolado proteico do soro

O soro é o subproduto fluido resultante da precipitacdo de proteinas no leite. A
precipitacdo pode ser facilitada por: adicdo de acido (fabricacdo de caseina &cida), crescimento
de microrganismos (soro de queijo), ou pela adi¢do de enzimas (coalho fabricacdo de caseina).
Sua composic¢do é aproximadamente 94% de dgua (6% de solidos totais), 4,5% de lactose, 0,8%
de proteina e 0,7% de minerais (KILARA; VAGHELA, 2017).

As proteinas do leite, sdo altamente solUveis e funcionais sob condi¢des adequadas de
pH, temperatura e de intera¢do idnica. Em sua forma nativa existem como moléculas compactas
de proteina globular com um alto grau de estrutura secundaria e terciaria (MORR, 1989). Tais
proteinas, que também exibem propriedades antioxidantes, sdo geralmente combinadas com
carboidratos (maltodextrina, xarope de glicose, lactose, amido modificado e celulose
modificada) e por suas propriedades funcionais sdo frequentemente usadas passa obter
microcapsulas (ADJONU et al., 2014; GARCIA-MORENO et al., 2018).

As proteinas do soro de leite possuem solubilidade em uma ampla faixa de pH, perfil

nutricional favoravel em relagcdo aos aminoacidos essenciais e funcionalidade diversificada. O
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IPS possui de (90-92%) de teor de proteina, (0,5-10%) de lactose (0,5-10%) de gordura e (6-
7,5%) de misturas (KILARA; VAGHELA, 2017). 60% do IPS é constituido por B-
lactoglobulina, que possui uma massa molecular de 18,4 kDa e um ponto isoelétrico (pl) de 5,3.
A a-Lactoglobulina representa 20% do IPS, sua massa molar é de 14,2 kDa e seu pl é de 4,8.
BSA representa aproximadamente 3% das proteinas do IPS e possui pl de 4,9. A lactoferrina
constitui cerca de 1-2% das proteinas do IPS com massa molar de 76,1 kDa e pl de 8,9
(SANTOS;et al., 2018).

O tratamento térmico de proteinas (e.g IPS) leva a alteracGes caracteristicas nas
interacOes e conformacdes da proteina, e essas modificagdes podem ser utilizadas como base
para formar microparticulas ou nanoparticulas. A titulo de exemplo, o tratamento térmico da p-
lactoglobulina acima da temperatura de desnaturacdo térmica e valores de pH abaixo de 6 leva
a formacéo de nanoparticulas de proteina com tamanho em torno de 50 — 150 nm em diametro.
O tamanho das particulas dos agregados depende da taxa de aquecimento, duracdo do
aquecimento e concentracdo de proteinas (JONES; DECKER; McCLEMENTS, 2010).

O IPS é muito instavel ao calor e pode facilmente desnaturar, e sua desnaturacdo
induzida pelo calor, leva a alteracdo de suas propriedades funcionais. Ao desnaturar, o IPS,
alteram-se as suas funcionalidades como: formacéo de espuma e emulsificacdo, e possui seu
ponto de desnaturagdo em torno de 75-80°C (BERNAL,; JELEN, 1985; HAQUE et al., 2013;
SETIOWATI et al., 2017).

Diferentes trabalhos utilizaram o IPS aquecida para a microencapsulacdo de compostos
bioativos. (COMUNIAN et al., 2020), encapsularam 0leo de semente de roma utilizando IPS
aquecida através de emulsdo simples. (BAGHERI et al., 2013) estudaram a microemulsao
composta por IPS tratado termicamente, pé de extrato aquoso de palmito de dendé em 6leo de
girassol. (WANG et al., 2016), encapsularam através de spray drying 6leo de peixe utilizando
IPS aquecido como material de parede. (BOSNEA; MOSCHAKIS; BILIADERIS, 2014)
utilizaram o ISP aquecido para encapsular lactobacilli strains, L. paraplantarum pela técnica

de coacervagdo complexa.

1.3  Lipidios Bioativos
A categoria de lipidios alimentares contém um amplo espectro de compostos
guimicamente diversos que sdo insollveis em agua e sollveis em solventes organicos

(McCLEMENTS, 2014). O consumo regular de muitos desses ingredientes lipofilicos tem sido
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associado a beneficios especificos para a saude, como reducdo da incidéncia de obesidade,
doenca coronariana, diabetes, hipertensdo, cancer, doengas cerebrais e doencas oculares. E com
iSSO cresce 0 interesse em sua incorporacdo em alimentos e bebidas. Porém, muitos deles séo
altamente suscetiveis a degradacdo quimica durante o armazenamento (oxidacdo de lipidios
poli-insaturados) (REDGWELL e FISCHER, 2005;McCLEMENTS et al., 2009; IORA et al.,
2015). Compostos bioativos, como o 6mega-3, sdo regularmente chamados de nutracéuticos e
possuem componentes que normalmente ocorrem em pequenas quantidades nos alimentos,
além de portarem a capacidade de modular um ou mais processos metabdlicos (AJILA;
JAGANMOHAN RAO; PRASADA RADO, 2010; VICENTE et al., 2017)

1.3.1 p-Caroteno

Os carotenoides sdo um grupo diverso de polienos lipossoliveis com coloracdo amarela
a vermelha e estdo presentes nas folhas, raizes, sementes, frutos e flores. A vitamina A é um
nutriente essencial obtido de carotenoides como o f-C (FENNEMA; PARKIN; CLADERA-
OLIVERA, 2010; VINHA et al., 2018). O B-C ¢ lipofilico, soluvel em 0leos e solventes
organicos como: acetona, etanol e hexano. Para sua detec¢do, o comprimento de onda
ultravioleta méximo, com a utilizagdo de solventes etanol e hexano, sdo de 450 nm
(RODRIGUEZ-AMAYA, 2001). A Figura 2 apresenta a representacao da estrutura do p-C.

S

Figura 2: Representacgdo estrutural do B-caroteno
Fonte: Adaptado de (ALVES et al., 2010)

Existe larga referéncia quanto a pesquisas com B-C em fontes naturais e suas respectivas
quantidades: polpa da bocaitva (49,0 pg/g), Acerola (26,23 ug/ g), polpa de mamao (20,24 ug
/ g), pitanga (Eugenia uniflora; 15,64 ng/ g), pasta de oliva (0,019 pg / g); 6leo vegetal de batua
(Oenocarpusbataua 0,0024 ug /g), 6leo de soja (0,003 ug/g), oleo de oliva (0,007 pg/g), 6leo
desemente de linhaga (0,007 pg/g) (RAMOS et al.,, 2008; ANNIVA; TSIMIDOU, 2009;
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MONTUFAR et al., 2010; SILVA et al., 2014). A Tabela 2 demonstra a técnica de
microencapsulacdo aplicada a ingredientes lipofilicos e lipideos bioativos, os materiais de

parede utilizados no processo de encapsulamento, material coacervado, pH de coacervacédo e

analises realizadas.
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Tabela 2. Coacervacdo complexa aplicada a ingredientes lipofilicos e lipideos bioativos.

Material de Parede Material Encapsulado  pH Anélises/ Metodologias Referéncia
Caseinato de Sodioe 5 - 4.5 ZP; DBE; DV; DE; (LIU et al., 2018)
Alginato
%Jf:]tosana eGomade a4 de Pequi 45 ZP; RC: DT; EE; (CARVALHO et al., 2018)
Caseina e goma Guar B-C 50 ZP; AM; FTIR; EE; DV; DAA; (THAKUR et al., 2017)
Quitosana e Goma B-C contido no 6leo de 6.2 EE: AM: DSC: DV: AMA (RUTZ et al., 2017)
Xantana Palma
IPS e Goma Acacia B-C 3,75 HPLC; EE; AM; FTIR; DAA; AA (MIHALCEA etal., 2017)
f\f;f‘)ti':aa e Goma Oleo de Peixe 4,0 MM; CG-MS; DTP; MC. (HABIBI et al., 2016)
IPS e Goma acécia B-C 4,2 RC; EE; ZP; MM; FTIR; DV, DE. (JAIN et al., 2015)
Quitosana e CMC Ejﬁf;”“do noodleode ¢, EE; AM: DSC: DV: AMA (RUTZ et al., 2016)
Gelatina e Oleo de Atum e
Hexametafosfato de S 3 5 4,7 FTIR; AM; EE; TOS; (WANG et al., 2015a)
sédio vitaminas A, D3, E, K
Caseinato de Sodio e . . . . ) e (MATALANIS;
Pectina Oleo de milho 50 ZP; DTP; DIC; DTP; DE; MM McCLEMENTS, 2013)

Gelatina e Acécia

Capsaicina

DV;DTP; DSC; TGA;

(JINCHENG; XIAOYU;
SIHAO, 2010)

Legenda: AA= Atividade Antifungica; AMA= Adicdo das Microparticulas em Alimentos; AM= Anélise morfolégica; DAA= Determinacdo de Atividade Antioxidante; DE=

Determina¢do da Estabilidade; DBE= Degradacdo do e B-carotene em Estoque DGV/DV= Dinamica de Gelatinizacdo e ou Viscoelasticidade; DTP= Distribuicdo do Tamanho da

Particula; DV= Digestao in Vitro; EE= Eficiéncia de Encapsulacdo; MC= Medi¢do da Cor MM= Morfologia das Microcépsulas; PZ= Potencial Zeta; RC= rendimento de Coacervacao;
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1.4 Sacha Inchi

Sacha inchi (Plukenetia volubilis L.), também chamada de Inca inchi, e conhecida como
"amendoim inca”, "amendoim selvagem” ou "amendoim de montanha”, ¢ uma planta
oleaginosa selvagem, trepadeira, perene e semi-lenhosa da familia Euphorbiaceae que cresce
nas florestas tropicais da América Latina, em altitudes entre 200 e 1500 m. Essa leguminosa
tem sementes de formato lenticular, que sdo ricas em 6leo (35-60%) e proteinas (27%) e
proteinas e contém substancias labeis ao calor com um sabor amargo. Contém cerca de 0,07-
0,09 mg de B-C equivalente por 100 g de semente. Sacha Inchi tem sido e ainda é usado como
um nutriente tradicional e pela populacdo amaz6nica, em refeicBes, cosméticos e como
medicamento (GUILLEN et al., 2003; FOLLEGATTI-ROMERO et al., 2009; HANSSEN;
FANALLI et al., 2011; WANG; ZHU; KAKUDA, 2018). O OSlI, possui elevadas quantidades
de &cidos graxos insaturados essenciais, cerca de 42-48% de acido linolénico (®-3), 32-37% de
acido linoleico (w-6) e 9-12% de acido oleico (w-9), contém substancias termolabeis, séo ricos
em cisteina, tirosina, treonina e triptofano (GUILLEN et al., 2003; WANG; ZHU; KAKUDA,
2018).

Diferentes estudos realizaram o encapsulamento do OSI através de diferentes técnicas:
(SOARES et al., 2019) encapsulou OSI por coacervacdo complexa utilizando os biopolimeros
ovoalbumina e alginato de sédio em um pH 3,8. (SILVA et al., 2019) utilizou emulsdes para
encapsular OSI usando alginato de sddio e Tween 20 e 80. (VICENTE et al., 2017) encapsulou
OSI através de emulsdo utilizando diferentes biopolimeros (ovoalbumina, pectina e goma

Xantana).

1.5 Simulagdo Gastrointestinal e Liberacdo Controlada de compostos Bioativos
1.5.1 Simulacdo Gastrointestinal
Devido ao aumento de doencas relacionadas a dietas, ensaios de digestdo veem sendo

realizados para correlacionar a dieta com a saude de diferentes grupos de pessoas. Porém para
entender melhor a resposta fisiologica de alimentos especificos, é necessario seguir, de forma
mais detalhada, os complexos processos digestivos no sistema gastrointestinal humano. Pode-
se realizar isso com procedimentos invasivos (aspira¢do do estbmago ou intestino) ou técnicas
menos invasivas (ressonancia magnética) (MINEKUS et al., 2014). Modelos em animais
também sdo utilizados, muito embora seu uso passe por embates éticos (e.g. morte de animais
e cirurgias). Por esses motivos, 0os modelos in vitro sdo utilizados had muitas décadas para
simular a digestdo dos alimentos (BRODKORB et al., 2019).
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A simulacdo gastrointestinal in vitro inclui trés etapas: oral, gastrica e a fase intestinal.
(MINEKUS et al.,, 2014). A digestdo gastrointestinal simulada in vitro é amplamente
empregada em muitos campos das ciéncias nutricionais e alimentares (LUCINDA-SILVA et
al., 2010; ZHANG et al., 2012, TIMILSENA et al., 2017; WANG et al., 2017).

Bioacessibilidade refere-se a fracdo do composto bioativo (e.g. carotenoide) ingerido
que torna-se disponivel para utilizagdo em funcgdes fisioldgicas normais ou para armazenamento
no corpo humano (YUWEI et al., 2012). A absorcao de carotenoides envolve a decomposicéo
da matriz alimentar, liberacdo de carotenoides, dispersdo em particulas de emulsédo lipidica,
solubilizacdo em micelas mistas de sal biliar, movimento através da camada de &gua sem
agitacdo adjacente aos microfilos, captagdo de carotenoides pelas células da mucosa intestinal
e incorporacdo em lipoproteinas linfaticas (RODRIGUEZ-AMAYA, 2010).

Estudos realizaram testes de digestdo in vitro e bioacessibilidade de microcapsulas
contendo B-C (YUWEI et al.,, 2012; SOUKOULIS et al., 2016; ZHANG; ZHANG;
McCLEMENTS, 2016; FAN et al., 2017; MUN; McCLEMENTS, 2017; LIU etal., 2019).

1.5.2 Liberacéo controlada

A libertacdo controlada pode ser definida como um método pelo qual um ou mais agentes
ativos sdo disponibilizados num local e tempo desejado e a uma taxa especifica (MADENE;
JACQUOT, 2006). Os dados da liberacdo podem ser usados para prever a liberagdo do
composto in vivo, 0 que contribui para entender as caracteristicas da formulacéo e fornece uma
base para a preparacdo de uma melhor formulacéo de liberacdo sustentada (JAIN; JAIN, 2016).

Para estudar ainda mais os comportamentos de liberacdo de drogas in vitro, 0s
pesquisadores vém trabalhando no ajuste dos dados de liberacéo de drogas com alguns modelos
cinéticos para julgar os modelos e mecanismos de liberacdo de drogas (WANG et al., 2019).
Os modelos cinéticos de liberagdo comum incluem modelo cinético de ordem zero, modelo
cinético de primeira ordem, modelo Weibull, modelo Higuchi, modelo Ritger-Peppas e modelo
cinético de duas fases (JAIN; JAIN, 2016).

A liberagéo controlada vem sendo estudada por diversos autores (LUCINDA-SILVA et al.,
2010; ZHANG et al., 2012; LUO; TENG; WANG, 2012; ATAY et al., 2018; SOLANKI;
PATEL, 2018). Para simular diferentes tipos de alimentos que possuam caracteristicas distintas
tais quais: alimentos hidrofilicos, lipofilicos, diferentes faixas pH, emulsdes de 6leo em agua,
diferentes contetidos de alcool, utiliza-se de simuladores de alimentos: etanol 10, 20 e 50%,
acido acético 3%, 6leo vegetal e &gua (COMMISSION REGULATION 10/ 2011 EU, 2011).
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CAPITULO Il

MICROENCAPSULATION OF B-CAROTENE FROM SACHA INCHI OIL BY
COMPLEX COACERVATION: CHARACTERIZATION, SIMULATED
GASTROINTESTINAL CONDITIONS AND MODELING RELEASE KINETICS
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Abstract
This study aimed to evaluated the influence of the pH and protein ratio on the formation of the
complex between carboxymethylcellulose (CMC) and whey protein isolated after heat
treatment (WPIn). Further, we also encapsulated sacha inchi oil (SIO) containing p-carotene
(B-C) using these biopolymers and transglutaminase as a cross-linking agent. The B-C stability
under in vitro digestion and release in the food model were studied. The ratio 1:6 (CMC/WPIn)
at pH 3.5 was the ideal condition for the formation of the complex. The encapsulation efficiency
and chemical and morphological characteristics suggested that SIO was microencapsulated.
The B-carotene from SIO microcapsules (B-SIO microcapsules) was preserved in vegetable oil
when studying the kinetic release in food stimulant, and Rigger-Peppas model indicated that
the Fickian diffusion mechanism occurred. In vitro digestion simulation the release of the B-C
from B-SIO microcapsules was preserved under oral and gastric conditions and the higher
release occurred in intestinal digestion. After in vitro digestion, the B-C from B-SIO
microcapsules presented higher stability (83.37%) and acceptable bioaccessiblility (31.16%).

The results suggest that B-S1O microcapsules can be used as delivery to B-C in food systems.

Keywords: Carboxymethylcellulose, whey protein isolated, bioaccessibility, particle size,

carotenoid.
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1 Introduction

Sacha inchi oil (Plukenetia volubilis L) is extracted from the seed of the plant belonging
to the Euphorbiaceae family also known as “Inca peanut”. This plant is native to the Amazon
region that includes the northern part of Brazil, Peru, and Colombia (Li et al., 2018)and its
production has promising growth in Asian countries (Guillén, Ruiz, Cabo, Chirinos, & Pascual,
2003). SIO is composed of linolenic acids (omega-3), approximately 50% of its composition,
and B-C (0.8 mg / 100g of seed)(HAMAKER et al., 1992; WANG; ZHU; KAKUDA, 2018).
The B-C is a carotenoid associated with health benefits such as precursor of vitamin A and
antioxidants, prevents non-alcoholic fatty liver disease (CLUGSTON, 2019), acting as an anti-
inflammatory, (BOIKO et al., 2017), cardiovascular diseases (GAMMONE; RICCIONI;
NICOLANTONIO, 2014), and the risk of developing cancer (Le Goff et al., (2019). Such
properties can be reduced when the -C is exposed to high temperatures, oxygen, and light (da
Silva et al., 2017), also, the low solubility of the compound in aqueous media makes its
bioaccessibility extremely low (THAKUR et al., 2017).

Encapsulation can be used as an alternative to protect the p-C present in the SIO and
consequently reduce its functional loss (FAN et al., 2017; THAKUR et al., 2017).
Encapsulation creates a barrier between encapsulated material and wall materials, protecting
compounds that are sensitive to external conditions. Encapsulation is defined as a process in
which an active ingredient (encapsulated) is surrounded by a coating (wall material), forming
microcapsules and protecting the encapsulated against adverse environmental conditions
(GAONKAR et al., 2014). Studies have shown that encapsulation improved carotenoid stability
and increased bioaccessiblility by controlled release during in vitro digestion (FAN et al., 2017).

The complex coacervation technique has been used to encapsulate bioactive ingredients
due to its advantages such as high encapsulation efficiency, low concentration of wall materials,
low temperature employed, and good controlled release rate (Shaddel et al., 2017). Complex
coacervation is the liquid-liquid phase separation event that occurs when biopolymers that have
opposite electrostatic charges are mixed under certain specific conditions. The complex
coacervation process used for encapsulation runs in three stages: emulsification, coacervation,
and cross-linking (ERATTE et al., 2014). Usually proteins and polysaccharides are used as wall
materials to encapsulate SIO and carotenoids. Soares, Siqueira, de Carvalho, Vicente, & Garcia-
Rojas, (2019) encapsulated SIO to preserve omega 3 using eggalbumin and sodium alginate as

wall material; Rutz et al., (2016) encapsulated B-C contained in palm oil using
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carboxymethylcellulose and chitosan as an encapsulant. However, there are still no studies
relating to the encapsulation by complex coacervation of the 3-C present in the SIO.

In this study, CMC and WPIn were used as wall materials in the encapsulation process.
WPI is used in the food industry due to its physicochemical properties (e.g. gel formation and
stabilization of emulsions), exhibits a positive charge below its Isoelectric Point (pl) (pH 4.1-
5.2).When WPI is heated, aggregates are formed, improving its stability when it is part of an
electrostatic complex (JONES; DECKER; McCLEMENTS, 2010). CMC is biodegradable, it
is an anionic linear polymer, as a result of its considerable ionized carboxylic groups, obtained
by grouping carboxymethyl groups to the native cellulose molecule (BARBUCCI; MAGNANI;
CONSUMI, 2000). Studies demonstrate the use of CMC and WPI to microencapsulate flavor,
vegetable oils, and B-C through complex coacervation (KOUPANTSIS; PAVLIDOU;
PARASKEVOPOULOU, 2016; ROJAS-MORENO et al., 2018; RUTZ et al., 2016).

This study aimed to encapsulate of B-carotene from sacha inchi oil by complex
coacervation using CMC and WPIn as wall materials, characterize the capsules and evaluate

the stability of the B-C under digestion in vitro and release kinetics in food models.
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2 Materials and methods
2.1 Materials

Sacha inchi oil (Plukenetia volubilis L.) was acquired from the local market in Lima,
Peru. Whey Protein Isolate (purity of 90%) was purchased from Glanbia Nutritionals,
carboxymethylcellulose (419303), a-amylase (A3403), porcine pepsin (P6887), pancreatin
from porcine pancreas (P7545), porcine bile extract (B3883) and B-C synthetic, >93% (UV),
powder (C9750) were obtained from Sigma- Aldrich® Company (St. Louis, USA)(419303),
Transglutaminase from Streptomyces mobaraensis (85-121U/g) were kindly provided by
Ajinomoto® (S3o Paulo, Brazil).Reagents utilized were of grade P.A. and bought from
VETEC®Ltd. (Rio de Janeiro, Brazil). For the preparation of the solutions and experiments was

used ultrapure water with a conductivity of 0.05 uS / cm (Gehaka, Master-P&D, Brazil).

2.2 Methods
2.2.1 Preparation of the CMC and WPIn solutions

The biopolymers were weighed on an analytical balance (B-TEC-210, Tecnal, Brazil)
for the preparation of solutions containing a fixed concentration of 0.1% (w/w). The CMC was
dissolved for 24 h at 25 °C in in ultrapure water using a magnetic stirred (NT101, Novatecnica,
Brazil). For preparation of the WPIn, the solutions of WPI were spilled in a 40 mL glass tube
fitted with plastic screw-caps. These solutions were then immersed in a water bath (85 °C) for
15 min. Consecutively were cooled at room temperature for 15 min. They were immersed in a
water bath in a room temperature for 2h. Subsequently the samples were placed in an overnight
refrigerated storage, as reported by Jones et al., (2010).

2.2.2 Effect of the pH on the formation of CMC/WPIn complex
2.2.2.1 C-Potential

The (-potentials as a function of the pH (2.0 — 4.5) of the biopolymers were determined using
a Zetasizer Nano ZS90 (Malvern Instruments, UK) coupled with an MPT-2 autotitrator
(Malvern Instruments, UK). The pH was titrated using 0.5M NaOH, 0.25M HCI, and 0.025M
HCI solutions. The pH varied by 0.5unit increments with a confidence interval of + 0.1 unit.
The Strength of the Electrostatic Interaction (SEI) between oppositely charged
polyelectrolytes can be estimated as reported by (YUAN et al., 2017), given by equation (1):
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SEI (mV?) = ZP; x ZP, (1)

where ZP; and ZP> are the measured [J-potential of both polymers at each pHs.

2.2.3 Effect of the protein ratio on the formation of the CMC/WPIn complex

To determine the ideal ratio to the formation of the CMC/WPIn complex, CMC and
WPIn were mixed at different ratios: 10:1, 08:1, 06:1, 02:1, 1:1 1:2, 1:6, 1:8, 1:1
(polysaccharide/protein) (v/v). After mixing the biopolymer solutions at varying ratios, the pH
of the mixture was adjusted to 3.5 (determined in topic 2.2.2.1) using NaOH and HCI solutions,
with a pHmeter (mPA210, Tecnopon, Brazil). Individual biopolymers and the ratios were
measured byturbidity. Turbidity was measured at a wavelength of 400nm on spectrophotometer
(Biomate 3S, Thermo Fisher Scientific, USA) calibrated with ultrapure water to 100%
transmittance (%T). Turbidity was defined as 100-%T. The []-potentials of the ratios were
measured using a Zetasizer Nano ZS90 (Malvern Instruments, UK) as described in the topic
(2.2.2.1).Samples were read in triplicate at 25 °C, the methodology as reported by
(DIARRASSOUBA et al., 2015).

2.2.4 Preparation of the p-SIO microcapsules

The B-SIO microcapsules were produced as reported by (RUTZ et al., 2016),with a few
modifications. A ratio of 1:6 (CMC: WPIn) at pH 3.5 was used to prepare the capsules, these
conditions were determined in topics (2.2.2 and 2.2.3). The CMC: WPIn microcapsules were
tested using a solution with total concentrations of 0.5, 1.0 and 2.0% (w/w), and different
core/wall concentrations were tested (2:1, 1:1 and 1:2). The primary oil-in-the water (O/W)
emulsion consisting of SIO (0.0875-1.4g) and WPIn was formed at 13.600 rpm for 5 min using
an ultraturrax (IKA, T25D Ultraturrax, Germany). The CMC was added, and the mixture was
homogenized for 3 min using a magnetic stirrer (Novatecnica, model NT101, Brazil).The pH
of the solution was adjusted to 3.5 with acetic acid 20% (v/v) using a pH meter (mPA-210,
Tecnopon, Brazil). The temperature of the solution was be reduced to 10°C in an ice-water bath
for 1h (PENG et al., 2014) for complete precipitation of the formed microcapsules. Posteriorly,
the supernatant was removed and 5.0 mL of the transglutaminase solution (2.5% w/w) was
added, the microcapsules were shaking (Tecnal, model TE-424, Brazil) at 100rpm for 3h at
25°C to induce a cross-linking (LV et al., 2014).Subsequently the samples were frozen with

liquid nitrogen and freeze-dried (Terroni, Enterprise I, Brazil) for 48 h.
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2.2.5 Characterization of the g-SIO microcapsules
2.2.5.1 Determination of standard curve and encapsulation efficiency (EE)

To determine de standard curve, the B-C synthetic powder was dissolved in hexane and
formulated into 0.0 to 3.2 mg/mL standards solutions, and then there were measured by
spectrophotometer (Biomate 3S, Thermo Fisher Scientific, USA) at 450 nm. The standard curve
was drawn and its equation is y=0.0137x (R? = 0.98).

The encapsulation efficiency was adapted from (JAIN et al., 2015) with slight
modifications. 100 mg of the B-OSI microcapsules were weighed (B-TEC-210, Tecnal, Brazil)
and was added 10 mL of hexane. The sample was placed into a water bath 20°C for 10 min by
ultrasonic bath (2510, Soni-tech, Brazil) and the samples were incubated in the shaker (TE-424,
Tecnal,Brazil) for 2 h at 25°C. The sample was homogenized on a Vortex (AP 56, Phoenix,
Brazil) and centrifuged (Digicen 21R, OrtoAlresa, Spain) at 8000 rpm for 15 min. The
supernatant was collected and measured in spectrophotometer (Biomate 3S, Thermo Fisher
Scientific, USA). The theoretical f-C content and the final amount of 3-C was used to calculate
the EE given by equation (2).

EE(%) = “;TI(—E);f’))x1oo )

where the CT is the final amount of B-C in microcapsules and ClI is the theoretical B-C in the

initial process of microencapsulation.

2.2.5.2 Particle size of biopolymers and the g-S1O microcapsules

The hydrodynamic diameter (d.nm) of the WPI, WPIn, CMC and fresh B-SIO
microcapsules at pH 3.5 were monitored by Dynamic Light Scattering (DLS) technique using
a Zetasizer (Malvern Instruments, Nano-ZS, UK) equipped with a He— Ne laser at a wavelength
of 632.8 nm and fixed detection angle of 90°.The proteins solutions were filtered through a
0.45um low binding syringe to remove proteins aggregation and other impurities. Samples were

placed in glass cuvettes and read at 25°C.
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2.2.5.3 Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the dried samples (Microcapsules,CMC, WPIn, and SIO) were
obtained. The analyses were performed with an FT-IR spectrometer (Ver-tex 70, Bruker,
Germany) read in the range of 4000400 cm ™.

2.2.5.4 Photolytic degradation of the microcapsules

The UV photo-stability of the B-C in B-SIO microcapsules under radiation was
measured as adapted by Thakur et al., (2017). The lyophilized microcapsules and SIO were
placed at a distance at 15 cm under a UV-visible light (BLB, 15 W, T8) with a wavelength of
368nm.At the determined period (0,1,2,3,4, and 5 days) the samples were withdrawn. 0.1 mg
of the sample was extracted in the similar way they are extracted in EE (section 2.2.5.1) and
read in the spectrophotometer in a 450 nm. The degradationof B-C was expressed as C/Co,
where Co and C is the B-C initial concentration and the concentration at any time during storage,

respectively.

2.2.6 Release kinetic of the -C in SIO microcapsule

Kinetic release was performed according to (REZAEINIA et al., 2019), 200 mg of the
samples were weight in analytical balance (B-TEC-210, Tecnal, Brazil), added to 10 mL of the
food simulant and mixed for 95 rpm at 25°C using the shaking (TE-424, Tecnal, Brazil).
Soybean oil was chosen as the simulant medium of fatty foods according to the EU commission
regulation (COMMISSION REGULATION 10/ 2011 EU, 2011). Aliquots of the 200uL were
collected and were analyzed by spectrophotometer (Biomate 3S, Thermo Fisher Scientific,
USA) at 450 nm. To explain the B-C release profile, the release kinetics in food models were
fitted to Higuchi, First-Order, and Rigger-Peppas empirical models (REZAEINIA et al., 2019).

2.2.6.1 Optical microscopy

An aliquot of freshp-SIO microcapsules was placed between the lamina and cover-slip
and taken to the optical microscope (K220, Kasvi, Brazil) coupled to an Moticam camera

(5MP,Kasvi, Brazil) that was viewed at 40x magnification with immersion oil.
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2.2.7 Invitro digestion of the -C in B-S1O microcapsules

The In vitro digestion of the B-SIO microcapsules was measured using a model that
imitates the gastro-intestinal tract (GIT)in three stages: oral, gastric, and intestinal. This study
used the INFOGEST in vitro digestion protocol (BRODKORB et al., 2019).

Firstly 0.7g of the lyophilized microcapsule was weighed, added to 0.56 mL of the
prewarmed simulated salivary fluid (SSF) containing 0.23 pL of salivary amylase (75 U/mL in
final oral solution) solution, and added to 0,067 mL of water to achieve 1/1 (w/w). For a pasty-
like consistency 2 mL of ultra-pure water was added in the process. The pH of the mixture was
adjusted to 7.0 with NaOH and HCI 6M using pHmeter and stirred at 95 rpm for 2 min at 37°C
using the shaking.

The gastric phase has been programmed with 1.4 mL of the prewarmed simulated gastric
fluid (SGF) containing 0.07 mL of pepsin solution (2.000U/mL in final gastric solution) and
mixed with the oral digested mixture. The pH of the mixture was adjusted to 3.0 with NaOH
and HCI 6M using pHmeter and stirred at 95 rpm for 2 h at 37°C using the incubate shaker.

In the final gastric digestion, 2.8 mL of prewarmed simulated intestinal fluid (SIF) was
added into the mixture, with 0.7 mL of the pancreatin solution (100U/mL in final intestinal
volume),0.5mL of the bile extract solution (10mM), 5,6puLof 0.3 M CaCl, The pH of the
mixture was adjusted to 7.0 with NaOH and HCI 6M pHmeter (mPA210, Techopon, Brazil)
and stirred at 95 rpm for 2 h at 37°C using the incubate shaker. Aliquots (120uL) of gastric and
intestinal juice were taken at 0, 15, 30, 60, and 120 minutes. After the withdrawal of each
aliquot, 120 pL of gastric or intestinal juice was added to continue the digestion process. The

quantity of B-C released was calculated as described in the topic (2.2.5.1).

2.2.8 Bioaccessiblility and stability of p-C in B-S1O microcapsules

After the simulation of the samples through the GIT, 5mL of digesta from the small
intestine was collected and centrifuged at 18000 rpm for 30 min at 4 °C. Aliquots of the 200
pL were collected and were denominated micelle. The B-C in the digesta and micelle phase was
read by spectrophotometer as described 2.2.5.1.

The stability and bioaccessibility of the B-SIO microcapsules after digestion were
measured according to a method described by (LIU et al., 2018). The stability (S*) of B-C was
defined as the fraction that remained in a non-transformed state in the small intestine after in

vitro digestion model, given by equation (3).
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S »= SDigesta g0 3)

Initial

where Cpigesta and Cinitial are the B-C concentrations in the total digesta collected after the small
intestine phase and in the initial samples, respectively.

The bioaccessiblility(B*) of the -C was defined as the fraction that was released from
the food matrix and solubilized in the mixed micelle phase after digestion, given by equation
(4).

_ CMicelle

B *= x100 (4)

Digesta

where Chwicelle IS the p-C concentration in the micelle fraction.

2.2.9 Statistical analysis

All experiments were conducted in triplicate, and the results were displayed in %
standard deviation. The statistical analysis was performed using Origin® Pro 9.0 (OriginLab,
Northampton, USA). The Kolmogorov-Smirnov normality test was performed for the
populations. After confirming normality for all populations, one-way analysis of variance
(ANOVA) was applied to determine the existence of significant differences between
populations. Significant differences at a level of significance of a = 0.05 were identified by

Tukey’s test.

3 Resultsand discussion
3.1  Formation of the WPIn/CMC complex

3.1.1 Effect of the heat treatment the WPI

The particle size of the WPI and WPIn were 336.07 nm and 157.2nm, respectively. The
size of WPI (heated protein and unheated) vary with the pH and temperature. In this study the
WPI used has a pl 4.7, and the particle size was measured in pH 4.0. The formation of large
particles in the proteins without heating can be attributed to the pH being close to the pl of the
protein, a weak electrostatic repulsion between the protein molecules, forming larger aggregates
(HARNSILAWAT; PONGSAWATMANIT; McCLEMENTS, 2006). The thermal treatment of
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WPI results in changes in the interactions and conformations. The protein molecules unfold and
expose hydrophobic group, which promote intermolecular non-covalent interactions (hydrogen
bonding and hydrophobic interactions), this can be used to formed micro or nanoparticules, and
may induce the protein denaturation and then result on aggregation (JONES; DECKER,;
McCLEMENTS, 2010; LV et al., 2019). A similar result was found by (JONES; DECKER;
McCLEMENTS, 2010) when heated B-lactoglobulin (85°C/15 min), the protein has 177.3 nm.
In another study, Jones, Decker, & McClements, (2009) observed that the particle size of the
B-lactoglobulin before and after heat treatment (85° C / 15 min) was 400 nm and 177 nm,
respectively.

The polydispersity index (Pdl) is an important indicator, is regularly used to express the
size distribution pattern of the particles. The Pdl range is from 0 to 1. Lower Pdl values
represent the more homogeneous size distribution (MCCLEMENTS, 2014). The Pdl of the WPI
and WPIn were 0.5 and 0.27, respectively. This demonstrated the importance of preheating in
obtaining more homogenous particles from WPI (BAGHERI et al., 2013) study the WPI before
and after thermal treatment (60°C/ 30 min), Pdl of the WPI and WPIn (after thermal treatment)

were 0.4 and 0.36, respectively.

3.1.2 Strength of the electrostatic interaction and effect of the protein ratio on the
formation of the CMC/WPIn complex

The C-potential and strength of the electrostatic interaction (SEI) between oppositely
charged of the biopolymers was shown in Fig 1.The CMC showed a negative charge at all pH
studied, due to the presence of carboxylic groups in its structure (Javanbakht &Shaabani,
2019a). In the WPIn, a positive charge is observed at pHs below the pl and slowly become
negative when it comes close to pH 4.7 close to the pl of the protein verified in {-potential,
which agrees with the reported value in the literature (WEINBRECK et al., 2003). The highest
SEI value was observed at pH 3.5 where the values of zeta potential for biopolymers were WPIn
(14.21 mV) and CMC (-19.07 mV). At this pH there was a greater interaction between
biopolymers, with a high capacity aggregation between CMC/WPIn.

The effect of the protein ratio on the formation of the CMC/WPIn complex was
demonstrated in Fig. 2. The turbidity of the ratios was observed in Fig. 2 (A), and theC-
potentials in Fig. 2 (B), both at pH 3.5.

In Fig. 2B, the charge of WPIn was 20.93mV and CMC -22.57mV. The complexes

showed negative charge density in the concentrations (10: 1; 8: 1; 6: 1; 2: 1). The electrical
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charge of the CMC was negative, suggesting that saturation of the polysaccharide occurred to
the colloidal particles formed.

At the ratios of (1:1 and 1:2) (CMC/WPIn), the zeta potential was negative, due to the
fact that polysaccharide has a higher charge density than that related to the molar weight of the
protein. In the ratio 1:6 (CMC/WPIn) the zeta potential became close to neutrality (0.81mV).
This occurs because the WPIn is positively charged and by adding more protein to the system
the zeta potential became positive. The ratios 1:8 and 1:10 demonstrated positively charged
values showing that there was an excess of WPIn molecules in the complex, and the protein
had a higher molecular weight in comparison with the CMC.

As WPIn concentrations increased, the potential zeta changed from negative to positive.
With low concentrations of proteins in the CMC/WPIn mixtures, the negatively charged
polysaccharide dominated the zeta potential value. The mixture of the biopolymers had a
positive charge when there was an excess of WPIn. A similar result was described by Tavares
& Zapata Norefia(2019) in complexation between WPI and chitosan.

These results obtained for the (-potentials and turbidity in the function of the
CMC/WPIn ratios demonstrated that ratio 1:6 CMC/WPIn was appropriate for the formation of
the complex between CMC and WPIn. The charge approached the neutrality and the higher

turbidity, indicating a better balance between the charges of the biopolymers.

3.1.3 Effect of the pH on the formation of the CMC/WPIn complex

To confirm the optimal pH of the ratio 1:6 (CMC/WPIn), the zeta and turbidity in the
function of the pH (2.0-6.0) were measured, and the results were shown in Fig.3. The (-
potentials and turbidity were demonstrated in Fig.3A and 3B.

Fig. 3A shows the effect of pH variation on the turbidity of CMC/WPIn complexes. In
the pH value range (4.5, 5.0, 5.5 and 6.0) the turbidity values were 28.1, 18.3, 10.5 and 6.0
respectively, at this pH, above the pl, the protein is negatively charged, and for this reason it
did not occur complexation of biopolymers which justifies the low turbidity. The highest
turbidity observed was at pH 3.5 and values were 73.0, this indicates the point occurred higher
electrostatic interaction.

The ideal pH for the formation of the complex between CMC/WPIn was defined through
the zeta potential at the pH evaluated Fig 3 (B). At pH 4.0-6.0 the electrical charge of the
complex (1:6) CMC/WPIn was negative, not favoring the formation of coacervate complexes.
This occurs because in this pH range the biopolymers have a negative charge density. At pH
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2.5, 3.0 and 3.5 the complex showed positive charges of 4.56, 6.56 and 1.13 mV respectively.
In this pH range, occurred the formation of the complexes due to the higher positive charges
density of WPIn, because it was below the protein's isoelectric point. Electrostatic forces are
predominant in complex coacervation, and pH has a fundamental factor in this interaction, as it
affects the degree of ionization of the amino and carboxylic functional side groups transported
by biopolymers. (LV et al., 2014). The electrostatic interaction occurred at pH 3.5, where the
sum of charges approached neutrality, which shows a balance of charges between biopolymers.
In a similar study Rojas-moreno et al.,(2018) studied the interaction between WPI-CMC at pH
3.0 to form complexes between biopolymers.

3.1.4 Encapsulation efficiency (EE)

The composition of the B-SIO microcapsules and your EE produced with different
proportions of core and wall material was shown in Table 1.The EE values range from 68.92%
(S4) to 96.21% (S8), treatments S8, S2 and S3 showed the highest EE% and did not show
significant differences (p <0.05) and their values are respectively 96.21%, 93.54% and 91.69%.
The samples had different values of core material/wall S8 and S2 (1: 1) and S3 (1:2).

In sample S3, the wall material is superior to the core material, therefore, there is a
possibility that this treatment has encapsulated all the core material, resulting in a high EE%.
Samples S8 and S2 have the possibility that the core material is not fully encapsulated and
present on the surface of the microcapsules during the lyophilization process. High EE% values
were found by studies produced by Rutz et al., (2016) with 95% EE% for encapsulation of p-C
in palm oil by complex coacervation.

Samples S4, S5, S6, and S7 have the lowest EE% values (Table 1). These were prepared
with different core ratios/wall S4 and S7 (2: 1), S5 (1: 1), and S6 (1: 2) and intermediate
biopolymer concentrations between 1% (S4, S5, S6) and 2% (S7). It is assumed that an
insufficient amount of wall material was free to encapsulate the core material, succeeding in a
large amount of free core and, consequently, lost in the complex coacervation process
(SOARES et al., 2019).

With this, the treatment chosen was the S3 experiment shown in Table 1, with EE% of
91.69% and core: wall ratio of 1: 2. These results are in accordance with the literature, where
Rojas-moreno et al., (2018) found an EE% of 83, 94% when encapsulating orange essential oil
using CMC/WPI biopolymers as a complex coacervation wall material.
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3.2  Characterization of B-C present on the §-SIO microcapsules
3.2.1 Morphology and particle size of microcapsules

Fig. 4 demonstrates the microscopic image of B-SIO microcapsules using the CMC:
WPIn biopolymers as the wall material and the transglutaminase cross-linking agent. The
microscopic structure of B-C microcapsules is formed by the ratio 1: 2 core/ wall material. The
results show that the morphology of the coacervate capsules are spherical and intact, this result
IS in agreement with what was reported by Shaddel et al., (2017) who found continuous and
regular microspheres in the process of microencapsulation of black raspberry anthocyanins by
complex coacervation.

The particle size of B-SIO microcapsules, CMC and WPIn showed 2746nm, 918 nm and
157.2 nm respectively. Usually, microcapsules are particles that have a size between 1 to 1000
pum (YE; GEORGES; SELOMULYA, 2018). The PdI microcapsule was 0.16 this indicated the
particle size is closer to homogeneity. The variation in particle size and its characteristics may
be due to changes in pH, ionic strength, concentration, and proportion of the type of core
ingredient, charge level, and type of matrix. Also, the rate of agitation speed, cooling, and
drying process can change the particle size Jones et al., (2009). Thakur et al., (2017) found
similar sizes in B-C capsules using casein and guar gum using complex coacervation, and found

particle size of 160 — 180um.

3.2.2 Chemical characterization of the §-S1O microcapsules

The FT-IR spectra of the biopolymers and the B-S1O microcapsules (sample S3) at pH
3.5 were demonstrated in Fig.5. In the WPI, spectrum was identified bands corresponds to
amide 1 (1625-1750cm™t), amide 11 (1475-1575cm™) and amide 111 (1225-1425¢cm™). The band
at 1625cm™ witch refers to the stretching of the C=0O(Dai et al., 2016), the band at 1540cm™
refers to the stretching the NH bond or by angular deformation of the NH bond(Barth, 2007),
the band 1423 cm is attributed to the stretching of the C-N and N-H groups (Bastos, Vicente,
Santos, Carvalho, & Garcia-Rojas, 2020). Similar result was observed by(K. Li et al., 2019) in
WPI spectrum by FT-IR.

In CMC spectrum the bands at 2930cm refers to anaxial strain C-H. The bands at 1610

cm? and at 1421 cm™, refers to asymmetrical and asymmetric vibrations of the carboxylic
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groups present in the polysaccharide. The band at 1048cm™ correspond to C-O stretching.
Studies observed similar results in CMC FT-IR spectrum (Barbucci et al., 2000; Koupantsis et
al., 2016; S. S. Li et al., 2020).

In S1O spectrum the bands at 3010 cm™, 2927 cmt, 2854 cm™ 1745 cm™, 1165 cm™,
and 798 cm™! were observed. The band at 3010 cm™ correspond to vibrational stretching of the
cis-olefinic double bands (=CH), the band at 2927 cm™ refers to asymmetric vibrations and
band at 2854 cm™ to symmetrical methylene vibrations (CH of CH2). The band at 1745 cm™
correspond to the ester absorption vibrations for triacylglycerols (C = O of ester) present in oils
with a high degree of unsaturation such as SIO that is rich in polyunsaturated fatty acids (Soares
etal., 2019; Vicente et al., 2017). The band at 1165cm ™ refers to the stretching vibration of the
(C-O group and the vibration of the CH2). The band at 798 cm™ is assigned to (=C-H) when
folding the plane of the alkene (Soares et al., 2019; Vicente et al., 2017).

The spectrum of the microcapsule showed the WPI, characteristic bands (1625 and 1540
cm™t), CMC carboxyl group at 1048cm™ (COO"). The presence of amino and carboxyl groups
in the spectrum suggests that there was an interaction between CMC and WPIn pointing to the
formation of coacervate complexes (Soares et al., 2019). The bands at 2927 cm™, 2854 cm*
and 798cm™ were bands characteristics to the SIO spectra and suggesting that SIO was
encapsulated. Similar results were found in the literature when demonstrated SIO
unencapsulated and after encapsulation using emulsion and complex coacervation techniques
(Guillén et al., 2003; Soares et al., 2019; Vicente et al., 2017)

3.3 Stability of the p-C present in microcapsules under UV radiation

The stability of the B-C present in SIO before and after encapsulation under radiation
was observed in Fig. 6. The samples were exposed to a light at 5° C for 5 days. The results show
that B-C in unencapsulated SIO was completely degraded, while the B-C in encapsulated SIO
was preserved in 70%, both after exposed for 4 days. This suggesting that microcapsules are
effective in protecting p-C from oxidation through light. Chen & Zhong, (2015) investigated
the stability of the microemulsions prepared with Tween® 20, lecithin, and B-C dissolved in
peppermint oil obtained 71% of this carotenoid was protect. A similar result was observed by
Thakur et al.,(2017), the dried microcapsules prepared by complex coacervation using casein
and guar gum demonstrated the rate of degradation of free p-C was higher up to 3 days as

compared with microcapsules.
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3.4 Release of the p-C in food simulant

The kinetic release of the B-C in -SIO microcapsules was shown in Fig. 7. The analysis
was made in sample S3 (higher EE), and the sample was simulated in soybean oil. The
maximum SIO release was observed at 9 min with 51.1% of the release, at 51 min the rate stops
growing and remains constant until the end of the test. The results of the present study
demonstrated that microcapsule was preserved in vegetal oil as a food simulant.

To determine the mechanism of the release of the B-C in B-SIO microcapsules, the
release profile within the soybean oil system was fitted with different kinetic equations.
Higuchi, First-Order, Zero-Order, and Rigger-Peppas as a mathematical model were used to
evaluate the release behavior of the B-C in B-SIO microcapsules. The constants and the
coefficient of determination (R?) were shown in Table 2. Concerning the R?values, the Rigger-
Peppas was an appropriate model for explaining the release kinetics of p-C in SIO an R? over
0.99.

In the Rigger-Peppas mathematical model, the values of n point to the following release
mechanisms: if n<0.43, the mechanism that controls the release will be Fickian diffusion (case
| transport); If the value of n is between0.43 <n < 0.85 (non-Fickian or anomalous transport),
this indicates that the release mechanism will be diffusion and swelling, and n<0.85 indicates
that the release mechanism is zero order (transport case Il )(RITGER; PEPPAS, 1987;
SIEPMANN; PEPPAS, 2012). As noted in Table 2, the n value found for the Rigger-Peppas
mathematical model was n< 0.43,which is confirmed in literature for spherical molecules, and
mainly follow the Fickian release pattern (RITGER; PEPPAS, 1987). In the diffusion process,
the material to be released can diffuse between the particle matrix and the surrounding
environment. The particle matrix may remain intact throughout this process, or its properties
may change, resulting in erosion, fragmentation or dissolution. The rate of release of an active
ingredient from the particles depends on its relative solubility in the particle matrix and the
surrounding liquid and its diffusion coefficient through the matrix (SIEPMANN; PEPPAS,
2012). Studies demonstrate the controlled release of active ingredients by Fickian diffusion,
(REZAEINIA et al., 2019) observed Fickian diffusion using the Rigger-Peppas mathematical

model in Mentha longifolia L. essential oil.
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3.5  Invitro digestion

The study of the release of B-C in oil from microcapsules(S3) at different time intervals
is shown in Fig. 8. The capsule was submitted to oral (2 min), gastric (2h) and intestinal (2h)
conditions.

The pH of the SSF was 7.0, and as shown in section 3.3, at pH 6.0, the charges of the
biopolymers are negative and do not form coacervate complexes, there is a repulsive
electrostatic force between the protein and the polysaccharide(Santos et al., 2018). Therefore,
given the exposure of the capsules to the enzyme and pH (7.0), the hypothesis is that a small
release of p-C.

During the gastric phase (2h), the highest percentage of release of B-C present was
16.83% in 120 min, which demonstrates that the capsule protected 83.17% of the amount of -
C present in B-S10 microcapsules. At the beginning of the gastric phase, there was a release of
around 9.35% in the first 15 minutes and there was a progressive increase up to 120 minutes.
Pepsin acts in the hydrolysis of proteins during the gastric phase (DONHOWE; KONG, 2014),
however, with the results presented in Fig.6, it is possible to observe that the microcapsules did
not completely rupture. Such release may have occurred through the enzymatic hydrolysis of
some proteins present in the WPI. WPI being made up of B-lactoglobulin (50-55%) and a-
lactalbumin (20-25%)(SANTOS; DA COSTA; GARCIA-ROJAS, 2018). In the literature, it
was observed that a complete hydrolysis of a-lactaloumin was found during the gastric phase,
however,B-lactoglobulin remained present even after 60 min of incubation (MALAKI NIK;
WRIGHT; CORREDIG, 2011). Also, it has been reported that -lactoglobulin can interact with
B-C with strong non-covalent interactions, this suggests that WPI can act as transported
hydrophobic compounds during digestion (Iddir et al., 2019). Changes in the conformation of
WPIn (heat-induced aggregation) can influence protein digestibility, as this alters the enzymatic
cleavage sites of protein molecules (SAH; MCAINCH; VASILJEVIC, 2016). Regarding CMC,
at low pH (SGF pH 3) this polysaccharide is stable and resistant to proteases (JAVANBAKHT;
SHAABANI, 2019b). In addition, there is a shrinkage of this polysaccharide in acidic pH,
which may delay the release of the oil. (BARKHORDARI; YADOLLAHI; NAMAZI, 2014).
Studies related to the resistance of CMC at low pH and gastric juice, as well as its use for the
release of pharmaceutical products (BARKHORDARI; YADOLLAHI; NAMAZI, 2014).
Resistance to acidic pH may explain why the low release rate of B-C and the conservation of

capsules in the gastric phase.
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The release of B-C in the intestinal phase (2h) occurred more quickly when compared
to the gastric phase. As shown in Fig. 8, the release increased throughout its test, reaching a
maximum of 92.28% in 120 minutes, preserving only 7.72% of the core material. The SIF has
a pH of 7.0 and enzymes to simulate the intestinal environment. At this pH, the wall material
breaks, and the capsules are destroyed, thus resulting in the release of the core material.
Regarding WPIn digestion, it starts in the stomach by the action of the enzyme pepsin, and in
the intestine, it is continued by pancreatic and intestinal proteases, such as trypsin,
chymotrypsin, and membrane peptidases (SAH; MCAINCH; VASILJEVIC, 2016). In a basic
medium, ionization of groups of carboxylic acids (carboxylic groups in the CMC chains)
occurs, this factor increases the interaction of the polysaccharide with the aqueous medium, and
thus, its release rate. Besides, the action of the pancreatin enzyme acts on the wall material
(CMC), facilitating the release of B-C (LIM; NYAM, 2016).Similar results were found by
(Sathasivam, Muniyandy, Chuah, &Janarthanan, 2018), which encapsulated red palm oil using

sago carboxymethylcellulose, where the maximum oil retention found in the intestine was 20%.

3.6  Stability and bioaccessibility of the p-C from the B-SIO microcapsules

The results for stability (S *) and bioaccessibility (B *) of B-C after in vitro digestion
were 83.37% and 33.14% respectively. The bioavailability of B-C is caused by physiological
conditions of the gastrointestinal tract (e.g. enzymes, pH, and intestinal mucus barrier) and
environmental conditions (e.g. pH, light, heat, oxygen)(Bao et al., 2019). Before being
absorbed, B-C must be released from its food matrix and dissolved in lipid droplets and under
the influence of digestive enzymes, pH, bile and gastric peristalsis, this carotenoid is
incorporated into mixed micelles, thus allowing its absorption in the intestine (IDDIR et al.,
2019). Similar result was found by llyasoglu & EIl, (2014) who found a value of 36.25%
bioaccessibility in fish oil nanocapsules. Other studies report similar values of up to 50% for
bioaccessibility in food emulsions of canola oil with sodium alginate (Soukoulis, Cambier,
Hoffmann, & Bohn, 2016). Fan et al., (2017), found in different emulsions formed by WPI,
bioaccessibility values of 61.34%for the study of alginate and sodium caseinate microcapsules

for microencapsulate -C.
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4 Conclusion

In this study, the best ratio and pH for complex formation were 1:6 (WPIn/CMC) and
3.5, respectively. The SIO capsules demonstrated good encapsulation efficiency and were
obtained on micro-scale. The encapsulated of the SIO was suggested by the chemical and
morphological characteristics. The B-C in 3-SIO microcapsules was preserved in food simulant
and can be added to in oily foods food. The Rigger-Peppas model demonstrated that Fickian
diffusion mechanism occurred during release in food simulant. The B-SIO microcapsules
showed resistance under exposure to oral and gastric conditions in vitro, and release in the
intestine contributing to B-C absorption. After digestion, B-C in SIO presented higher stability,
and acceptable bioaccessibility. The WPI after heat treatment and CMC showed potential for
used as wall materials in SIO microencapsulation by complex coacervation, the B-C was
preserved, and the microcapsules showed potential use as delivery systems for active
ingredients.
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Figure Caption

Fig.1: Zeta potentialand SEI of WPIn and CMC solutions in the pH range of 2.0 - 6.0.

Fig.2: (A) Turbidity (100 -% T) observed between the CMC: WPIn complex at different ratios
at a wavelength of 450 nm. (B) Zeta potential of CMC / WPIn in different proportions at pH

3.5.

Fig.3: Effect of pH on the formation of the CMC / WPIn complex. Fig. 3 (A) turbidity at 450
nm. Fig. 3 (B) zeta potential of concentration of the mixture was fixed at 1: 6 and the pH values

were 2.0 - 6.0.

Fig.4: Confocal microscopy image of B-SIO microcapsules with 1: 2 core: wall ratio on a

100um scale.

Fig.5: FT-IR spectrum from (WPIn), and CMC, Sacha Inchi Oil (SIO) and B-SIO

microcapsules

Fig.6: Degradation profile of B-C and B-SIO microcapsulesduring UV-visible treatment

Fig.7: Release profile of B-C from -SIO microcapsules in soybean oil as a food simulator

Fig.8: Release of p-carotene present in B-SIO microcapsules obtained through complex

coacervation using CMC / WPIn as wall material and produced by lyophilization during in vitro

digestion.
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Table 1: Composition of the formulations and encapsulation efficiency (EE) of the capsules produced by complex coacervation

Samples Core () Wall (g) Concentration of Core:wall ratio
Biopolymers EE%
(%)
WPIn (g) CMC (g) Transglutaminase(g) Total (g)
S1 0.35 0.15 0.0025 0.125 0.175 0.5 2:1 82.46 + 3.73%
S2 0.175 0.15 0.0025 0.125 0.175 0.5 11 93.54 +2.13%
S3 0.0875 0.15 0.0025 0.125 0.175 0.5 1:2 91.6941.07%¢
S4 0.7 0.3 0.05 0.125 0.35 1.0 2:1 68.92+4.16°
S5 0.35 0.3 0.05 0.125 0.35 1.0 1:1 77.9543.55¢
S6 0.175 0.3 0.05 0.125 0.35 1.0 1:2 76.9245.33¢
S7 14 0.6 0.1 0.125 0.7 2.0 2:1 75.38+5.33¢
S8 0.7 0.6 0.1 0.125 0.7 2.0 1:1 96.21+3.39°
S9 0.35 0.6 0.1 0.125 0.7 2.0 1:2 83.69+1.07°

The analyses were performed in three replicates. The same letters in the same column do not differ significantly by Tukey test with a probability

of 5%’
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Table 2: Kinetics constant of the p-C in 3-SIO microcapsules release profile in food model.

Higuchi First order Rigger-Peppas
Food Model K R? K R? K n R2
Soybean 20.49 0.79 20.13 0.77 34.77 0.13 0.99
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CONCLUSAO GERAL

Diante do trabalho realizado podemos concluir que se formaram complexos
coacervados entre o isolado proteico do soro aquecido e a Carboximetilcelulose. As
caracteristicas quimicas e morfolégicas dos complexos coacervados demonstraram as
alteracbes produzidas pela interacdo eletrostatica. As nanoparticulas fabricadas através do
tratamento térmico do isolado proteico do soro produziram capsulas na escala menor de 100nm.

Os biopolimeros e agente reticulante utilizado foram eficazes na protegao do [3-caroterno
presente no 6leo de sacha inchi apresentando cépsulas com alta eficiéncia de encapsulacdo
(>90%). As capsulas produzidas por IPS,//CMC apresentaram resisténcia durante simulacdo
oral e gastrica e consideravel estabilidade ap6s simulacao gastrointestinal e baixa liberacdo do
[-caroterno em alimentos com base lipidica. Além disso, a liberacdo do B-caroterno ocorreu
por difusdo Fickian de acordo com modelo de Rigger-Peppas.

Por fim, as capsulas produzidas poderiam ser utilizadas para o transporte de ingredientes
bioativos, futuros estudos sobre a aplicacao do 6leo essencial de pimenta preta encapsulado em
produtos alimenticios podem ser avaliados, assim como sua atividade antimicrobiana e

antioxidante apds encapsulagéo.
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