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RESUMO

A microencapsulacdo tem sido amplamente utilizada pela inddstria alimenticia e
farmacéutica para proteger compostos sensiveis a degradagdo, como o [-caroteno
encontrado no Oleo de buriti (Mauritia flexuosa L.). Essa técnica envolve o
encapsulamento dessas substancias em matrizes, frequentemente combinadas por
proteinas e polissacarideos, para garantir sua estabilidade e prolongar sua vida atil. Com
a continua expansédo da populacdo mundial, um desafio nos dias de hoje é o consumo de
proteinas de baixo custo e que sejam obtidas de fontes sustentaveis. As fontes de proteinas
vegetais, como os cereais, leguminosas e oleaginosas, oferecem grande variedade e
qualidade nutricional equilibrada com alto teor proteico. Nos ultimos anos, o interesse
por ingredientes alimenticios derivados de leguminosas tem aumentado devido ao seu
potencial nutricional. Amplamente cultivadas em todo o mundo, as leguminosas sdo
utilizadas como fonte proteica, principalmente por pessoas com héabitos alimentares
vegetarianos. Dentre as leguminosas, as farinhas de feijdo tém recebido destaque devido
a sua riqueza em proteinas, fibras e nutrientes essenciais. O feijdo azuki
(Vigna angularis L.) e feijdo fava (Phaseolus lunatus L.) s&o materiais promissores para
a producdo de matrizes encapsulantes, devido as suas propriedades funcionais e
nutricionais. O processamento adequado dessas farinhas é fundamental para otimizar suas
propriedades e aplicacfes. Neste contexto, este estudo investigou o impacto de diferentes
pré-tratamentos fisicos como imerséo, calor umido (fervura) e calor seco (tostagem), nas
propriedades fisicas dos grdos de feijdo azuki e fava, bem como seus efeitos nas
propriedades fisico-quimicas, morfoldgicas e tecnofuncionais das farinhas obtidas desses
*graos. Os tratamentos térmicos modificaram estruturalmente os grdos, afetando as
dimensdes fisicas e as propriedades gravimétricas, reduzindo as propriedades de pasta,
emulsificagdo, formacdo de espuma e gelificagdo das farinhas. As farinhas obtidas dos
grédos crus e tratados por imersdo apresentaram melhores propriedades tecnofuncionais.
Os estudos de sor¢cdo de umidade revelaram diferencas entre os feijoes, com a farinha de
feijao fava apresentando maior capacidade de adsor¢é@o de agua. Para ambas as farinhas,
a capacidade de sorcdo diminuiu significativamente com o aumento da temperatura, o
modelo GAB ajustou-se aos dados experimentais e foi escolhido para descrever as
isotermas, que corresponderam as caracteristicas de isotermas tipo Il, conforme

classificacdo de Brunauer. O calor isostérico liquido de sor¢do diminuiu com o aumento



do teor de umidade de equilibrio. Microcapsulas de 6leo de buriti foram produzidas
utilizando misturas biérias de maltodextrina com farinhas de feijdo azuki e fava,
apresentando bons resultados em termos de retencdo de carotenoides, eficiéncia de
encapsulacao, rendimento do processo, solubilidade e higroscopicidade. O processo de
microencapsulacdo proporcionou boa estabilidade ao 6leo durante o armazenamento.
Estes resultados apontam para potenciais aplicagdes das farinhas de feijdo pré-tratadas e
das microcépsulas de Oleo de buriti como pigmento ou ingrediente na indudstria

alimenticia e farmacéutica.

Palavras-chave: leguminosas, tratamentos térmicos, Phaseolus lunatus L.,

Vigna angularis L., Mauritia flexuosa L., Microencapsulacdo


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/mauritia-flexuosa

ABSTRACT

Microencapsulation has been widely used by the food and pharmaceutical industries to
protect compounds sensitive to degradation, such as p-carotene found in buriti oil
(Mauritia flexuosa L.). This technique involves encapsulating these substances in
matrices, often combined with proteins and polysaccharides, to ensure their stability and
prolong their useful life. With the continuous expansion of the world's population, a
challenge these days is the consumption of low-cost proteins that are obtained from
sustainable sources. Vegetable protein sources, such as cereals, legumes and oilseeds,
offer great variety and balanced nutritional quality with a high protein content. In recent
years, interest in food ingredients derived from legumes has increased due to their
nutritional potential. Widely cultivated around the world, legumes are used as a source of
protein, mainly by people with vegetarian eating habits. Among legumes, bean flour has
been highlighted due to its richness in proteins, fiber and essential nutrients. Azuki beans
(Vigna angularis L.) and lima beans (Phaseolus lunatus L.) are promising materials for
the production of encapsulating matrices, due to their functional and nutritional
properties. Proper processing of these flours is essential to optimize their properties and
applications. In this context, this study investigated the impact of different physical pre-
treatments such as soaking, moist heat (boiling) and dry heat (toasting), on the physical
properties of azuki and lima bean grains, as well as their effects on the physicochemical
properties, morphological and technofunctional aspects of flour obtained from these
grains. Thermal treatments structurally modified the grains, affecting the physical
dimensions and gravimetric properties, reducing the pasting, emulsification, foaming and
gelling properties of the flours. Flours obtained from raw grains and treated by soaking
showed better technofunctional properties. Moisture sorption studies revealed differences
between beans, with lima bean flour showing greater water adsorption capacity. For both
flours, the sorption capacity decreased significantly with increasing temperature, the
GAB model adjusted to the experimental data and was chosen to describe the isotherms,
which corresponded to the characteristics of type Il isotherms, according to Brunauer's
classification. The net isosteric heat of sorption decreased with increasing equilibrium
moisture content. Buriti oil microcapsules were produced using mixtures of maltodextrin
with azuki and lima bean flours, showing good results in terms of carotenoid retention,

encapsulation efficiency, process yield, solubility and hygroscopicity. The



microencapsulation process provided good stability to the oil during storage. These
results point to potential applications of pre-treated beans flours and buriti oil
microcapsules as a pigment or ingredient in the food and pharmaceutical industries.

Keywords: pulses, thermal treatments, Phaseolus lunatus L., Vigna angularis L.,

Mauritia flexuosa L., Microencapsulation
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INTRODUCAO GERAL

Palmeiras como o buriti (Mauritia flexuosa L.) pertencente a familia Arecaceae,
s&o reconhecidas pelos seus frutos comestiveis (RODRIGUES et al, 2024). Os produtos
derivados do buriti, como sua polpa e 6leo, tém um grande potencial socioecondmico e
sdo utilizados em diversos produtos alimenticios (RODRIGUES et al, 2024; BOVI et al.,
2017; AQUINO et al., 2016). O dleo de buriti € rico em carotenoides, especialmente o [3-
caroteno, um precursor da vitamina A. Isso 0 torna uma alternativa promissora para
fortalecer a resposta imunologica e auxiliar no tratamento de doencas (CRUZ et al., 2020;
SANDRI et al. (2017). No entanto, o 3-caroteno tem suas aplica¢fes limitadas devido a
sua suscetibilidade a degradacdo quando exposto a diferentes condi¢bes, como luz,
oxigénio e calor, 0 que pode resultar na perda de seus beneficios. Além disso, sua baixa
solubilidade devido a hidrofobicidade dificulta sua incorporacdao em alimentos a base de
agua (BRITO-OLIVEIRA et al, 2017).

A microencapsulacdo de carotenoides € uma técnica que consiste em incorporar
esses compostos bioativos em particulas microscopicas, utilizando materiais
encapsulantes como carboidratos e proteinas. ESse processo visa preservar as
caracteristicas do material e melhorar sua estabilidade ao longo do tempo (de OLIVEIRA
etal, 2022; NGUYEN et al., 2022; RIBEIRO et al., 2020). A combinacdo de proteinas e
polissacarideos apresenta vantagens, uma vez que as proteinas agem como
emulsificantes, formando uma camada protetora ao redor dos compostos, enquanto 0s
carboidratos constituem a estrutura basica da matriz (RE, 1998). O processo de
emulsificacdo de lipidios em uma solucdo carreadora é essencial na encapsulacdo de
compostos lipofilicos, como o0leos, carotenoides e vitaminas. Isso ocorre porque a
interacdo entre polissacarideos e proteinas gera forcas eletrostaticas que contribuem para
a estabilizacdo da emulsdo (PEREIRA et al., 2019; MCCLEMENTS, 2010).

A formagéo de matrizes encapsulantes frequentemente envolve a combinagéo de
proteinas e polissacarideos em misturas binarias (RIBEIRO et al., 2020). Entre os
polissacarideos, a maltodextrina é reconhecida pela sua versatilidade, custo acessivel,
solubilidade, neutralidade, ampla disponibilidade e estabilidade térmica (MAHDAVI et
al., 2014). As pesquisas estdo explorando novas fontes de proteinas, como isolados e
concentrados, para ampliar as possibilidades de uso como matrizes em processos de

encapsulamento. Uma abordagem promissora para a microencapsulacdo de compostos
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bioativos é a combinacdo de maltodextrina com proteinas extraidas de fontes vegetais,
como leguminosas (LOCALI-PEREIRA et al, 2022, MOSER et al, 2020). As proteinas
vegetais tém despertado interesse como ingredientes em alimentos devido as suas
propriedades funcionais, valor nutricional e beneficios para a saide (SEGURA-NIETO
etal., 1994; PAREDES-LOPEZ et al., 1985).

Os gréos de feijdo sdo uma rica fonte de nutrientes essenciais para 0 organismo
humano, incluindo proteinas (20-30%) e carboidratos complexos, como amido, fibras
alimentares e oligossacarideos (55-75%). Eles desempenham um papel essencial como a
principal fonte de proteina em muitos paises em desenvolvimento (CHOE et al., 2022).
Recentemente, o feijao azuki (Vigna angularis L.) e o feijdo fava (Phaseolus lunatus L.)
tém recebido atencdo em estudos, devido ao seu potencial como fontes de proteinas e
carboidratos, tornando-os promissores para serem explorados como materiais em
processos de microencapsulacdo (YADAV et al., 2018; GARCIA et al, 2021).

Dentre os diversos componentess encontrados nos gréos de leguminosas, alguns
apresentam efeitos prejudiciais na qualidade nutricional, como os chamados fatores
antinutricionais (MOHAN, TRESINA, DAFFODI; 2016). O processamento representa
uma estratégia para potencializar a utilizacdo das leguminosas, diminuindo a presenca
desses antinutrientes. Além disso, 0 processamento promove mudancas nas
caracteristicas fisico-quimicas das farinhas resultantes, ao modificar tanto o amido quanto
as proteinas (SAHNI, SHARMA, SURASANI; 2020).

A imersdo e o cozimento sdo os métodos mais utilizados no preparo das
leguminosas, uma vez que podem diminuir o teor de fatores antinutricionais, aumentar a
disponibilidade de proteinas e minerais, e reduzir sabores indesejados (AUGUSTIN;
COLE, 2022). A aplicacdo do calor seco estimula a reacdo de Maillard, devido a baixa
umidade, o que resulta na formacdo de compostos volateis capazes de mascarar o sabor
natural das leguminosas, contribuindo para aprimorar a melhoria de suas caracteristicas
sensoriais, tanto de sabor quanto de aroma, quando utilizadas como ingredientes na
producdo de alimentos (CHOE et al., 2022; Bl et al., 2021).

Assim, a proposta deste trabalho foi a estudar as propriedades fisico-quimicas,
morfoldgicas e funcionais de farinhas de feijao azuki e fava, bem como avaliar seu
desempenho na microencapsulacédo de 6leo de buriti.

A Tese esta estruturada em capitulos, e o Capitulo 1, intitulado "Reviséo
Bibliografica Geral”, aborda o0s conceitos tedricos que fundamentaram o

desenvolvimento deste trabalho.
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O Capitulo 2, “Physical properties of azuki (Vigna angularis L.) and lima
(Phaseolus lunatus L.) beans pre-treated by soaking, boiling and toasting”, representa
a primeira parte do trabalho. Foram avaliadas as propriedades fisicas (dimensionais e
gravimétricas) dos gréos de feijdo azuki e feijdo-fava em funcéo dos pre-tratamentos de
imersdo, calor imido (fervura) e calor seco (tostagem) aplicados. O conhecimento das
caracteristicas fisicas dos graos é fundamental em diversos aspectos, desde a semeadura
até a garantia dos processos de beneficiamento, qualidade, armazenamento e transporte
dos gréos. Neste estudo os pré-tratamentos estudados modificaram as propriedades fisicas
dos graos avaliados, aumentando as dimensdes e reduzindo significativamente a massa
dos gréos e as densidades, devido ao aumento da porosidade dos gréos pela perda de
componentes e alteracdes estruturais causadas pela imerséo, fervura e tostagem.

O Capitulo 3, “Physicochemical, morphological, and functional properties of
azuki (Vigna angularis L.) and lima (Phaseolus lunatus L.) beans after soaking,
boiling, and toasting”, representa a segunda parte do trabalho no qual foram avaliadas
as propriedades fisico-quimicas e tecnofuncionais das farinhas integrais obtidas dos gréos
de feijao azuki e feijdo fava, bem como o impacto nas estruturas morfoldgicas dos
cotilédones dos grados submetidos aos pré-tratamentos de imerséo, fervura e tostagem. Os
pré-tratamentos aplicados em feijdes sdo importantes para aumentar a digestibilidade dos
grdos, reduzir os fatores antinutricionais e o tempo de cozimento. A imersdo em agua
gerou 0 menor impacto na composic¢ao, cor, propriedades tecnofuncionais e nas estruturas
do amido e proteina dos grdos. Os tratamentos térmicos de fervura e tostagem
modificaram as propriedades fisico-quimicas e morfoldgicas das farinhas, influenciando
diretamente nas propriedades de emulsificagdo, formacéo de espuma e formacao de gel.

O Capitulo 4, “Sorption isotherms of azuki (Vigna angularis L.) and lima
(Phaseolus lunatus L.) bean flours at different storage temperatures”, representa a
terceira parte do trabalho. As isotermas de sor¢do sdo ferramentas importantes para
entender e controlar a relacdo entre umidade e atividade de &gua dos alimentos,
contribuindo para a estabilidade, qualidade e seguranca dos produtos alimenticios. No
presente estudo, foram determinadas as isotermas de sor¢do de agua nas temperaturas de
15°C, 25°C, 35°C e 45°C, bem como o calor isostérico de sor¢do das farinhas de feijao
azuki e fava, contribuindo para o estabelecimento de condi¢cdes de armazenamento

adequadas para estes produtos.
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O Capitulo 5, “Stability of buriti oil microencapsulated in mixtures of azuki
and lima bean flours with maltodextrin”, representa a ultima parte da Tese. A
microencapsulacdo de 6leo de buriti, uma fonte rica em carotenoides, utilizando as
farinhas de feijdo azuki e fava como agentes encapsulantes, representa uma estratégia
promissora para proteger esses compostos sensiveis durante 0 processamento e
armazenamento. Nesse estudo, as microcapsulas apresentaram boas propriedades e
resultados satisfatdrios quanto a eficiéncia de encapsulacéo e retencdo de carotenoides,
com pequenas reducBes durante o armazenamento, 0 que indica alto potencial para

aplicacdo nas industrias alimenticia e farmacéutica.
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OBJETIVOS

O objetivo deste trabalho foi investigar os efeitos dos pré-tratamentos por imerséo,
calor imido (fervura) e calor seco (tostagem), nos graos de feijdo azuki e feijdo fava,
avaliando as caracteristicas fisico-quimicas, morfoldgicas e tecnofuncionais das farinhas
produzidas a partir desses grdos. Posteriormente, foi realizado o processo de
microencapsulacdo do 6leo de buriti, utilizando misturas binarias de maltodextrina em
conjunto com as farinhas, possibilitando a preservacdo dos carotenoides para futuras
aplicacdes.

Com base no objetivo geral apresentado, foram definidos os seguintes objetivos
especificos:

e Auvaliar o efeito dos pré-tratamentos por imersao, calor imido (fervura) e calor
seco (tostagem) nas propriedades fisicas (dimensionais e gravimétricas) dos graos
de feijao azuki e feijdo fava;

e Investigar as alteracdes fisico-quimicas e morfologicas, as propriedades
tecnofuncionais (capacidades de absorcdo de &gua/dleo, emulsificacdo,
gelificacdo, formacdo de espuma), propriedades de pasta, indice de cristalinidade
e FTIR das farinhas obtidas dos feijdes apds os diferentes pré-tratamentos;

e Estudar o comportamento de sorcdo das farinhas, em diferentes atividades de agua
(0.05 ~ 0.92) e temperaturas de armazenamento (15°C, 25°C, 35°C e 45°C);

e Estabelecer as condicdes ideais para 0 processo de microencapsulacao do 6leo de
buriti utilizando misturas binarias de maltodextrina em conjunto com as farinhas;

e Microencapsular o 6leo de buriti por secagem via spray drying e estudar a
influéncia dos materiais encapsulantes sobre o processo de microencapsulacao,
caracterizando as particulas produzidas por meio de andlises fisico-quimicas
(rendimento de processo, umidade, higroscopicidade, aw, solubilidade, avaliagéo
das propriedades colorimétricas, morfologia, eficiéncia de encapsulagédo de dleo e
carotenoides, retencéo de 0leo e carotenoides).

e Avaliar a estabilidade das microcapsulas de carotenoides durante o

armazenamento a 25°C para aplicacdes futuras em produtos.
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CAPITULO 1

REVISAO BIBLIOGRAFICA GERAL

O capitulo 1 aborda os conceitos tedricos que fundamentaram o desenvolvimento
deste trabalho.

21



1. Oleo de buriti

A biodiversidade da Amazonia brasileira apresenta muitas plantas frutiferas
exoticas, ainda pouco exploradas, com potencial significativo nas industrias alimenticia
e farmacéutica, devido aos seus nutrientes e compostos bioativos benéficos para a saude
humana (BARBOZA et al., 2022). Dentre as espécies notaveis estdo as palmeiras, como
o buriti (Mauritia flexuosa L.), pertencente a familia Arecaceae, reconhecidas pelos seus

frutos comestiveis (Figura 1).

Figura 1. Aspectos gerais do buriti (palmeira e fruto).

Fonte: KOOLEN et al., 2018.

Esses frutos sdo consumidos in natura ou processados para aplicacdo em produtos
alimenticios (RODRIGUES et al, 2024). A palmeira do buriti é considerada uma espécie
que apresenta grande potencial socioecondmico, utilizada também para fins comerciais
em subprodutos ndo alimenticios, como matéria-prima para a constru¢cdo de casas
(CUNHA et al., 2012). De acordo com dados do Instituto Brasileiro de Geografia e
Estatistica, a producdo de buriti atingiu 476 toneladas em 2019 (IBGE, 2019).

Devido a sua elevada concentracdo de carotenoides, os derivados do buriti (polpa
e 0leo), sdo empregados como uma alternativa aos corantes artificiais na industria
alimenticia em diversos produtos como sucos, bebidas, geleias, sorvetes e biscoitos
(RODRIGUES et al, 2024; BOVI et al., 2017; AQUINO et al., 2016).
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O fruto apresenta uma polpa que varia do amarelo ao vermelho-escuro, rica em
compostos bioativos como os carotenoides (principalmente 3-caroteno), o que representa
uma alternativa promissora para o tratamento de doencas (CRUZ et al., 2020; BAILAO
et al., 2015). O 6leo de buriti € composto basicamente por carotenoides, acidos graxos e
tocoferois (que apresentam atividade de vitamina E), com predominancia de acidos
graxos oleico e palmitico (BATISTA et al., 2012).

O pB-caroteno representa 74% dos carotenoides totais encontrados no 6leo,
conteddo muito superior ao encontrado na maioria das frutas brasileiras como goiaba,
pitanga, mamao, maracuja, cenoura e outras frutas, o que confere sua coloracdo vermelho-
alaranjada (FREITAS et al., 2017). E um dos carotenoides precursores da vitamina A,
conforme descrito por Sandri et al. (2017), o que pode fortalecer a resposta imunolégica
e reduzir o risco de doencas degenerativas. O buriti ainda é rico em compostos fenolicos
e fibras, que contribuem para suas propriedades nutracéuticas antioxidantes,
antimicrobianas, prebioticas, anti-diabéticas e anticancerigenas (BARBOZA et al.; 2022).

A dispersdo de 6leos em produtos alimenticios apresenta desafios, uma vez que
os lipideos possuem caracteristicas hidrofébicas e os acidos graxos sdo suscetiveis a
reacOes de oxidacdo, o que pode resultar na formacdo de compostos e aromas
desagradaveis. Além disso, os compostos bioativos, como os carotenoides, sdo sensiveis
a temperatura, luz, oxigénio e umidade (GUINAZI et al., 2009). As duplas liga¢des
conjugadas presentes na estrutura do f-caroteno (Figura 2) sdo vulneraveis a oxidagéo
guando expostas a luz ou ao oxigénio (ZERAIK, YARIWAKE; 2008).

Figura 2. Estrutura do 3-caroteno

"G U G S G T N

Fonte: ZERAIK; YARIWAKE, 2008.
Dessa maneira, a microencapsulagdo por meio do processo de secagem por spray

drying é uma abordagem viavel para contornar essas dificuldades (LOCALI-PEREIRA
etal., 2022; MOSER et al., 2020; RIBEIRO ET AL, 2020).
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2. Microencapsulacao

A microencapsulacdo com o uso de materiais de parede apropriados representa
uma tecnologia alternativa para melhorar o armazenamento e a estabilidade de compostos
bioativos (OZKAN et al., 2019). Na industria alimenticia, a microencapsulacédo apresenta
potencial de aplicacdo para varios tipos de materiais como 6leos, vitaminas, amino&cidos,
microrganismos, enzimas, corantes, 6leos essenciais, entre outros (DESAI; JIN, 2005).

O processo de microencapsulacdo consiste no encapsulamento de uma substancia
ativa ou nucleo (sélidos, liquidos ou gases) atraves de um revestimento continuo para
formar cépsulas de tamanho micrométrico a milimétrico, com o objetivo de proteger o
nacleo de condigdes adversas como luz, umidade, pH e oxigénio, aumentando a vida Util
do produto e podendo promovendo a liberacdo controlada do material encapsulado
(MAHDAVI et al., 2016). As microparticulas geralmente sdo classificadas em (i)
microcdpsulas com um Unico nucleo envolvido pelo material encapsulante, (ii)
microesferas de ndcleo disperso pela matriz e (iii) estruturas mais complexas, como
microcapsulas e microesferas apresentando multicamadas (NESTERENKO et al., 2013).

Existem diversas técnicas de microencapsulacao, como as fisicas (secagem por
atomizacdo ou spray drying, liofilizagdo, evaporacdo de solventes e precipitacdo de
fluidos supercriticos), as fisico-quimicas (coacervacdo complexa, gelificacdo ibnica e
lipossomas) e as quimicas (polimerizacdo interfacial e complexacdo de inclusdo
molecular) (TYAGI et al., 2011).

A secagem por spray drying é uma técnica bem estabelecida para conservar
alimentos liquidos, pois efetivamente limita o crescimento de microrganismos e as
reacOes de degradacdo enzimatica. Além disso, o alimento em forma de p6 tem maior
versatilidade de aplicacdo em ambientes domeésticos e industriais, pois oferece vantagens
significativas no que diz respeito ao armazenamento, transporte e distribuicdo devido a
reducdo de seu volume final (DANTAS et al., 2024). A técnica tem sido utilizada para a
producdo de pds com elevado teor de antocianinas, resultando em produtos
nutricionalmente ricos e com potencial para uso como corantes naturais (FUZETTI; de
CASTILHOS; NICOLETTI, 2022; MOSER; SOUZA; NICOLETTI TELIS, 2017;
TONON; BRABET; HUBINGER, 2010). Outros autores também demonstraram que a
microencapsulacdo de emulsdes por spray drying pode ser uma alternativa para proteger
0s carotenoides presentes em certos 0leos vegetais (RIBEIRO et al., 2020; MOSER;
FERREIRA; NICOLETTI, 2019; DIAZ et al., 2019; SOUZA et al., 2018).
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2.1. Secagem por atomizacao (Spray drying)

A técnica de secagem por spray drying é um método de encapsulamento por
atomizacao de um liquido para produzir p6 seco, utilizando um bico aspersor com uma
corrente de gas quente. Como esquematizado na Figura 3, o liquido de alimentacao (que
pode ser uma solugdo, emulsdo ou suspensdo formada pelo material ativo e agentes
carreadores de secagem) é injetado em uma camara de secagem por meio de um bico
atomizador para formar pequenas gotas; em seguida ocorre a evaporagdo do solvente por
uma corrente de gas quente e, por fim, as particulas secas sdo coletadas em um vaso
coletor (SCHAFROTH et al., 2012).

Figura 3. Representacdo esquematica de um secador por spray drying.
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Fonte: adaptado de BARCELO et al., 2024,

As propriedades fisico-quimicas dos pos resultantes da secagem por spray drying
sdo influenciadas diretamente pelos parametros do processo, incluindo temperatura de
secagem, vazdo de alimentacdo, taxa de fluxo de ar, tipo e parametros operacionais do
atomizador, tipo e concentracdo do agente carreador, bem como pelo desenho e
dimensGes da camara de secagem (SCHOUBBEN et al., 2010).
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Na formulacdo contendo o0s compostos bioativos sdo adicionados agentes
carreadores para promover a secagem, 0s quais também podem exercer a funcdo de
materiais encapsulantes. Os materiais carreadores comumente empregados na secagem
por spray drying sdo os polissacarideos (maltodextrina, ciclodextrinas e goma arabica) e
proteinas (proteinas de soro de leite, proteinas de soja e caseinato de sddio), bem como
outros ingredientes incluindo amido modificado, gelatina, goma gelana e quitosana (LEE,
WONG; 2014). Os subprodutos dos grdos de leguminosas, como as farinhas e
concentrados proteicos sdo materiais alternativos que estdo sendo estudados e tém
apresentado resultados promissores para microencapsulacdo de ingredientes por conter
elevadas quantidades de carboidratos e proteinas (LOCALI-PEREIRA et al., 2022;
MOSER et al., 2020; OZKAN et al., 2019; LEE; WONG, 2014).

As proteinas desempenham acdo emulsificante, facilitando a dispersdo de
materiais lipofilicos, enquanto os carboidratos contribuem para a estabilidade de
emulsdes pelo seu efeito de aumentar a viscosidade. Estudos demonstraram que a
presenca de proteinas pode promover a formacdo de emulsdes 6leo em agua (O/A)
(DICKINSON, MATSUMURA; 1991). Por outro lado, os carboidratos, como gomas e
amidos, tém sido amplamente empregados para aumentar a viscosidade e melhorar a
estabilidade das emulsdes (DICKINSON; 2003)

3. Producdo de emulsdes

Uma emulsdo consiste em uma mistura de dois liquidos imisciveis (6leo e agua),
onde um dos liquidos esta disperso em pequenas goticulas no outro (WALSTRA, 1996).
A substancia que compde a goticula é referida como fase dispersa, descontinua ou interna,
enquanto a substancia que envolve as goticulas é conhecida como fase continua ou
externa (MCCLEMENTS, 2004).

As emulsdes séo consideradas sistemas termodinamicamente instaveis devido a
acao de mecanismos fisico-quimicos que influenciam a mobilidade e agregacdo de suas
goticulas, podendo resultar em um produto com duas fases liquidas separadas. Para
melhorar a estabilidade das emulsdes, a industria alimenticia utiliza processos de
homogeneiza¢do para reduzir o tamanho das goticulas e agentes que atuam como
emulsificantes (DICKINSON, 1992).

Emulsificantes sdo substancias que facilitam a formacdo e estabilizacdo de

26



emulsdes, reduzindo a tensdo superficial entre fases imisciveis como 0Oleo e agua,
permitindo que se misturem de forma mais estvel. As moléculas de emulsificante
possuem uma parte hidrofilica (afinidade pela dgua) e uma lipofilica (afinidade pelo 6leo),
o0 que lhes permite se posicionar na interface entre as fases, formando uma camada que
impede a coalescéncia das goticulas de 6leo. Os estabilizantes auxiliam na manutencéo
da estabilidade das emulsdes, prevenindo a separacdo das fases ao longo do tempo,
podendo atuar de diversas maneiras, incluindo o aumento da viscosidade do sistema, a
formacéo de filmes ao redor das goticulas dispersas e a interacdo com as moléculas de
agua (DICKINSON, 2009; MCCLEMENTS, 2004; WALSTRA, 1996).

A emulsificagdo desempenha um papel fundamental na melhoria da eficiéncia do
encapsulamento de 6leos. Pesquisas indicam que o tamanho das goticulas na emulsdo tem
um impacto significativo na eficiéncia de encapsulamento do 6leo em microcéapsulas
produzidas por spray drying (RAMAKRISHNAN et al., 2018; JAFARI et al., 2008;
SOOTTITANTAWAT et al. 2005). Carboidratos frequentemente s&o combinados com
proteinas, uma vez que, por si sO, ndo possuem propriedades interfaciais para garantir a
eficiéncia do processo (GHARSALLAOUI et al., 2007).

A combinacéo de proteinas e polissacarideos para formar complexos poliméricos
destinados a aplicacdo em emulses, dispersdes e géis tem sido objeto de estudos na area
de alimentos. A adi¢do de um polissacarideo junto a uma proteina, ajustando-se o pH
abaixo de seu ponto isoelétrico promove a complexacdo dos polimeros, produzindo
emulsdes mais estaveis (ALBANO et al., 2019). Essa combinacdo oferece vantagens
significativas, pois as proteinas desempenham o papel de emulsificantes, formando uma
camada protetora ao redor das goticulas de 6leo, enquanto os carboidratos constituem a
base da matriz (RE, 1998). Dentro do grupo de proteinas, é comum a combinacdo das
proteinas do soro de leite e da soja com a maltodextrina para formar matrizes de
encapsulamento (NESTERENKO et al., 2013).

Recentes estudos tém explorado novas fontes proteicas, como farinhas, isolados e
concentrados, ampliando possibilidades de aplicagdo como matrizes em processos de
encapsulacdo. Uma combinagdo promissora para a microencapsulagdo de compostos
bioativos envolve o uso de maltodextrina em conjunto com proteinas de fontes vegetais,
como leguminosas. Moser et al. (2020) investigaram complexos interfaciais de pectina e
proteina de gréo de bico, resultando em filmes interfaciais mais estaveis. Apos a secagem
das emulsdes por spray drying, observou-se uma maior eficiéncia de encapsulacéo e

estabilidade lipidica durante o armazenamento. Locali-pereira et al. (2022), estudando
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misturas binarias de maltodextrina com farinhas integrais de feijdo vermelho e feijao
moyashi obtiveram resultados promissores para microencapsulacdo do 6leo de buriti,
demonstrado pela eficiéncia de encapsulacédo e valores de retencéo total de éleo.

4. Materiais de secagem

4.1.Maltodextrina

Os polissacarideos sdo os polimeros mais abundantes na biosfera, sendo o amido
o carboidrato dominante na Terra, desempenhando um papel central na nutricdo dos
organismos Vvivos (APRIYANTO; COMPART,; FETTKE, 2022). O amido pode ser
obtido a partir de cereais, leguminosas, tubérculos e raizes, encontrando-se em 6rgdos de
reserva (amiloplastos) dos vegetais (LEONEL; CEREDA, 2002). E um material de
interesse comercial por ser abundante na natureza, biodegradavel, renovavel, atéxico,
baixo custo e pode ser utilizado em diversas aplicacbes alimenticias (produtos de
panificacdo, lacteos e carneos) e ndo alimenticias (farmacéuticos, téxteis, corantes,
biocombustiveis) (ZEEMAN; KOSSMANN; SMITH, 2010).

O amido em seu estado natural pode ser convertido em uma ampla gama de
produtos conhecidos como hidrolisados. As maltodextrinas sdo carboidratos obtidos por
meio de processos de hidrélise do amido, os quais podem ser acidos, acido/enzimaticos
ou com o uso de uma dupla de enzimas. Todos esses hidrolisados sdo caracterizados por
um valor de equivalente de dextrose (DE) variando de 2 a 20, o qual representa a
quantidade de acucar redutor, calculado como o percentual de dextrose em relacdo ao
peso seco da amostra (DOKIC; JAKOVLIJEVIC; DOKIC-BAUCAL, 1998).

As maltodextrinas sdo reconhecidas como eficazes em processos de encapsulacgéo,
pois apresentam baixa viscosidade, boa solubilidade em &gua fria e auséncia de sabor. No
entanto, devido as suas limitadas propriedades emulsificantes, elas ndo sdo adequadas
para serem utilizados como carreadores na microencapsulacéo de 6leos. Dessa maneira,
¢ realizada uma combinacdo de materiais para melhorar a eficiéncia da
microencapsulacdo (POURAHOURI et al., 2014). Devido ao seu elevado numero de
ramificacOes (Figura 4), a maltodextrina adquire uma forma helicoidal, o que resulta em

volumes menores e uma viscosidade minima, possibilitando a adi¢cdo de quantidades
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consideraveis de maltodextrinas em misturas, sem impactar significativamente a
viscosidade final (LOPEZ, CARVAJAL, MILLAN; 2009).

Figura 4. Estrutura molecular da maltodextrina.

Fonte: LOPEZ; CARVAJAL; MILLAN, 2009.

4.2 Proteinas

Uma das classes de macromoléculas de grande importancia bioldgica para os seres
vivos sdo as proteinas, pois constituem parte da composicao estrutural da célula e sdo
responsaveis por inumeras fungdes fisioldgicas (VOET; VOET; PRATT, 2008).
Atualmente, as pesquisas sobre novas fontes alternativas de proteina estdo avaliando
proteinas de grdos, sementes, leguminosas, peixes, microrganismos, algas e folhas
(LOPEZ et al., 2018). O emprego adequado das proteinas em sistemas alimentares
depende de suas propriedades funcionais, que estdo relacionadas com suas caracteristicas
fisicas, quimicas e conformacionais (ALTSCHUL; WILCKE, 2013).

Os polimeros complexos que formam as proteinas sdo compostos por unidades
estruturais basicas de aminoacidos, ligados entre si por meio de ligacdes amida, com
carater parcial de dupla ligacdo, dando origem a diversas formas estruturais
tridimensionais. Os aminoacidos consistem de um atomo de carbono a ligado
covalentemente a um atomo de hidrogénio, um grupo amino, um grupo carboxilico e um
grupo R de cadeia lateral (Figura 5) (DAMODARAN; PARKIN; FENNEMA, 2010).

Figura 5. Estrutura de a-aminoacido ocorrente em proteinas.
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Fonte: DAMODARAN; PARKIN; FENNEMA, 2010.
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4.2.1. Proteinas de origem vegetal

O consumo de produtos a base de plantas tem sido uma tendéncia nos ultimos
anos, principalmente para individuos que buscam um estilo de vida mais saudavel e
sustentavel. O mercado plant based apresenta constante crescimento em funcdo da
procura por alternativas que substituam a carne e supram a necessidade da proteina na
dieta humana (REVILLION et al., 2020). Fragbes proteicas extraidas de grdos como
cereais e leguminosas apresentam diversas vantagens como biocompatibilidade,
biodegradabilidade, boas propriedades anfifilicas e funcionais, como solubilidade em
agua, formacdo de gel, estabilidade térmica, capacidade emulsificante e capacidade
espumante (XIONG et al., 2018; NESTERENKO et al., 2013). Essas proteinas podem ser
exploradas como ingredientes em produtos alimenticios por fornecer propriedades
funcionais, nutrientes essenciais e beneficios a salde (SEGURA-NIETO et al., 1994,
PAREDES-LOPEZ et al., 1985). As proteinas vegetais sdo constituidas em varias frages:
a fracdo principal € a glutenina (solvel em solug6es aquosas alcalinas), a fracao globulina
(soltvel em solucdes salinas), seguidas pela albumina e prolamina, fracdes sollveis em
agua e etanol, respectivamente (NESTERENKO et al., 2013; OSBORNE; CLAPP, 1907).

A solubilidade é uma importante caracteristica das proteinas para aplicacdes
industriais. As proteinas vegetais podem assumir solubilidades distintas, sendo as
globulinas muito soltveis (AMAGLIANI et al, 2017). A capacidade emulsificante das
proteinas esta relacionada a capacidade da proteina em diminuir a tensdo interfacial entre
os grupos hidrofilicos e hidrofobicos presentes nas fases dispersa e continua e a sua
solubilidade em &gua é um aspecto muito relevante (KINSELLA, 1976; CRENWELGE
et al., 1974). Propriedades como capacidade de absorcdo de agua e 6leo sdo atribuidas,
respectivamente, a interacdo das proteinas com a agua por meio de ligacdes por pontes de
hidrogénio e aos grupos hidrofobicos presentes na molécula e sua interacdo com cadeias
apolares (ORDONEZ; 2005; SILVA-SANCHES et al., 2004).

As caracteristicas das proteinas podem ser alteradas por fatores como o pH do
meio, tratamentos térmicos, concentragdo de sais e outros ingredientes, como por
exemplo, 6leos (ORTIZ et al, 2009). Quando expostas ao agquecimento, as proteinas
vegetais passam pelo processo de desnaturacdo e seus grupos hidrofobicos séo expostos
a superficie, onde podem interagir com a &gua formando géis ou filmes (LIN et al., 2017).

Propriedades fisico-quimicas como tamanho, forma, composicao e sequéncia de

aminoacidos, estruturas, hidrofobicidade/hidrofilicidade, distribuicdo de carga e
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capacidade de interacdo controlam a funcionalidade proteica (DAMODARAN; PARKIN;
FENNEMA, 2010).

4.2.1.1. Leguminosas

Amplamente cultivadas em todo o0 mundo, as leguminosas podem ser designadas
alternativamente pelo termo “pulses” (YADAYV et al., 2018). Os graos de leguminosas
sdo uma rica fonte de proteinas, particularmente para pessoas com habitos alimentares
vegetarianos, representando a principal fonte de proteinas nesse tipo de dieta (MECHA
et al., 2021). Além de suas contribuicdes proteicas, as leguminosas também sao ricas em
nutrientes como amido, fibra, carboidratos, compostos bioativos, vitaminas e minerais
(YADAV et al., 2018), sendo o amido a principal forma de reserva, normalmente
depositado nas células dos cotilédones, podendo atingir mais de 50% do grdo em massa
seca (SENO; GOMES; CORTELAZZO, 1996).

As leguminosas podem ser utilizadas como ingredientes em alimentos na sua
forma inteira ou como farinhas, expandindo possibilidades de aplicacGes. Varios
trabalhos tém sido desenvolvidos com relacdo a caracterizagdo, processamento e
propriedades funcionais das leguminosas (MALCOLMSON; HAN, 2019). As farinhas
dos grdos de leguminosas tém sido intensamente estudadas, particularmente como
fortificacdo em produtos basicos como pédes e massas, com 0 objetivo de desenvolver
novos alimentos ricos em proteinas, fibras, minerais e compostos bioativos (CODA et al.,
2017; VAZ PATTO et al., 2015; ANGIOLONI; COLLAR, 2012). Devido aos problemas
de salde publica, como doencas cardiacas e obesidade, relacionados ao consumo de
gordura, muitos estudos estdo testando a substituicdo de gordura por farinhas de
leguminosas na producdo de produtos carneos (ASLINAH; YUSOFF; ISMAIL-FITRY,
2018; SHAHIRI TABARESTANI; MAZAHERI TEHRANI, 2014; PIETRASIK; JANZ,
2010). As farinhas apresentam propriedades nutricionais e funcionais (afinidade por agua,
gelificacdo, aumento de viscosidade, capacidade de formacao de espuma e emulsificacéo)
desejaveis para seu uso como ingredientes alimenticios (AUGUSTIN; COLE, 2022).

Ha muito tempo, a soja vem sendo a principal proteina vegetal utilizada em
produtos alimenticios, devido ao seu elevado teor proteico e bom desempenho nas
propriedades tecnofuncionais (de PAIVA GOUVEA et al., 2023). Entretanto, devido as

preocupacOes com alergias, ha um aumento significativo no interesse por explorar outras
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fontes de proteinas (VALLATH et al., 2022; LUBER et al., 2015). Como forma de
substituir a soja, outros grdos como a ervilha, gréo de bico, lentilha e feijdo estdo sendo
avaliados como fontes alternativas de proteinas para serem utilizadas no desenvolvimento
de novos produtos (SA; MORENO; CARCIOFI, 2020).

As leguminosas como o feijdo, tém sido intensamente estudadas e empregadas,
particularmente na fortificagdo de produtos, com o intuito de desenvolver novos
alimentos ricos em proteinas, fibras, minerais e compostos bioativos (CODA et al., 2017;
VAZ PATTO et al., 2015).

4.2.1.1.1. Feijdo

O feijdo comum (Phaseolus vulgaris L.) é pertencente a familia Fabaceae e teve
sua origem no México. A imigracdo humana e o comércio levaram a movimentagéo e ao
cultivo dos gréos, tornando o feijao um alimento basico em quase todas as localidades
geograficas do mundo (WILKER et al., 2019; BITOCCHlI et al., 2012). De acordo com a
FAOQ, o feijdo é considerado a leguminosa mais consumida no mundo, representando uma
fonte barata de nutrientes, principalmente para as populagbes de baixa renda
(HERNANDEZ-GUERRERO et al., 2021; KACHINSKI et al. 2020). Taxonomicamente,
Phaseolus vulgaris L. é a espécie do género Phaseolus L., pertencente a tribo Phaseoleae,
subfamilia Papilionoideae, familia Leguminosae, ordem Rosales e classe
Dicotyledoneae. O género Phaseolus L. inclui aproximadamente 35 espécies
(DEBOUCK et al., 1986).

O feijoeiro apresenta um fruto do tipo legume, mais conhecido como vagem. A
estrutura externa simplificada do grdo de feijdo € constituida por casca ou tegumento,
hilo, halo e rafe (Figura 6A). A casca é originaria dos tegumentos do ovario. O hilo € uma
cicatriz responsavel pela conexao da semente com a placenta. O halo € uma estrutura ao
redor do hilo. A rafe origina-se da juncdo com os tegumentos externos do évulo. A
micropila € a abertura pela qual o grdo absorve 4gua durante o processo de germinacéo.
Internamente, a semente € formada por dois cotilédones, o embrido que € composto por
uma pldmula, duas folhas primarias, um hipocotilo e uma radicula (Figura 6B). O
complexo radicula-plimula esté localizado entre os cotilédones em direcao a face ventral
do grédo, de modo que a radicula fica em contato com a micrépila. As reservas nutricionais

do gréo estdo concentradas nos cotilédones, que podem ser cilindricos, esféricos ou em
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formato de rim (CARBONELL; CHIORATO: BEZERRA, 2021; DEBOUCK et al.,
1986).

Figura 6. Estruturas externas (A) e internas (B) da semente do feijoeiro.

Tegumento Cortex
Micrépila Plumula
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Fonte: adaptado de VIEIRA; RAVA, 2000.

O feijdo € considerado uma importante fonte de nutrientes essenciais ao ser
humano, como proteinas (20-30%) e carboidratos complexos, incluindo amido, fibras
alimentares e oligossacarideos (55-75%), representando a principal fonte de proteinas
para a populagdo de paises em desenvolvimento na Africa, Asia e América Latina (CHOE
et al., 2022). Além disso, os feijoes desempenham um papel proeminente na dieta de
muitos vegetarianos, representando uma fonte alternativa de proteina as fontes animais e
podem contribuir para alguns dos beneficios a saude relacionados a prevencdo de
obesidade, doencgas cardiacas, cardiovasculares, diabetes e cancer. Tais beneficios sdo
decorrentes de atributos como baixo teor de gordura e elevado teor de nutrientes do feijdo
(MESSINA, 2014).

Nas ultimas décadas, o feijdo tem sido considerado um alimento com potencial
nutracéutico devido ao seu contetido de compostos bioativos, como os polifendis, amido
resistente, oligossacarideos e peptideos bioativos (LUNA-VITAL et al., 2015). Em
comparagdo a outros alimentos com elevado teor de carboidratos, o feijao apresenta um
baixo indice glicémico, provavelmente devido a sua alta quantidade de amido resistente
e fibras, tornando o amido menos digerivel e formando um gel viscoso, podendo produzir
beneficios clinicamente relevantes. No estbmago, o gel se move lentamente para o
intestino delgado, retardando assim a absorcdo de glicose na corrente sanguinea
(CHIGWEDERE et al., 2018; JENKINS et al., 1980).
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Dentre as diversas variedades de feijdo, o feijao azuki e o feijdo fava sdo alimentos
que vém sendo estudados nos ultimos anos e apresentam potencial para exploragdo como

fontes de proteinas ndo convencionais.

4.2.1.1.2. Feijao azuki

O feijao azuki (Vigna angularis L.) é pertencente a familia Fabaceae e originario
de regides tropicais da Asia, sendo uma das mais importantes culturas no Japdo, China e
Coreiado Sul (MUKALI; SATO, 2011). No Brasil, a cultura do feijdo azuki foi introduzida
pelos descendentes de imigrantes japoneses e se adaptou bem ao clima, porém, ainda é
pouco consumido pelos brasileiros (GOHARA et al, 2016). Em paises do leste asiatico,
o feijdo azuki € utilizado na producdo de Oleo vegetal, alimentos fermentados e
processados (CHUN et al., 2021).

O feijdo azuki possui sabor adocicado e o cultivar de cor vermelha é o mais
apreciado pela populagdo oriental (MARUYAMA et al., 2008). O termo ‘‘azuki’’ ¢ uma
palavra japonesa que significa pequeno, devido ao tamanho reduzido de seus gréaos. No
Japdo, os grdos sdo cozidos e usados para produzir pastas adogadas para uso em
confeitarias (KITANO-OKADA et al.,, 2012). Na China, o feijdo azuki ¢é utilizado
principalmente na producéo de bolos e doces (SONG; YU, 2018).

Os gréos de feijdo azuki apresentam em suas cascas uma fonte potencialmente rica
em polifendis, como as antocianinas (proantocianidinas), capazes de atuarem como
antioxidantes naturais, além de apresentarem uma rica composi¢do em carboidratos (57-
62%), proteinas (17-21%), fibras (12-13%) e possuir uma baixa quantidade de lipideos
(YADAV et al., 2018; MUKAI; SATO, 2009). Nas Tabelas 1 e 2, encontra-se a
composicao quimica e o perfil de aminoacidos para os graos de feijdo azuki. Dentre uma
variedade de beneficios para a salde, estudos tém demonstrado que o extrato de feijao
azuki contendo polifendis apresentou uma série de efeitos benéficos na prevencdo da
obesidade, uma importante questdo de salde publica, podendo efetivamente inibir o
acumulo de lipidios e melhorar o metabolismo (KITANO-OKADA et al., 2012). Os
polifendis apresentam efeitos antioxidantes, regulam a glicemia, podem atenuar os niveis
da presséo arterial, diminuir a concentracéo de triglicerideos e prevenir o cancer (SONG;
YU, 2018). Por conter polifendis ricos em antocianinas, 0s extratos de feijao azuki tém
sido utilizados como antioxidante natural na producdo de produtos carneos
(JAYAWARDANA et al., 2011).
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Tabela 1. Composicéao nutricional e mineral para 100 g de feijdo azuki.

Nutrientes Quantidade Minerais Quantidade
Calcio 66 mg
Agua 13.4¢ Ferro 4.98 mg
Proteinas 1999 Magnésio 127 mg
Lipideos totais 0.53¢g Fosforo 381 mg
Cinzas 3.26¢ Potéssio 1250 mg
Fibras totais 12.79 Sodio 5mg
Carboidratos* 6299 Zinco 5.04 mg
Cobre 1.09 mg
Manganés 1.73 mg
Selénio 3.1 ug
*Carboidratos por diferenca.
Fonte: USDA, 2019.

Tabela 2. Composicao de aminoacidos para 100 g de feijao azuki.

Aminoacidos Quantidade Aminoacidos Quantidade
Treonina 0.674¢ Arginina 1.28¢
Isoleucina 0.791¢g Histidina 0.524 g

Leucina 1.67¢ Alanina 1.16 ¢
Lisina 159 Acido aspartico 2.36 9
Metionina 0.21¢ Acido glutamico 3.1¢g

Cistina 0.184 ¢ Glicina 0.756 g

Fenilalanina 1.05¢ Prolina 0.874 g
Tirosina 0.591¢ Serina 0.976 g

Valina 1.02g Triptofano 0.191¢g
Fonte: USDA, 20109.
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Apesar de seu amplo potencial, o feijao azuki raramente tem sido foco de estudos
para o desenvolvimento de alimentos funcionais (SONG; YU, 2018) e seu uso como
alimento ainda é pouco explorado (YADAV et al., 2018). Neste estudo, o feijao azuki do
cultivar de cor vermelha (Figura 7) esta sendo estudado como potencial fonte de proteinas

de origem vegetal.

Figura 7. Gréos de feijdo azuki vermelho utilizados neste trabalho.
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Fonte: AUTORA, 2024.

4.2.1.1.3. Feijao fava

O feijdo lima (Phaseolus lunatus L.), também conhecido como feijdo fava, é uma
espécie domesticada pertencente ao género Phaseolus, familia Fabaceae, sendo a segunda
espécie mais importante do género apo6s o feijdo comum (Phaseolus vulgaris L.) em
termos de interesse econdmico (GARCIA et al., 2021; ESQUIVEL-MARTINEZ et al.,
2024). De acordo com a FAO (2020), o feijdo fava apresenta alto valor nutricional, sendo
consumido na alimentagdo humana e animal.

O feijdo fava apresenta duas variedades botanicas, incluindo populac6es selvagens
(Phaseolus lunatus L. var. silvester) e populacdes domesticadas (Phaseolus lunatus L.
var. lunatus), podendo ser encontrados em uma ampla variedade de condi¢des climéticas
(GARCIA et al, 2021; MARTINEZ-CASTILLO et al. 2014). A domesticagio do feijdo
fava representa uma adaptacdo ecoldgica que o torna uma cultura promissora para a
seguranca alimentar em diversas localidades geograficas (GARCIA et al, 2021).

Nas Tabelas 3 e 4, encontra-se a composi¢ao quimica e o perfil de aminoacidos

para os graos de feijdo fava.
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Tabela 3. Composicao nutricional e mineral para 100 g de feijdo fava.

Nutrientes Quantidade Minerais Quantidade
Calcio 81 mg
Agua 10.2 ¢ Ferro 7.51 mg
Proteinas 215¢ Magnésio 224 mg
Lipideos totais 0.69¢ Fosforo 385 mg
Cinzas 43¢ Potéssio 1720 mg
Fibras totais 199 Sodio 18 mg
Carboidratos* 63.49 Zinco 2.83mg
Cobre 0.74 mg
Manganés 1.67 mg
Selénio 7.2 ug

*Carboidratos por diferenca.

Fonte: USDA, 2019.

Tabela 4. Composicao de aminoacidos para 100 g de feijao fava.

Aminoacidos Quantidade Aminoacidos Quantidade
Treonina 0.927¢g Arginina 1.32¢g
Isoleucina 1.13¢ Histidina 0.656 g

Leucina 1.85¢ Alanina 119
Lisina 1.44 g Acido aspartico 2779
Metionina 0.271¢g Acido glutamico 3.04¢9
Cistina 0.237¢g Glicina 0.906 g

Fenilalanina 1.24 g Prolina 0.975¢
Tirosina 0.759¢ Serina 1439

Valina 1.29¢ Triptofano 0.254 g

Fonte: USDA, 2019.
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Em paises em desenvolvimento, o feijdo fava representa uma fonte valiosa de
nutrientes, pois os grdos apresentam valor nutricional e oferecem beneficios a saude,
apresentando contetdo nutricional de proteinas (20%), carboidratos (50%) e fibras (30%),
elevados teores de aminoacidos essenciais como triptofano, lisina, metionina,
fenilalanina, treonina, valina, isoleucina e leucina, minerais e alta solubilidade proteica,
representando uma boa fonte de proteina vegetal com potencial para aplicacdo em
alimentos (GARCIA et al, 2021; SEIDU et al, 2015).

As variedades cultivadas inicialmente eram de origem sul-americana,
concentradas no Peru, desenvolvidas pela civilizacdo Inca, mas atualmente estdo
amplamente distribuidas em regiGes de clima tropical e subtropicais da América Central
e América do Sul, passando por regibes do México, Canada e Estado Unidos, incluindo
outras regides do mundo, como os paises da Europa mediterranea (MARTINEZ-NIETO
et al, 2020; MARTINEZ-CASTILLO et al. 2014).

Os grdos de fava apresentam grande variabilidade fenotipica, com diferencas no
tamanho, peso, formato e uma ampla variedade de cores (GARCIA et al, 2021). As cores
possuem grande importancia econémica, pois estdo associadas a aceitacdo pelos
consumidores. Geralmente a cor mais clara é associada ao sabor menos amargo e menor
tempo de cozimento (DANTAS et al, 2023), mas o0s grdos variam do branco, marrom,
amarelo, rosa, vermelho, roxo, preto, cinza até manchados (CAMARA et al, 2023)
(Figura 8). Por apresentar uma grande heterogeneidade nas caracteristicas dos grdos, a
fava recebe diferentes nomes dependendo da regido em que serd comercializada
(DANTAS et al, 2023).

Figura 8. Gréos de feijdo fava (Phaseolus lunatus L.) e suas cores
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Fonte: CAMARA et al., 2023.
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No Brasil, a fava representa uma importante fonte proteica na alimentacdo de
diversas etnias indigenas brasileiras, apresenta grande variabilidade e é plantada por
pequenos produtores familiares de diferentes regides, principalmente na regido Nordeste,
possuindo boa adaptacdo a regido semiarida, com solos de baixa fertilidade e escassez de
agua (DANTAS et al, 2023). Nas fazendas dos pequenos produtores os grdos sdo
preservados e multiplicados, promovendo a diversidade genética (SOARES et al. 2022).
De acordo com o IBGE (2021), a o Nordeste brasileiro é responsavel por mais de 90% da
producdo nacional de feijdo fava. Neste estudo, o feijao fava de tegumento branco

(Figura 9) esté sendo avaliado como potencial fonte de proteinas de origem vegetal.

Figura 9. Gréos de fava branca utilizados neste trabalho.

Fonte: AUTORA, 2024.

4.2.1.2.Pré-tratamentos em graos de leguminosas

Dentre os diversos componentes presentes nos grdos de leguminosas, alguns
impactam negativamente na qualidade nutricional, como os fatores antinutricionais. Esses
compostos sé@o metabolitos de defesa produzidos pelas plantas e quando consumidos na
dieta humana podem causar efeitos fisioldgicos adversos. Fatores antinutricionais como
inibidores de protease, inibidores de amilase, lectinas, goitrogénios e fatores
antivitaminicos sdo termolabeis, enquanto aminoacidos ndo proteicos, alcaloides,
glicosideos cianogénicos, taninos, saponinas, flavonas, isoflavonas, glicosideos de
pirimidina e os oligossacarideos produtores de flatuléncia sdo estaveis ao calor (MOHAN,
TRESINA, DAFFODI; 2016).
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O processamento € uma alternativa utilizada para aumentar o uso das leguminosas,
reduzindo seus antinutrientes. Além disso, 0 processamento altera as propriedades fisico-
quimicas das farinhas processadas pela modificagdo do amido e proteinas (SAHNI,
SHARMA, SURASANI; 2020). As farinhas de leguminosas podem ser utilizadas como
ingredientes em alimentos, expandindo possibilidades de aplicagdes. Diversos estudos
para caracterizar, processar e analisar as propriedades funcionais das leguminosas estao
sendo investigados (LOCALI-PEREIRA et al, 2024; CHOE et al., 2022;
MALCOLMSON; HAN, 2019).

A imersdo e 0 cozimento sdo 0s meétodos mais utilizados no preparo das
leguminosas, uma vez que podem reduzir o conteudo de fatores antinutricionais,
aumentar a disponibilidade de proteinas e minerais e reduzir sabores indesejaveis
(AUGUSTIN; COLE, 2022). A imersdo é um pre-tratamento comumente utilizado para
reduzir o tempo de cozimento do feijao e eliminar compostos como taninos, inibidores de
tripsina e oligossacarideos associados a flatuléncia por lixiviagdo (CARTER,
MANTHEY; 2019).

Os processos por aguecimento sdo divididos em calor umido e calor seco. O
processo por calor tmido ou cozimento em agua fervente reduz a presenca da maioria dos
fatores antinutricionais, como os inibidores de tripsina e quimotripsina, a0 mesmo tempo
em que melhora a qualidade organoléptica dos graos. 1sso ocorre devido ao aumento da
absorcéo de agua e da plasticidade durante o cozimento. Os granulos de amido dentro das
células do cotilédone se hidratam e expandem, favorecendo a gelatiniza¢do (CHOE et al.,
2022; REHMAN et al., 2004; ABU-GHANNAM, MCKENNA, 1997).

No método de calor seco ocorre o fenémeno de reticulacéo das proteinas ao redor
dos granulos de amido, fortalecendo a rede proteica. Além disso, o calor seco estimula a
reacdo de Maillard devido ao baixo teor de umidade, gerando compostos volateis que
podem mascarar o sabor natural do feijdo, contribuindo para a melhoria das caracteristicas
sensoriais de sabor e aroma quando utilizados como ingredientes na producdo de
alimentos. (CHOE et al., 2022; Bl et al., 2021).
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CAPITULO 2

Physical properties of azuki (Vigna angularis L.) and lima (Phaseolus
lunatus L.) beans pre-treated by soaking, boiling, and toasting
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Abstract

Pre-treatments are processes used on legume grains with the aim of improving their
quality, texture, flavor, and digestibility, reducing anti-nutritional factors. Knowledge of
the physical properties of pre-treated grains is important in several aspects, from
agriculture in the sizing of machinery and equipment, to the food industry and scientific
research. In this context, the physical properties (dimensional and gravimetric) of azuki
bean and lima bean grains were evaluated as affected by the applied pre-treatments of
soaking, moist heat (boiling) and dry heat (toasting). The pre-treatments changed the
physical characteristics of the beans, increasing the grain dimensions and significantly
reducing grain mass (mi.o00), the bulk density (pv), and the true density (pt), as a
consequence of increased porosity (g) of grains due to the loss of components and
structural changes. It is concluded that the physical properties were directly influenced
by the processes applied and toasting was the pre-treatment that most modified the
physical properties. This information can be useful to optimize pre-treatment processes

and improve the beans quality.

Keywords: pulses, thermal treatments, dimensional properties, gravimetric properties
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1. INTRODUCTION

In recent years, several researchers have been dedicated to understanding the
physical properties of a variety of grains, such as soy (AZADBAKHT et al., 2013), corn
(HELMY et al., 2009), sunflower (GUPTA; DAS, 1997), mustard (DAMIAN, 2014),
chickpeas (KONAK et al., 2002) and coffee (CHANDRASEKAR, VISWANATHAN;
1999). Knowledge of the physical properties of grains is critical for agricultural engineers
to act in the development of processing machines, new tools and sowing equipment,
enabling production mechanization, labor reduction, cultivation in larger areas and in less
time (ANANDAKUMAR et al., 2022).

The physical properties of the grains depend on the variety and conditions of
cultivation (HELMY et al., 2002). The shape and size of the grain are important
parameters for separation and classification operations. The characteristic dimensions
such as length (L), width (W) and thickness (T) allow the calculation of area and volume
occupied by grains, important aspects in drying and ventilation modeling. In addition, the
determination of gravimetric properties such as density and porosity are necessary for the
projection of dryers, bulk storage facilities, and transportation systems and vehicles
(MANSOURI, MIRZABE, RAUFI; 2017). These properties are also important for
calculating the dimensions of packaging used to contain the grains (VARNAMKHASTI,
2008).

The lima bean (Phaseolus lunatus L.) has a South American origin and is widely
distributed throughout tropical and subtropical regions of the world (MARTINEZ-
NIETO et al, 2020). It is a legume known for its physical and nutritional characteristics,
being notably valuable for its high protein and fiber content. Lima beans have flat grains
with color ranging from white, cream, green, red, purple, brown, and black, depending
on the variety (ARAQOYE et al., 2024). Lima beans are cultivated to a smaller scale and
consumed less frequently compared to other legumes due to the presence of
antinutritional factors such as trypsin and amylase inhibitors, hemagglutinin,
thioglycoside, and cyanide-producing glycosidases (OKEKUNLE et al., 2020; OBOH et
al., 2000).

The azuki bean (Vigna angularis L.) originates from the east Asia, being widely
cultivated in countries such as Japan, China and Korea for their nutritious protein and

starch content (Bl et al.; 2021). The red cultivar is the most appreciated by the eastern
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population (MARUYAMA et al., 2008). Azuki bean grains are rich in polyphenols, such
as anthocyanins, capable of acting as natural antioxidants, as well as having a rich
composition in carbohydrates, proteins, fiber and having a low amount of lipid (YADAV
et al., 2018; MUKAI; SATO, 2011). Azuki beans are widely used as an ingredient in
desserts due to their sweet taste and have greater acceptance after processing than in their
raw form (YOUSIF, KATO, DEETH, 2007). Methods frequently used to process azuki
beans include frying, roasting, and boiling, as these techniques help in the inactivation of
lipolytic enzymes, reducing the unpleasant flavors present in raw beans (Bl et al.; 2021).

Leguminous grain processing is an alternative to reducing the content of
antinutritional compounds. Among the most used traditional domestic preparation
methods are soaking and cooking (AUGUSTIN; COLE, 2022). Soaking reduces cooking
time and improves the digestibility of grains, while cooking is essential to soften grains
and make them safe for consumption, while enhancing their taste and texture (OBOH et
al., 2000). Another widely used method is dry heat thermal processing, which promotes
the Maillard reaction due to low humidity, promoting the formation of volatile
compounds that can mask the flavor of beans, improving their sensory characteristics
(CHOE et al., 2022; Bl et al., 2021).

To the best of our knowledge, there are no published studies dedicated to evaluate
the physical properties of azuki and lima beans as affected by thermal pretreatments.
Thus, this study aims to analyze the dimensional, physical, and gravimetric properties of
azuki and lima bean grains, fresh and pre-treated by soaking, moist heat (boiling) and dry

heat (toasting).

2. MATERIALS AND METHODS

2.1. Materials

The materials used were azuki bean grains and lima bean grains, purchased in
local market, in the city of Sdo Paulo (S&o Paulo, Brazil), and analytical grade toluene

(Dinamica, Indaiatuba, Brazil).
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2.2.Methods

2.2.1. Pre-treatments of grains

Azuki bean and lima bean grains were pretreated by soaking, boiling, and toasting
and their properties were compared were evaluated to fresh grains used as control
(Figure 1).

Figure 1. Azuki bean (A) and lima bean (B) control (fresh) and subjected to soaking,
boiling and toasting pre-treatments.

Control Soaking Boiling Toasting

Source: AUTHOR, 2024.

(i) Soaking pre-treatment: the grains were immersed in water (1 kg/5 L) at
25 °C for 12 h followed by drying in an oven at 60 °C for 12 h.

(i)  Boiling pre-treatment (moist heat): the grains were immersed in water
(1 kg/5 L) for 12 h, boiled in clean water (1 kg/3 L) at 100 °C for 10 min, and
dried in an oven at 60 °C for 12 h.

(i)  Toasting pre-treatment (dry heat): the grains were immersed in water
(1 kg/5 L) for 12 h, followed by toasting in an electric pan (air fryer) at 200°C
for 10 min. Afterwards the grains were dried in an oven at 60 °C for 12 h.
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2.2.2. Physical properties of grains

The measurements to assess the physical properties of the grains were carried out
in five group replications with 10 randomly selected grains, based on the work of
Mansouri, Mirzabi, Raufi (2017).

2.2.2.1.Length (L), width (W) and thickness (T)

The three dimensions of the grains - length (L), width (W) and thickness (T) -
were measured in mm, using a digital caliper, with an accuracy of 0.05 mm, as illustrated
in Figure 2.

Figure 2. Axes L, W, T of the bean grains.

L

W

Source: AUTHOR, 2024.

2.2.2.2.Arithmetic mean diameter (Da) and geometric mean diameter (Dg)

The arithmetic mean diameter (Da) of beans was calculated in mm, according to
Sangamithra et al. (2016), using Equation (1).

(L+W+T)

Da (Mmm) = Eq. (1)

The geometric mean diameter (Dg) of the grains was determined in mm, according
to Hamdani et al. (2014), using Equation (2).

Dg (mm) = (LWT)/3 Eq. (2)
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2.2.2.3.Sphericity ( ¢ ), surface area (S) and volume (V)

The sphericity (¢) of the grains was calculated in percentage, according to Baryeh
(2002), using Equation (3).

o (%) = [W] 100 Eq. (3)

The surface area (S) and volume (V) of the grains were calculated in mm?2 and
mm3, respectively, according to Mansouri, Mirzabi, Raufi (2017), using Equations (4)
and (5).

S (mm?) = n(Dg)? Eq. (4)

V (mm3) = “(DTf)g Eq. (5)

2.2.2.4. Thousand grains mass (mazw.o00), bulk density (pb), true density (pt) and
porosity (g).

The mass of thousand grains (mi.000) Was evaluated by weighing 100 randomly
selected grains in a digital balance, with an accuracy of 0.01 g, and multiplying by 10 to

obtain the mass of 1.000 grains, expressed in g (Mansouri, Mirzabi, Raufi, 2017).

The bulk density (pp) or apparent density was determined by weighing the mass
of grains that occupied the volume of a 1.000 mL cylinder and calculated in kg/ms3,

according to Anandakumar et al. (2022).

The true density (pr) was determined according to Milani et al. (2007). In a
cylinder, 50 mL of toluene and 5 grams of grains were placed. The amount of toluene
displaced was recorded from the cylinder and the true density was calculated as the ratio

between the grain mass and the displaced volume.

The porosity (¢) is the fraction of space not occupied by grains and was calculated

in percentage, according to Sangamithra et al. (2016), using Equation (6).

e (%) = (ptp‘—tpb) x 100 Eq. (6)
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3. RESULTS AND DISCUSSION

3.1.Dimensional properties

The dimensions (L, W, and T) varied according to the species of bean studied and

depending on the pre-treatment used (Table 1).

Table 1. Dimensional properties of azuki and lima beans pretreated by soaking, boiling,

and toasting in comparison to the control.

Azuki bean Control Soaking Boiling Toasting
L (mm) 7.64 +0.49° 8.22 +0.43° 8.43 + 0.56° 9.30 +0.53?
W (mm) 4.01+0.22° 4.26 +0.21° 4.43 +0.30% 459 + 0.512
T (mm) 3.53 £ 0.26° 3.57 £0.19° 3.72 £0.29° 3.77 £ 0.312
Da (mm) 5.25+0.31° 5.40 +0.24° 5.34 + 0.25 5.83 +0.26°
Dg (mm) 4,97 +0.28° 5.06 + 0.23° 4,94 0.21° 5.37 +£0.25°
S (mm?) 76.86 + 6.73° 80.83 + 7.59° 78.08 + 9.36° 90.88 + 8.70%
V (mm3) 63.56 + 0.44° 65.23 + 1.25° 68.57 + 0.74° 81.75+ 1.77°
b (%) 59.26 + 3.29° 58.70 + 2.282 58.72 + 2.712 58.80 + 2.56°
Lima bean Control Soaking Boiling Toasting
L (mm) 17.23 + 1.66° 17.42 +1.25° 17.90 + 1.43% 18.36 + 2.042
W (mm) 11.02 + 0.94° 11.72+0.95®  11.34+1.19*°  12.00+1.53?
T (mm) 5.78 + 0.62° 5.84 +0.65° 6.03+0.46% 6.23 +0.73?
Da (mm) 11.64 +0.74° 11.36 +0.82° 11.76 + 0.85%® 12.20 + 1.228
Dg (mm) 10.25 + 0.65° 10.33 £ 0.70P 10.68 + 0.67% 11.09 + 1.032
S (mm?) 341.03+44.10° 346.63 +46.18" 360.03 +46.04>  389.5 + 72.93
V (mm3) 584.9+121.1°  622.1+118.3° 646.3+126.0° 732.3 +206.8
b (%) 60.66 + 2.90° 60.21 + 4.30° 59.79 + 2.43? 60.58 + 3.00°

Means + standard deviation. Values with different superscripts in the same line are significantly

different (p < 0.05).

Source: AUTHOR, 2024.

Lima beans are larger in size compared to azuki beans. The length of azuki beans

ranged from 7.64 to 9.30 mm and lima beans ranged from 17.23 to 18.36 mm. The width

of the azuki bean was 4.01 to 4.59 mm and for the lima bean it was 11.02 to 12.00 mm.
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The thickness of azuki beans varied from 3.53 to 3.77 mm while lima beans increased
from 5.78 to 6.23 mm. The differences in thickness between pretreatments are not as
pronounced as for W and L.

The dry heat (toasting) pretreatment significantly increased the grain dimensions
(p < 0.05). This suggests an expansion of the beans during this process. The arithmetic
diameter (Da), geometric diameter (Dy), area (S) and volume (V) occupied by the grains
also increased significantly (p < 0.05). Grain expansion properties are influenced by
temperature and moisture. During heating, water vapor is initially retained by the grain's
pericarp, but as the pressure and internal temperature increase, the water present in the
starch granules becomes agitated, expanding the starch and increasing the internal
pressure. The expansion volume is affected by genotypic, moisture content, temperature
and the physical properties of the grains, such as dimensions and density (CANIZARES
et al., 2020).

The degree of sphericity (¢) was around 60% for both types of beans and there
was no significant difference between the pretreatments (p < 0.05), which was expected
for bean grains. Haciseferogullari et al. (2003) found sphericity around 65% for fava bean
grains (Vicia faba L.).

3.2.Gravimetrical properties

The results (Table 2) indicated that the pretreatments used significantly reduced
the mass of thousand grains (mz.000), directly influencing the decrease in densities (p» and
pt), as the grains became more porous (p < 0.05), indicating a reduction in the compaction
of the beans.

The variation in porosity (¢) depends on the bulk density (p») and the true density
(pt). Beans are constituted of several components such as proteins (20~30%),
carbohydrates including starch and fiber (55~75%), among others such as vitamins,
minerals, and phenolic compounds (CHOE et al., 2022; ERBERSDOBLER, BARTH,
JAH-REIS; 2017). During the immersion process, the loss of components present in the
grains may occur due to the solids leaching process, as well as the degradation of these
compounds at high temperatures (LOCALI-PEREIRA et al., 2024). Thermal pre-

treatments have the ability to modify the microstructure of the grains, causing the
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denaturation of proteins and gelatinization of starch (CHIGWEDERE et al., 2019).
Probably the loss of components during the immersion process, the loss of moisture and
structural changes during the thermal processes resulted in a decrease in the mass and
density of the beans, increasing the empty spaces, which reflected in the increase in
porosity (€), which is also affected by the increase in the dimensions of the grains, as

discussed in the previous section.

Table 2. Gravimetric properties of azuki and lima beans pretreated by soaking, boiling,

and toasting in comparison to the control.

Azuki bean Control Soaking Boiling Toasting
mz1.000 (Q) 86.16 + 1.612 8150+ 1.26%  76.97 +1.16* 74.60 + 1.40°
po(Kg/m?) 857.84 +11.45°  678.18+9.70°  647.56+8.69°  510.25 + 6.53¢
pi(Kg/m?3) 970.8 £ 39.0? 949.1 + 45.3° 924.9 £ 37.3° 922.7 £24.3°
& (%) 1151+ 4.23° 28.41 +3.55° 29.90 + 2.74° 44.67 + 1.53?
Lima bean Control Soaking Boiling Toasting
mM1.000 (Q) 713.7+£0.77% 597.1 +0.53° 584.58 +1.49" 532.9 £ 0.49¢
pb(Kg/m?) 705.34 £ 11.34%°  628.32 +13.10°  549.86 +18.24°  468.06 + 13.22¢
pt(Kg/m?) 992.5+42.4*  940.6+46.3°  923.4£29.2®  914.1+485"
g (%) 28.86 £ 2.33¢ 33.06 + 3.83¢ 40.38 +3.22° 48.68 + 3.13?

Means + standard deviation. Values with different superscripts in the same line are significantly
different (p < 0.05).

Source: AUTHOR, 2024.

4. CONCLUSIONS

In this study, azuki and lima beans showed significant variations in their physical
dimensions and gravimetric properties according to the different pretreatments applied.
Toasting had a significant impact on increasing grain dimensions, resulting in larger
diameters (Da and Dg), area (S) and volume (V). The pretreatments influenced the
increase in grain porosity (€), with a reduction in the mass and densities (p» and p) of the
grains, which can be attributed to the loss of components during immersion and structural

changes during thermal processes.
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CAPITULO 3

Physicochemical, morphological, and functional properties of azuki
(Vigna angularis L.) and lima (Phaseolus lunatus L.) beans after
soaking, boiling, and toasting
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Abstract

Flours obtained from legumes such as beans present desirable properties for use as
ingredients in foods, since they are rich in proteins, fiber, vitamins and minerals. Legume
grains are often subjected to various physical pre-treatments before consumption or flour
production, in a way to reduce the antinutritional factors content, to increase proteins and
minerals availability and to reduce off-flavors. Flours from azuki and lima beans have
been investigated as alternative sources of protein, and this work describes the impact of
grain pre-treatments - immersion and thermal methods using moist heat and dry heat - on
their physical-chemical, morphological, and techno functional properties. The immersion
of the beans in water, at room temperature, had the least impact on the properties of bean
flours regarding to the structure and integrity of starch and proteins, nutrient composition,
color, emulsifying, foaming, and gelation properties. The thermal treatments applied —
boiling (moist heat) and toasting (dry heat) - modified the physical-chemical and
morphological properties of the flours, impairing the emulsification, foaming and gel
formation properties. As a result, whole flours from azuki and lima bean can be developed

for applications in food industry.

Keywords: pulses, legume flours, thermal treatments, histochemistry, emulsification,

foaming, gel formation
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1. INTRODUCTION

Beans are staple foods grown and consumed in almost every geographic region of
the world, representing an economical source of nutrients for low-income populations,
especially for those living in developing countries (SHEVKANI et al., 2022). Brazil is
the fourth largest producer in the global bean trade, following China, India and Myanmar
(FAO, 2023).

Legume grains, such as beans, are a rich source of essential nutrients, including
vitamins, minerals, proteins (20~30%) and complex carbohydrates, such as starch, dietary
fiber and oligosaccharides (55~75%), with low content of lipids (CHOE et al., 2022).
Beans have a low glycemic index, capable of delaying the absorption of glucose in the
blood, which may produce clinically relevant benefits (CHIGWEDERE et al., 2018). The
consumption of beans is associated with the prevention of obesity, heart disease, stroke,
diabetes and cancer, which is attributed to its low-fat and nutrient-rich nature
(SHEVKANI et al., 2022).

In recent years, the consumption of plant-based products has increased, especially
among individuals seeking a healthier lifestyle. The demand for new sources of protein,
that replace meat without compromising protein intake, is promoting a constant growth
in the vegetable market (REVILLION et al., 2020). This trend is driven industries to adapt
to a more sustainable food chain, in addition to raising awareness among consumers about
the importance of consuming foods with nutritional quality and low fat content (SOUSA
DE OLIVEIRA et al. 2020).

Flours and proteins extracted from legumes have desirable techno functional
properties, such as gelling potential, water absorption, viscosity enhancement, foaming
and emulsification capacity, desirable for their use as ingredients in the development of
new products (CHOE et al., 2020; AUGUSTIN, COLE; 2022; LOCALI-PEREIRA et al.,
2022). For a long time, soy has been the main vegetable protein due to its high protein
content and good techno functional properties (DE PAIVA GOUVEA et al., 2023).
However, due to concerns about allergenicity, there is increasing interest in exploring
new sources of proteins such as peas, chickpeas, lentils and beans for the development of
new products (VALLATH, SHANMUGAM, RAWSON; 2022; LUBER et al., 2015).
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Azuki beans (Vigna angularis L.), native to tropical regions of Asia, are known
for their skins rich in polyphenols, such as anthocyanins, which act as natural
antioxidants. The grain has carbohydrates (57~62%), proteins (17~21%), fibers
(12~13%) and low lipid content (YADAV et al., 2018). In Brazil, it was introduced by
Japanese immigrants and is well adapted to the tropical climate (GOHARA et al., 2016).
Traditionally, these grains are cooked to produce pastes in baked goods and sweets
(SONG, YU; 2018; ORSI et al., 2017; KITANO-OKADA et al., 2012). Lima beans
(Phaseolus lunatus L.) can grow in different climatic zones, especially in regions with a
tropical climate such as Brazil, and are a source of proteins (20%), carbohydrates (50%)
and fiber (30%), in addition to essential amino acids, with potential for application in
foods (GARCIA et al., 2021). Both beans are rich sources of nutrients, are still little
explored and can contribute to human nutrition and the development of new food
products, promoting food security.

Most legumes are rich in macro and micronutrients, but they have antinutritional
factors in their composition. These must be totally or partially removed to improve the
availability of proteins and minerals, reducing off-flavors (AUGUSTIN, COLE; 2022).
Antinutritional factors found in legumes may include polyphenols, phytates, lectins,
protease inhibitors, saponins, oxalate and complex sugars such, as raffinose. These
compounds can interfere with the absorption of nutrients by the human body, inhibiting
the action of digestive enzymes and impairing the bioavailability of proteins, in addition
to causing flatulence (MOHAN, TRESINA, DAFFODIL; 2016). These limitations can
be overcome through the use of appropriate pre-treatments before grinding the grains,
facilitating their applications (CHOE et al., 2022).

Pre-treatments can increase grain digestibility, reduce anti-nutritional factors and
reduce cooking time (LOCALI-PEREIRA et al., 2024). Grains can be subjected to
various pre-treatments such as immersion, boiling, roasting, germination and
fermentation, which can alter their nutritional composition and functional properties. The
effects of these pre-treatments on grain properties have been investigated in several
studies (CHOE et al., 2022; LOCALI-PEREIRA et al., 2024; DIEDERICKS et al., 2020).
Immersion and heat treatments are methods widely used in legumes, proven to reduce
antinutritional factors and improve grain digestibility (LOCALI-PEREIRA et al., 2024).

Based on these considerations, in this work the physicochemical and techno
functional properties of whole flours produced from azuki and lima beans were evaluated,

as well as the impact on the morphological structures of the cotyledons of the grains
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subjected to different pre-treatments: immersion (soaking), moist heat (boiling) and dry

heat (toasting).

2. MATERIAL AND METHODS

2.1. Material

The following materials were used in this work: azuki and lima beans purchased
at a local market, in the city of S&o Paulo (S&o Paulo, Brazil), maltodextrin DE 10 (Get
do Brasil, Sdo Jodo da Boa Vista, Sdo Paulo, Brazil), soybean oil from Cargill (Barreiras,
Bahia, Brazil), dyes hematoxylin-eosin (HE), xylidine ponceau (XP) and toluidine blue
(TB) (Sigma-Aldrich, Darmstadt, Germany) and analytical grade reagents: sodium
hydroxide, hydrochloric acid, sulfuric acid and boric acid (Dinamica, Indaiatuba, Brazil).

2.2. Methods

2.2.1. Pre-treatments of azuki and lima beans

Before the flour production, azuki and lima beans undergone three types of pre-
treatments: immersion, moist heat (boiling) and dry heat (toasting). Initially, the grains
were immersed in water (1 kg/5 L), at 25°C, for 12 h. After that, for the soaking treatment,
the moist grains were dried in an oven at 60 °C, for 12 h. In the moist heat treatment
(boiling), the soaked grains were boiled in a pan, at 100 °C, for 10 min (1 kg/3 L) and
dried in an oven at 60 °C, for 12 h. For the dry heat treatment (toasting), the moist grains
were dried in a convection oven (air fryer) for 10 min at 200 °C. Raw grains were used

as control.

2.2.2. Histological analysis of the grains

The internal structures of the beans before and after the pre-treatments were
assessed by optical microscopy. The grains’ microstructure were fixed by immersion in
4% paraformaldehyde and embedded in paraffin. The sections were dyed using

hematoxylin-eosin (HE), xylidine ponceau (XP), and toluidine blue (TB). Dyed samples
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were analyzed under a light microscope Olympus BX60 (Olympus, Japan), at 400x

magnification. Images were digitized using DP-BSW v3.1 software (Olympus, Japan).

2.2.3. Production of azuki and lima beans flours

The pre-treated beans were ground in a coffee grinder (J. R. ARAUJO & CIA.
LTDA, Séao Paulo, Brazil). The flours (Figure 1) were sieved using a 35-mesh sieve to
remove skins and impurities. The flours were stored in zip lock bags, in a desiccator, at

room temperature and protected from light for future analyses.

Figure 1. Azuki bean (A) and lima bean (B) flours: control (fresh) and subjected to

soaking, boiling and toasting pre-treatments.

Control Soaking Boiling Toasting

=

Source: AUTHOR, 2024.

2.2.4. Proximate composition

The proximate composition of the flours was evaluated according to Locali
Pereira et al. (2022). The analyses were performed in triplicate and the results were
expressed in dry basis (d. b.). Moisture content was determined gravimetrically by drying
in a vacuum oven (70 °C, 3.3 kPa), until samples reach a constant weight. The ash content
was evaluated by incineration of the dried samples in a muffle furnace at 500 °C. The

total protein content was determined by the Kjeldahl method with 6.25 as the conversion
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factor. Lipids were quantified by the Soxhlet method and the carbohydrate content was

obtained by difference.

2.2.5. Techno functional properties
2.2.5.1. Water absorption capacity (WAC) and oil absorption capacity (OAC)

The water absorption capacity (WAC, g of water/g of flour) and the oil absorption
capacity (OAC, g of oil/g of flour) were evaluated according to the methodology proposed
by Brishti et al. (2020) with some modifications. Approximately 1 g of flour was added
to previously weighed Falcon tubes containing 10 mL of distilled water or soybean oil
and agitated in vortex for 1 min. The tubes were centrifuged at 3000xg for 20 min and

the supernatant drained. WAC and OAC were calculated by Equation (1).

WAC/WOC (g/g) = 22221 x 100 Eq. (1)

Wo

in which W, = weight of dry flour (~1 g), W;= weight of the tube plus dry flour e W, =

weight of the tube plus sediment.

2.2.5.2. Emulsifying activity (EA) and emulsion stability (ES)

The emulsifying activity (EA) and emulsion stability (ES) of the emulsions
stabilized by azuki and lima bean flours were evaluated according to the methodology
proposed by Argel et al. (2020) with modifications. The emulsions were prepared in
Falcon tubes containing 1 g of flour sample, 15 mL of distilled water and 15 mL of
soybean oil. The tubes were homogenized at 20.000 rpm (T-25 Ultra-Turrax, IKA,
Germany) for 2 min. The emulsion was centrifuged at 750xg for 5 min. EA was
determined as the ratio between the height of the upper phase and the total height of the
tube and expressed as a percentage. ES was measured by the same procedure described
for EA, followed by immersing the tubes in a thermostatic bath at 80 °C for 30 min.
Afterwards, the tubes were centrifugated at 750xg for 5 min. Similarly, the ratio between
the height of the upper phase and the total height of the tube was calculated and EE was

expressed as a percentage.
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2.2.5.3. Foaming capacity (FC) and foam stability (FS)

Foaming capacity (FC) and foam stability (FS) were analyzed using the
methodology described by Vinayashree, Vasu (2021) with modifications. To evaluate FC,
1.5 g of flour were added to 60 mL of distilled water, followed by stirring at 20.000 rpm
(T-25 Ultra-Turrax, IKA, Germany) for 2 min. Subsequently, the mixture was transferred
to a graduated cylinder and the foam volume was measured. FC was expressed as a
function of the volume increase after shaking (Equation 2). To determine FS, the change

in foam volume in the beaker was recorded after 120 min of rest at 25 °C (Equation 3).

FC (%) = ——— x 100 Eq. (2)
FS (%) = S-——= x 100 Eq. (3)

in which V; = volume before stirring (mL), V,= volume after stirring (mL) and V,,, =

volume after 120 min of rest (mL)

2.2.5.4. Least gelation concentration (LGC)

The least concentration of flour necessary for gel formation was evaluated
according to the methodology proposed by Brishti et al. (2020) with modifications.
Aqueous suspensions of flour in tubes, at concentrations of 2, 4, 6, 8, 10, 12, 14, 16, 18,
and 20% (wi/v), were heated in a water bath at 100 °C for 1 h. The samples were cooled
in running water and stored at refrigeration temperature for 24 h. After this period, the
tubes were inverted and the least gelation concentration (LGC) was determined as the

lowest concentration necessary to form a stable gel (without flowing).

2.2.6. Pasting properties

Pasting properties of bean flours were evaluated on a Rapid Visco Analyzer
(RVA-4, Newport Scientific, Australia) equipment through the Standard Analysis 1
profile, according to the method by Gu et al. (2021). The flour suspensions (3.5 g of flour
in 25 mL of water) went through (i) heating from 50 to 95 °C, (ii) pasting at constant
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temperature of 95 °C, and (iii) cooling from 95 °C to 50 °C. The following parameters
were evaluated: pasting temperature (°C), maximum viscosity (cP), minimum viscosity

(cP), breakdown (cP), peak time (min), final viscosity (cP) and setback (cP).

2.2.7. Color analysis

The color attributes of the flours were evaluated using a CR-5 colorimeter (Konica
Minolta, Ransey, New Jersey, USA), with the observer at 10° and D65 illuminant, by
determining the parameters: L* (Luminosity), C* (Chroma), h (tone angle), a* (+a = red;
-a = green) and b* (+b = yellow; -b = blue). The total color differences (AE) between pre-
treated flours (by soaking, boiling and toasting) with reference to the control sample
(untreated) were determined by Equation (4) (TONTUL, TOPUZ; 2017).

AE=/(L* —Lo)? + (a* — ) + (b*- by) Eq. (4)

in which Ly, ay, and b, are the color parameters of the control sample and L*, a* and b*

are the color parameters of the comparison sample.

The browning index (BI) was determined by Equation (5) (DING, LING; 2014).

_ (x=0.31)
BI = =—=x 100 Eq. (5)

B (a* + 1.75L")
~ (5.645L* + a* - 0.3012b*)

X

2.2.8. X-ray diffractometry

The X-ray diffraction profiles of the flours were registered using an Ultima
IV X-ray diffractometer (Rigaku, Japan), according to the methodology of Roa et al.
(2014), with radiation CuKo. (A = 1,541 A), operating at a voltage of 30 kV and current
of 10mA. The diffraction scanning range was adjusted from 4 to 40° at 2(0), with a
scanning speed of 1°/min, at a step of 0.05°. The relative crystallinity (RC) was computed
according to Equation (6) and expressed as a percentage, considering the crystalline areas
and amorphous areas obtained in the diffractograms. The data processing was performed
using OriginPro version software (OringinLab Corporation, Microsoft Corporation,
Redmond, USA). The samples were evaluated in duplicate.
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Ac

RC(%) = (Ac+Aa)

x100 Eq. (6)

in which RC = relative crystallinity (%), Ac = amorphous areas, Ac = crystalline areas

2.2.9. Particle morphology

The flours were evaluated morphologically through scanning electron microscopy
analysis (SEM) (Philips XL-30 FEG), at 500x magnification. The samples were fixed on

SEM stubs with double-sided adhesive and coated under vacuum with gold/palladium.

2.2.10. Fourier-transform infrared spectroscopy (FTIR)

The absorption spectra in the infrared region were obtained by Fourier-transform
infrared spectroscopy, with an infrared spectrometer (Spectrum 100, PerkinElmer, USA),
at wave number range of 4.000 to 600 cm™?, using the attenuated total reflectance (ATR)
technique, with germanium crystal. FTIR spectra were recorded in 32 scanning per

spectrum with a resolution of 4 cm™.

2.2.11. Statistical analysis

Statistical analyzes were performed using Minitab 17 software (Pennsylvania,
USA). The results were subjected to analysis of variance (ANOVA), with the
application of the Tukey multiple comparison test at the significance level of 5%.

3. RESULTS AND DISCUSSION

3.1. Optical microscopy of the grains

To understand the impact of the pre-treatments applied (soaking, boiling, and
toasting) on the morphological properties of the cotyledon cells of azuki and lima beans,
the organization of starch granules and protein bodies was evaluated by observing cross-

sectional micrographs of the cotyledons (Figures 2 and 3).
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Figure 2. Endosperms of azuki (A, C, E, G) and lima (B, D, F, H) bean grains, control (A,
B) and pre-treated by soaking (C, D), boiling (E, F), and toasting (G, H), stained by
Xylidine Ponceau for identification of cationic groups of total proteins (arrows).
Bar magnitude = 100 pm.

(A) ©) (E) ©)

(D) (F) (H)

Source: AUTHOR, 2024.

The micrographs of the bean cotyledons show the reserve material (proteins and
carbohydrates, mainly starch) of the grains. Azuki and lima beans treated by soaking
(Figure 2C, D) did not show structural changes in the starch granules, when compared to
the raw beans (control) (Figure 2A, B), as confirmed by the birefringence of the starch
granules (Maltese crosses) seen under polarized light. The protein bodies, which are
colored in red by Xylidine Ponceau, incorporated into the cotyledon matrix presented
smooth surfaces and a rounded shape.
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Figure 3. Endosperms of azuki (A, C, E, G) and lima (B, D, F, H) bean grains, control (A,
B) and pre-treated by soaking (C, D), boiling (E, F), and toasting (G, H), stained by
toluidine blue, visualized under polarized light for identification of starch granules (stars).
Bar magnitude = 200 pum

Source: AUTHOR, 2024.

Thermally treated grains (moist heat and dry heat) went through the starch
gelatinization process and showed rupture of the cotyledon cell wall, which promoted the
swelling of the starch granules, in turn causing the formation of a rough surface and
condensation of the protein bodies (Figure 2E, F, G, H). The globular shape of the starch
granules was no longer observed, although the presence of protein material around the
starch was maintained. The grains that received dry heat treatment (toasting) showed
more severe rupture of the cotyledon cell wall and starch granules very swollen, with a
rough surface (Figures 3G, H). The moist heat (boiling) process applied was less severe
when compared to dry heat, as the starch granules showed less deformation and the
cotyledon cells are clearly recognizable (Figures 3E, F)

Berg et al. (2012) studied cooked navy beans and observed that the phenomenon
of starch hydrolysis could be related to the leaching of amylose during gelatinization.
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Since moist heat treatment favors the gelatinization process due to hydration expanding
the cells, it is reasonable to explain that the morphological changes in grains treated by
moist heat are less severe than the ones treated by dry heat, presenting more wrinkled
surfaces due to loss of moisture. Choe et al. (2022) evaluated thermal treatments using

moist heat and dry heat for different classes of beans and also observed more severe

changes in the microstructure of the grains when dry heat was used.

3.2. Proximate composition

The proximate composition analysis of the flours produced from azuki and lima

beans are showing in Table 1.

Table 1. Proximate composition for azuki and lima bean flours (g/100 g)

Azuki bean Control Soaking Boiling Toasting
Moisture (b.s.) 11.25+0.112 10.43 +0.11° 5.66 = 0.08° 4.06 +£0.194
Ash (%) 3.84 £ 0.01? 3.52+0.01° 2.93 £0.05° 3.82 £ 0.05°
Proteins (%o) 21.56 +1.972 17.86 = 1.002 19.44 + 2.012 18.18 = 0.622
Lipids (%) 149 +£0.15% 1.30+£0.16% 1.14 £ 0.022 1.22 £ 0.042
Carbohydrates (%) 61.02°¢ 67.47° 71.992 72.49
Lima bean Control Soaking Boiling Toasting
Moisture (b.s.) 12.65 + 0.36° 6.03 £ 0.05° 6.44 +0.01° 4.87 + 0.09°
Ash (%) 3.78 £ 0.03? 3.69 + 0.052 3.12+0.06° 3.66 + 0.01?
Proteins (%0) 20.18 +1.102 21.51+1.18¢% 20.14 + 3.322 21.18 £ 2.91°
Lipids (%) 1.19+£0.072 1.19+£0.16% 1.03 £0.042 1.28 £ 0.09?
Carbohydrates (%) 63.45" 67.76° 67.37° 67.10°

Means * standard deviation. Values with different superscripts in the same line are significantly
different (p < 0.05).

Source: AUTHOR, 2024.

The composition resulted in high protein (~ 20%) and carbohydrate (60 ~ 70%)
contents, against low lipid (~ 1%) and ash (2 ~ 3%) levels, which was already expected
based on the results reported for similar materials, such as white bean flour (havy bean)

(KENAR et al., 2020). The composition for both species was very similar in terms of
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proteins and lipids. The grain pre-treatments (soaking, boiling, and toasting) had no effect
on the macronutrient contents in the flours (p < 0.05), although lower moisture contents
were observed after boiling and toasting treatments because of drying.

3.3. Color analysis

The results of color analysis are in Table 2.

Table 2. Color parameters for azuki and lima bean flours

Azuki beans Control Soaking Boiling Toasting

L* 78.39 + 0.38° 79.73 £ 0.042 71.26 £ 0.29° 71.02 + 0.68°

a* 1.00 + 0.06" 1.02 +0.02° 0.80 +0.08° 2.21+0.18?

b* 12.67 +0.21° 11.03 £ 0.23° 10.00 + 0.20¢ 13.74 £ 0.292

C 12.71+£0.22° 11.08 £ 0.23° 10.04 + 0.20¢ 13.92 + 0.262

h° 85.44 + 0.21* 84.68 + 0.13? 85.51 + 0.61° 80.85 + 0.91°

Bl 2.48 +0.08° 212 £0.27° 2.16 +0.06° 4.10+0.182

AE - 2.13+0.26° 4.02 £0.02° 9.19 + 0.662
Lima beans Control Soaking Boiling Toasting

L* 89.04 + 0.022 89.21 + 0.18% 87.91 +0.08° 85.72 +0.12°

a* 0.32+0.01° -0.06 + 0.05° -0.29 + 0.04¢ 1.66 + 0.042

b* 14.72 + 0.04° 14.62 + 0.28° 16.34 +0.02° 18.15 + 0.09%

C 14.72 £ 0.04° 14.62 £ 0.28° 16.34 + 0.01° 18.23 + 0.092

he 88.75 £ 0.06° 90.26 + 0.19° 91.01 +£0.15? 84.76 £ 0.17¢

Bl 1.86 + 0.00P 1.54 £ 0.04° 1.57 £0.03¢ 3.45 £ 0.042

AE - 0.52 £0.15°¢ 3.45+0.11° 5.26 £ 0.18?

Means + standard deviation. Values with different superscripts in the same line are significantly
different (p < 0.05).

Source: AUTHOR, 2024.

The results showed significantly higher luminosity (L*) for native (control) and
soaking-treated flours. Probably, during immersion the grains lost pigments to the
soaking water, maintaining or slightly increasing L*. However, after moist (boiling) and

mainly dry (toasting) heat treatments, the samples became darker, as the cooked and dried
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grain flours showed lower luminosity and greater browning, probably due to the
formation of brown pigments along caramelization reactions, such as the Maillard
Reaction, which can occur during treatments at high temperatures (FEYZI et al., 2018).

The samples presented small a* values, indicating a slight red/green tone. There
was a predominance of positive values for the b* coordinate, which indicates a tendency
towards yellow color. Visually, the flour samples exhibited a light yellow appearance,
which could be confirmed by the hue angle in the yellow region (80~90°) (KUCK,
PELAYO, NORENA; 2016).

The color variations between flours from pre-treated grains compared to the
control one were quantified by the total color variation (AE). According to Obodn et al.
(2009), for AE values lower than 1.5 the color difference between two samples cannot be
detected visually. All the pre-treatments applied to azuki beans significantly influenced
the color difference of the flours compared to the control. For lima beans, only the thermal
treatments (boiling and toasting) caused important color changes, whereas the soaking
treatment only slightly affected the flour AE. The thermal treated grains showed greater
color difference possibly as a result of greater browning (Table 2). The azuki beans, due
to the high concentration of anthocyanins and phenolic compounds in their skin, were
more affected by the pre-treatments used compared to lima beans. According to Ramirez-
Cérdenasi et al. (2009), the content of phenolic compounds in beans varies with the color
and type of bean. Beans with pigmented skins tend to have higher catechin content than
beans with white skins. In foods, phenolic compounds, such as catechins, participate in

browning reactions and are sensitive to heat.

3.4. Techno functional properties

Knowledge about the techno functional properties of flours derived from pulses is
essential to improve their use in the production of foods and new products with high
nutritional value (VALLATH, SHANMUGAM, RAWSON; 2022). Table 3 summarizes
the results of some techno functional properties (WAC, OAC, FC, FS, EA, and ES)

investigated for azuki and lima bean flours, subjected to pre-treatments.
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Table 3. Techno functional properties for azuki and lima bean flours.

Azuki beans Control Soaking Boiling Toasting
WAC (g/9) 2.21 +£0.05¢ 2.24 +£0.04° 2.84 +0.16° 3.22 £ 0.08?
OAC (g/9) 1.61+0.572 1.34+0.117 1.36 £ 0.042 1.38 £ 0.022

FC (%) 30.40+4.43 31.00 +1.03? 22.23+0.98° 19.87 + 2.70P
FS (%) 18.73 + 4.10° 26.90 + 1.03? 5.86 £ 0.98¢ 7.03+1.75¢
EA (%)5 49.47 + 2.50? 46.43 + 4.61* 27.24 +1.33° 32.11 + 3.68°
ES (%) 53.57 +1.822 49.23 + 0.75° 27.56 + 1.74¢ 32.19+1.23°

Lima beans Control Soaking Boiling Toasting
WAC (g/9) 1.59 +0.10¢ 1.87 £0.03° 2.78 +0.06° 3.05 +£0.042
OAC (g/9) 1.32 £ 0.02% 1.24 +0.09? 1.25+0.072 1.35 +0.05%

FC (%) 32.17 + 4.38% 27.47 +£2.02% 22.80 * 3.50 19.30 + 1.80°
FS (%) 16.93 + 2.70%® 17.53 + 3.55% 11.10 +£ 1.03° 10.53 £ 1.75P
EA (%) 48.30 £ 0.31% 50.91 +1.042 44.62 £ 6.6% 45.75 + 8.41*
ES (%) 61.03 + 4.33? 58.87 + 2.83% 50.52 + 2.90% 55.39 + 4.73P

Means + standard deviation. Values with different superscripts in the same line are significantly
different (p < 0.05).

Source: AUTHOR, 2024.

3.4.1. Water absorption capacity (WAC) and oil absorption capacity (OAC)

The water absorption capacity (WAC) and oil absorption capacity (OAC)
represent the amount of water or oil that 1 g of sample is capable of absorbing,
respectively (BESSADA et al., 2019). The flours of both bean species had an increase in
WAC (Table 3) after the thermal treatments used (boiling and toasting). Bean flours has
the ability to absorb water due to the presence of hydrophilic groups present in starch and
fibers (ACEVEDO et al., 2017).

When starch is heated with water, the gelatinization process occurs, in which the
molecules of amylose and amylopectin disperse in water, forming a gelatinous structure.
This increases the water absorption capacity of starch, as water molecules mix into the
gelatinized structure, resulting in an increase in volume and viscosity of the solution
(SINGH, KAUR, MCCARTHY; 2007). About oil absorption capacity (Table 3), there
was no significant difference between treatments for both beans (p > 0,05). The OAC of
flours is related to the starch and protein contents, which may be related to factors such
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as stage of maturation, cultivation and storage of grains (BHINDER et al., 2020). In this
study, as the grains are from a single standardized batch, these factors did not interfere

with the results.

3.4.2. Emulsifying activity (EA) and emulsion stability (ES)

The emulsifying properties of flours can be attributed mainly to the amphiphilic
nature of proteins, which are able to form an interfacial film around the droplets of the
dispersed phase formed by oil or water (ARGEL et al., 2020). Emulsifying activity (EA)
represents the ability of the protein to form an emulsion, while the parameter emulsion
stability (ES) evaluates the resistance of the emulsion formed by this protein (BHINDER
et al., 2020). The heating treatments applied to the beans reduced the EA and ES of the
flours (Table 3), whereas the flours obtained from native grains (control) and those treated
only by immersion (soaking) presented higher values for both parameters (p > 0.05).
According to Pallares Pallares et al. (2021), the reduction in emulsifying properties may
occur due to the thermal denaturation of proteins during boiling and toasting treatments,
which may result in losses in the ability of proteins to interact with water and oil. The
gelatinization of starch present in grains depends on the way in which the structure of the
starch granule is broken, affecting the release of amylose and the emulsifying capacity of
the starch. The emulsifying properties of starches can be improved through thermal and
chemical modifications (VILLAMONTE, JURY, DE LAMBALLERIE; 2016). In
general, upon heating, starch forms a less resistant gel than starch in its native form. On
the other hand, dry heating has been shown to improve, to a lesser extent, the stabilizing
capacity of starches (TIMGREN et al., 2013). In this study, a reduction in emulsifying
properties was observed for grains treated by moist heat, but an improvement when
treated by dry heat.

3.4.3. Foaming capacity (FC) and foam stability (FS)

The foaming properties of flour proteins are important in the production of a
variety of foods, such as whipped toppings, cakes, mousses, and meringues. Foaming can
be influenced by several factors such as: processing methods used, temperature, pH,

protein concentration, time of mixing, and foaming method (GU et al., 2021). The
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foaming capacity (FC) and foam stability (FS) for both bean flours were similar for the
control and soaking pre-treatments (Table 3). The soaking pre-treatment resulted in
higher FC and FS, whereas boiling and toasting pre-treatments produced flours with
lower performance as foaming agents. According to Kenar et al. (2020), factors such as
protein denaturation by heating and the loss of components during the immersion process

are capable of reducing foam formation.

3.4.4. Least gelation concentration (LGC)

The least gelation concentration (LGC) of the flours is measured as the lowest
concentration necessary to form a stable gel (ARGEL et al., 2020). The starch granules
present in formulations is capable of absorbing water and swelling, which can contribute
to gel formation (PALLARES PALLARES et al., 2021). Protein gelation and starch
gelatinization are important properties to improve the texture and elasticity of various
products such as desserts and meat products, and it is recommended that the materials
present greater gelation capacity at the lowest possible concentration (ARGEL et al.,
2020; BESSADA et al., 2019).

Figure 4. Gelation properties for azuki bean flours.
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Figure 5. Gelation properties for lima bean flours.
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In the present study, the flour suspensions of both beans (Figure 4 and 5),
evaluated in different proportions (2-20%), showed lower gelation concentrations for
flours produced from the raw and soaked grains. The azuki bean flour from the control
and soaking pre-treatments showed LGC of around 14%, while the boiling and toasting
pre-treatments had LGC of 16% and 14% of flour, respectively. Lima bean grain flours
showed LGC of 8% (control) and 10% (soaking), whereas higher LGC were observed for
boiling (18%) and toasting 16% (toasting).

3.5. Pasting properties

The results regarding to the viscoamylographic analysis of pasting properties
(RVA) of flours from azuki and lima bean grains, in natura and subjected to pre-
treatments, are presented in Table 4, whereas the respective paste profiles can be seen in
Figure 6. The study of the pasting properties of flours is essential for the formulation of
products that will be exposed to heating conditions, as the measurement of paste
properties allows to observe changes in the viscosity of a starch suspension during
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heating, to evaluate the disintegration of starch components and their tendency to
retrograde (MAIOR et al., 2021). During the analysis, the sample is heated in an aqueous
medium. The starch granule absorbs water and swells, promoting the breaking of their
internal crystalline structure (gelatinization). Afterwards, the granule decomposes and a
continuous gel is formed. The viscosity changes produced by heating and cooling
generally provide a characteristic paste property curve (SZYMANSKA, KENNEDY;
2008). The pasting properties of starch are influenced by swelling of the granules, friction

between the granules, leaching of amylose, starch crystallinity, amylose content and chain

length of the starch components (OKEKUNLE et al., 2020).

Table 4. Pasting properties parameters (RVA) for azuki and lima bean flours

Azuki beans Control Soaking Boiling Toasting
Pasting T (°C) 73.48 £ 0.072 73.18 £ 0.46° - -
Max. Visc. (cP) 66.83 + 2.65" 84.96 + 4.42% 10.08 + 0.81° 11.3 +£0.96°
Min. Visc. (cP) 64.19 + 2.39° 81.94 + 3.45* 9.14 £0.93¢ 10.14 £ 0.84°
Breakdown (cP) 2.64 + 0.49% 3.02+1.01° 1.01 £0.10¢ 1.16 + 0.24%
Peak Time (min) 5.04 +0.10° 5.08 + 0.14° 6.53 +0.112 6.86 + 0.232
Final Visc. (cP) 94.43+3.20° 12507 +4.29°  21.33+1.05¢ 23.19 + 2.09¢
Setback (cP) 30.23+ 0.8 43.12 +0.98° 12.19 + 0.36° 13.05 + 1.37°
Lima beans Control Soaking Boiling Toasting
Pasting T (°C) 80.83+0.07° 81.58 +0.07° - -
Max. Visc. (cP) 99.07 + 5.66% 68.67 + 1.18° 7.25+0.81° 13.22 £ 1.34°
Min. Visc. (cP) 95.29 + 4.33? 61.73 £ 1.03° 6.53 + 0.55° 12,11 +1.23°
Breakdown (cP) 3.77 £1.34° 6.93 £ 0.40? 0.73+0.34° 1.21 £0.08°
Peak Time (min) 6.8 +0.2° 7.0 £0.0° 6.35 + 0.59° 6.82 +0.10°
Final Visc. (cP) 164.17 +5.89°  133.27+3.54"  11.40 + 0.40¢ 23.06 + 1.79¢
68.88 + 1.66% 71.53 £ 2,512 4.88 £ 0.20° 10.95 + 0.60°

Setback (cP)

Means + standard deviation. Values with different superscripts in the same line are significantly
different (p < 0.05).

Source: AUTHOR, 2024.
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Figure 6. Pasting properties curves (RVA) of (a) azuki and (b) lima bean flours

untreated and subjected to soaking, boiling and toasting
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The greater stability was observed in the flours produced from the untreated
(control) and soaked grains. The changes were more evident for the flours produced from
thermally treated grains (boiling and toasting). As seen in Table 4, the flour obtained from
azuki bean grains subjected to immersion treatment presented higher viscosities for the
formation of paste (min. Visc. = 81.94 cP; max. Visc. = 84.96 cP, and final Visc. = 125.07
cP), breakdown (3.02 cP) and greater tendency to retrograde (setback = 43.12 cP) when
compared to the control flour (min. Visc = 64.19 cP, max. Visc = 66.83 cP, final Visc. =
94.43 cP, breakdown = 2.64 cP, and setback = 30.23). There was no significant difference
on paste temperature for the soaking and control pre-treatments (p > 0.05).

The lima bean flour produced after soaking showed lower viscosities for paste
formation (min. Visc. = 61.73 cP; max. Visc. = 68.67 cP, and final Visc. = 133.27 cP),
but also greater breakdown (6.93 cP) and greater tendency to retrograde (setback = 71.53
cP), compared to the results obtained for the control treatment (min. Visc. = 95.29 cP;
max. Visc. = 99.07 cP, and final Visc. = 164.17 cP, breakdown = 3.77 cP and setback
=68.88 cP). There was no statistical difference in the paste temperatures between both
treatments (p > 0.05).

The maximum viscosity is a measure of the water-holding capacity of starch. High
viscosities of starch pastes are advantageous for use as a thickening agent in food products
(MAIOR et al., 2021). Starch granules in their native form, without modifications, such
as bean grain starches without heat treatment (control and soaking) are insoluble in cold
water, tending to retrograde with changes in temperature. These physicochemical
properties are interesting when the starch is intended for further processing and adaptation
for industrial use (APRIYANTO, COMPART, FETTKE; 2022). Unmodified starch
pastes form cohesive and gummy gels and are prone to syneresis (tendency to retrograde).
On the other hand, starches that are modified by changes in their functions or chemical
structure due to thermal, chemical, or enzymatic treatments, tend to improve their
consistency, gelatinization and retrogradation behaviors for various food applications
(DAMODARAN, PARKIN; 2018; PARK et al., 2018).

Thermal treatments (boiling and toasting) applied to both beans strongly reduced
the pasting properties of the flours. The paste temperatures were not detected by the RVA
equipment, with no paste formation. Viscosities (minimum, maximum and final) and
setback (retrogradation capacity) decreased drastically in relation to the values observed
for raw and soaked grain flours.

The lowest values for the breakdown parameter found for heat-treated flours
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corroborated the values obtained for the setback, showing a low tendency to
retrogradation. Beans subjected to boiling and toasting had their starch modified by the
action of temperature, which explains their inability to form pastes, compared to starches
from control and soaking treatments.

The decrease in paste viscosity is caused by changes in the amorphous fraction
(amylose interacting with amylopectin) in semicrystalline and amorphous growth rings.
Starch moves more freely and may result in less water absorption (lower viscosity)
(CHATPAPAMON et al., 2019; JUANSANG et al., 2019). Final viscosity indicates the
ability to form a viscous paste and is related to the starch setback capacity (KLEIN et al.,
2013). The breakdown parameter measures the ability of starch to disintegrate during
agitation and heating (MAIOR et al., 2021).

3.6. Particle morphology

The scanning electron microscopy images (SEM) of azuki and lima bean flours
(control and those subjected to soaking, boiling, and toasting) showed different aspects
(Figure 7).

Flours from grains treated only by immersion exhibited predominantly spherical
structures, smooth surfaces and smaller particles without agglomeration when compared
to the ones produced with raw grains. The grain flours that have been treated by moist
heat and dry heat presented larger and irregular granules, probably due to swelling
resulted from the starch gelatinization process. The samples treated by toasting exhibited
granules with rough surfaces and concavities, due to dehydration. The high water
evaporation rate in the drying process formed concave particles and consequent
contraction or shrinkage of the surfaces (KUCK, PELAYO, NORENA; 2016). Similar
results were observed for the microstructure of red bean and moyashi flours, subjected to
immersion and boiling pre-treatments (LOCALI-PEREIRA et al., 2022).
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Figure 7. Scanning electron microscopy (SEM) of azuki (A, C, E, G) and lima (B, D, F,
H) bean flours: control (A, B) and pre-treated by soaking (C, D), boiling (E, F) and

toasting (G, H). Bar magnitude = 500x.

Source: AUTHOR, 2024.
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3.7. X-ray diffractometry

The crystalline structure of native azuki and lima bean flours (control) and those
subjected to pre-treatments (soaking, boiling, and toasting), was assessed through their
respective X-ray diffraction patterns (Figure 8), from which the relative crystallinity was
calculated (Table 5). Overall, the diffractograms of all samples evaluated were similar.
However, differences in the intensity of the peaks and relative crystallinity were detected
depending on the treatment applied, which demonstrate the rearrangements of the

crystalline and amorphous regions of the starch granules.

Table 5. Relative crystallinity (%) of azuki and lima bean flours (control, soaking,

boiling, and toasting).

Azuki beans Lima beans

Control 10.40 + 0.25° 10.23 +0.02°
Soaking 9.65 +0.23° 10.19 + 0.07°
Boiling 9.58 + 0.06° 9.32 £0.12°

Toasting 11.52 £ 0.39% 10.78 £ 0.09?

Means + standard deviation. Values with different superscripts in the same
line are significantly different (p < 0.05).

Source: AUTHOR, 2024.

According to Lawal, Adebowale (2005) bean starch diffractograms exhibit the
type-C pattern. The flours that received dry heat treatment (toasting) showed noticeable
changes in the X-ray diffraction profiles and higher crystallinity (11.52% and 10.78%)
compared to the control. Flours from grains treated by dry heat (toasting) exhibited the

largest peak size among the samples, as shown in Figure 8.
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Figure 8. X-ray diffraction patterns of azuki (A) and lima (B) bean flours (control,

soaking, boiling, and toasting).
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The moist heat treatment (boiling) showed lower crystallinity (9.58% and 9.32%).
It was postulated by Varatharajan et al. (VARATHARAJAN et al., 2010) , that heat and
moisture cause double helical displacements within the starch crystals, resulting in a more
ordered crystalline matrix than native starch, which explains the increase in X-ray
intensities. The decrease in the intensity of the X-ray peaks represents the loss of the
crystal arrangement, due to the breakage of hydrogen bonds, causing the displacement of
the double helices and rearrangement of the crystal orientation (ASRANUDIN et al.,
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2021). Therefore, it can be concluded that the flours treated by dry heat (toasting) were

more modified than those treated by moist heat (boiling).

3.8. Fourier-transform infrared spectroscopy (FTIR)

The Fourier transform infrared spectroscopy (FTIR) allows identifying the
molecular interactions among the components of native azuki and lima bean flours, as
well as to detect changes in these interactions caused by the different pre-treatments.
Despite the very different treatments applied, the spectra obtained were very similar
(Figure 9), with small differences in the intensities of some bands.

Proteins are important macronutrients found in bean flour. In the infrared
spectrum, proteins are represented mainly by bonds of amide 1 (1.639 cm™, C=0
stretching) and amide 11 (1.535 cm™, N-H folding and C-N stretching). Through FTIR
characterization it is possible to determine the effect of pre-treatments on starch
characteristics and crystallinity, evaluating the ordered structure within starch granules
(GARRIDO etal., 2016; POZO et al., 2018). The peaks at 3.269 cm™ or 3.278 cm™ found
for all treatments can be attributed to the stretching of the OH bond of the flour starch and
the formation of inter and intra-molecular hydrogen bonds (ASRANUDIN et al., 2021).
The 997 cm™ or 1.002 cm™ peaks are attributed to the carbohydrate region, with bonds
C-O-H and CH>. The spectra region at 1047 — 1022 cm™ can indicate the ordered structure
level of starch, as they are associated with the crystalline and amorphous quantity of
starch granules. This is especially useful to predict the degree of crystallinity of a sample
(SU et al., 2020; DIAZ et al., 2019; SEVENOU et al., 2002;). Choe et al. (2022) and Diaz
et al. (2019) reported that the 996 cm™ band is also related to the crystalline structure of
starch. As seen in the Figure 9, compared to native flours, the samples that received dry
heat treatment (boiling) presented more intense spectra, which may be related to the
increase in structural organization (WANG et al., 2015). These results correspond to the

increase in relative crystallinity obtained by X-ray diffraction.
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Figure 9. Fourier transform infrared spectra (FTIR) of azuki (A) and lima (B) bean

flours (control, soaking, boiling, and toasting).
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4. CONCLUSIONS

This study describes the impact of different physical pre-treatments on techno
functional properties, morphology, and cristalinity of azuki and lima bean flours. Heat
treatments (boiling and toasting) modified the macronutrients of flour, reducing the
emulsification, foaming and gelation properties, which resulted in the total loss of pasting
properties. On the other hand, flour samples obtained from raw and soaked grains had no
structural modification of starch and protein, presenting better techno-functional
properties and good paste formation. The results provide a basis for the development of
pre-treated legume flours that meet consumer needs and have specific applications for the
food industry, in the form of native or modified flours.
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Abstract

Pulses, the edible grains from legume plants represent sustainable and low-cost sources
of protein with balanced nutritional quality. These grains are generally used as food
ingredients in their entire form, but can also be used as flours, expanding application
possibilities, and contributing to reduce the consumption of animal protein. Azuki bean
(Vigna angularis L.), often used in Japanese and Chinese dishes, are valued for their
beneficial health properties, with natural antioxidant effects. The lima bean (Phaseolus
lunatus L.) has high nutritional potential and essential amino acids, interesting for
application in foods. In this research, the moisture sorption isotherms of azuki and lima
bean flours were evaluated by the static gravimetric method, simulating storage
conditions at four temperatures (15, 25, 35, and 45 °C), using saturated salt solutions in a
range of water activity from 0.056 to 0.920. The flour’s proximate composition showed
a high content of protein and carbohydrates, with a low amount of lipids. VVarious models
(GAB, Peleg, Oswin, Henderson, and Halsey) were fitted to the experimental data and
the GAB model presented the best adjustment results (R2agj > 0.995 and %2 < 1.51.107).
The sorption isotherms corresponded to type Il isotherms and as expected, in a certain
water activity the equilibrium water content decreased with increasing temperatures. The
net isosteric heat of sorption was calculated and decreased as the water content increased.
Lima bean flour was more hygroscopic than azuki bean flour at all the evaluated
temperatures.

Keywords: Phaseolus lunatus L., Vigna amgularis L, water vapor sorption, isotherm,

isosteric heat of sorption.
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1. INTRODUCTION

The growing trend for the consumption of proteins from alternative sources is
aligned to the production of more sustainable foods, the commitment to animal welfare
and the concern to consume products with nutritional quality and reduced fat (HU et al.,
2019). Vegetable proteins are relatively cheap and more abundant than animal proteins,
but their consumption is still limited in human food, with most of the corresponding raw
material being directed for the production of animal feed (L1 et al., 2013).

Pulses, the edible grains from legume plants, which include beans, lentils, and
peas, are a rich source of protein, particularly valued by people with vegetarian eating
habits, and represent the main source of protein in this type of diet (MECHA et al., 2021).
Pulses, such as beans, are sustainable, low-cost, gluten-free protein sources, and have
large amounts of carbohydrates, fiber, vitamins, minerals and reduced lipid content,
exerting significant nutritional benefits for health (ERBERSDOBLER, BARTH,
JAHREIS; 2017), reducing cholesterol and blood pressure levels, as well as the risks of
diabetes and cardiovascular diseases (SOUSA DE OLIVEIRA, 2020).

Beans can be used as ingredients in foods in the form of grains or as flours,
expanding application possibilities (MALCOLMSON, HAN; 2019). Bean flours have
been intensively studied, particularly as a fortification in basic products such as breads
and pasta, with the objective of developing new foods rich in protein, fiber, minerals, and
bioactive compounds (CODA et al., 2017) with nutritional and functional properties
(water affinity, gelling, viscosity increase, foaming and emulsification) that are desirable
for their use as food ingredients (AUGUSTIN, COLE; 2022). Azuki (Vigna angularis L.)
and lima (Phaseolus lunatus L.) bean flours can be developed as new non-traditional
sources of protein and starch.

The azuki bean originated in Asia, in regions with a tropical climate in China,
Japan, and South Korea, where it is considered an important grain crop (MUKAI, SATO;
2011). In Brazil, the azuki bean culture was introduced by the descendants of Japanese
immigrants and has adapted well to the climate, however, it is still little consumed by
Brazilians (GOHARA et al., 2016). The azuki bean is a potentially rich source of
polyphenols, such as anthocyanins, acting as natural antioxidants and presenting a
composition rich in carbohydrates (57-62%), proteins (17-21%), fiber (12-13%) and a
low amount of lipids (YADAYV et al., 2018). Pastes are produced from azuki beans and
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sweetened for use in confectioneries, mainly in the production of cakes and sweets
(SONG, YU; 2018).

The lima bean is well adapted to several climate zones, from regions with arid
climates to areas of high humidity in Latin America, Europe, Africa and Asia (BRIA,
SUHARYANTO, PURNOMO; 2019). Lima beans have high nutritional potential and
their nutritional composition is interesting for application in foods: proteins (21-26%),
carbohydrates (55-64%), lipids (1.0-2.3%), fibers (3.2-6.8%), minerals and essential
amino acids (OSHODI, ALETOR; 1993). In developing countries, lima beans represent
a valuable source of nutrients, as their grain coat has nutritional value and offers health
benefits (GARCIA et al., 2021). Colors vary from white, brown, yellow, pink, red, purple,
black, gray and mottled, being of great economic importance, as they are associated with
acceptance by consumers, generally the lighter color is associated with a less bitter taste
and shorter time (DE JESUS DANTAS et al., 2023; CAMARA et al., 2023).

Knowledge of the water sorption characteristics of food products provides
information about their stability and quality during packaging and storage, important for
the design, packaging, modeling, and optimization of operations and processes in food
engineering (FREITAS et al.,, 2016; THYS et al., 2010). The relationship between
equilibrium moisture content (Xeq) and water activity (aw ) in a food, at a given constant
temperature, can be described by sorption isotherms (DOPORTO et al., 2012). Water
activity (aw) is a parameter related to food stability. In general, aw affects microbiological
growth and degradation reactions that contribute to the deterioration of these products.
Thus, understanding the interactions between food components and water is necessary to
predict the occurrence of microbial and physicochemical changes (LEONARDO
BETIOL et al., 2020).

Based on these considerations, the objectives of the present work were to
determine the water sorption isotherms and the isosteric heat of sorption of flours obtained
from azuki and lima beans, contributing to the establishment of suitable storage

conditions for these products.

101



2. MATERIAL AND METHODS

2.1.Processing of beans

The materials used in this work were azuki (Vigna angularis L.) and lima
(Phaseolus lunatus L.) beans, purchased in the local commerce. The grains were soaked
in water (1 kg/5 L) for 12 h and dried at 60 °C in an oven (MA030, Marconi, Piracicaba,
Brazil). The beans were ground in a coffee grinder (J. R. ARAUJO & CIA. LTDA.) and
sieved in mesh 35. The initial moisture content (dry basis) of the flours was determined
by gravimetric method (AOAC, 2007), in a vacuum oven, until constant mass, in

triplicate.

2.2.Chemical composition

The proximate composition of the flours was evaluated according to the Locali-
Pereira et al. (2022). The moisture content was determined by the gravimetric method,
through drying in a vacuum oven and calculated on a dry basis (d.b.); the protein content
was determined by the Kjeldahl method, using a conversion factor equal to 6.25; the lipid
content was quantified by the Soxhlet method using percolation with petroleum ether; the
ash content was quantified by gravimetry after incineration in muffle. The total
carbohydrate content was obtained by difference, according to the following equation:

100 — (moisture + protein + lipid + ash). The samples were evaluated in triplicate.

2.3.Sorption isotherms determination

The water sorption isotherms of bean flours were determined using the
gravimetric static method (JOWITT et al., 1983). The mass and moisture of the samples
were initially determined. The samples (about 0.5 @), in triplicate, were stored in
recipients containing saturated salt solutions of LIiCl, LiBr, Nal, MgCl., KI, NaBr,
Mg(NOs)2, NaNO3z, KCI, NaCl, BaCl, and (NH4)SO4, corresponding to water activity (aw)
ranging from 0.05 to 0.92.
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The temperatures (15 °C, 25 °C, 35 °C and 45 °C), which simulate storage
conditions of the bean flours, were controlled in a BOD chamber (MA415, Marconi,
Piracicaba, Brazil). The samples were weighed weekly until reaching constant mass,
characterizing the equilibrium. The aw values for each saline solution were obtained
according to Labuza (1963) at different temperatures (Table 1). The equilibrium moisture

contents (Xeq) Were calculated by the weight difference from the initial samples.

Table 1. Water activity of saturated salt solutions at different temperatures
(LABUZA 1963).

Storage temperature

15°C 25°C 35°C 45°C

Salt Water activity
LiBr 0.068 0.063 0.059 0.056
LiCl 0.113 0.113 0.112 0.111
MgCl2 0.333 0.327 0.320 0.311
Nal 0.407 0.378 0.344 0.310
NaBr 0.606 0.575 0.545 0.519
Kl 0.709 0.688 0.669 0.652
NaNOs 0.762 0.754 0.750 0.740
Mg(NO3). 0.558 0.528 0.499 0.469
NaCl 0.753 0.751 0.749 0.745
KCI 0.859 0.842 0.827 0.810
(NH4)SO4 0.808 0.803 0.798 0.793
BaCl2 0.920 0.900 0.880 0.860

Source: AUTHOR, 2024.
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2.4.Modelling of sorption isotherms

The following mathematical models (Table 2) were adjusted to the experimental
sorption data obtained for the flours. These models are often used in food products to
describe experimental data and mechanisms of sorption behavior (ARSLAN-TONTUL,
2020; ROSA et al., 2021).

Table 2. Mathematical models adjusted to the experimental sorption data of the flours.

Model name Model Reference Equation
GAB _ Xm C K aw Q)
Xeq = A Kam)d T €= DKaw) (LOMAURO et al., 1985)
Peleg Xeq = K1 aw"! + K2 aw"? (PELEG, 1993) )
i N
Oswin Xeq= M ( aw ) (OSWIN, 1946) )
1—aw
Henderson 1 i (4)
Xeq = (_ﬁ In(1 — aw) ) (BOQUET et al., 1978)
1
Halsey Xeq = (—H1In(aw)) Hz (HALSEY, 1948) (%)

in which aw is the water activity, Xeq is the equilibrium moisture content, Xm is the
monolayer moisture content, C, K, K1, K2, n1, n2, H1, H2, M and N are constants of the

mathematical models used.
Source: AUTHOR, 2024.

2.5. Thermodynamic analysis

The sorption phenomena are dependent of temperature and this dependence can
be evaluated by the net isosteric heat of sorption. At a given hydration level, isosteric heat
represents the binding energy of water molecules to the food matrix. By plotting In (aw)
as a function of (1/T) at a certain equilibrium moisture content, it is possible to determine
the net isosteric heat of sorption (gst) by the slope of the Clausius-Clapeyron equation
(Equation 6) (POLACHINI et al., 2016). According to Rizvi (2005), the gst can be defined
as the difference between the integral heat of sorption (Qst) and the heat of vaporization

of water (A).
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_ _Qst=A_ Ast
aam 1 X€4= = (6)

R R

where T is the absolute temperature (K) and R is the universal gas constant
(8.314 J/mol K).

2.6.Statistical analysis

The results of the chemical composition of the azuki and lima bean flours were
presented as mean values + standard deviation of three replicates. Student's t-test was
used for independent samples, for comparing the means of two groups at a significance
level of 5%. The statistical analyses were performed using the PASW Statistics 18.0
software. The isotherm models were adjusted to the data by nonlinear regression, using
the software OriginPro 8.0 (OriginLab Corporatikon, Northampton, MA, USA). The
quality of the model fitting was estimated based on the coefficient of determination R2agj

(Equation 7) and chi-square y2 (Equation 8).

n-1

2A7 — 1 _p2

R?Adj = 1 - = (1-R?) (7)
(e—en)?

Xz = I;I=1 N—z (8)

in which n is the number of observations, k is the number of parameters in the model
(excluding the constant), R? is the coefficient of determination, e and e* represent the
experimental and estimated values, respectively, N is the number of data values and z is

the number of constants.

3. RESULTS AND DISCUSSION

3.1.Proximate composition of the flours

The proximate composition of azuki and lima bean flours (Table 3) showed, as it
was expected (CHOE et al.,, 2022), that carbohydrates and proteins are the main
components of the beans. In general, the composition of the two species (azuki and lima
beans) are very similar: both flours had a high protein content, but with a higher protein
content observed for the lima bean flour (p < 0.05). Azuki and lima beans contain proteins
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of high biological value and essential amino acids. These amino acids include aspartic
acid and glutamic acid, in larger amounts, followed by lysine, threonine, histidine, proline
and glycine (USDA, 2024; IHEANACHO, UDEBUANI; 2010). Azuki bean grains
present in their husks a potentially rich source of polyphenols, such as anthocyanins,
capable of acting as natural antioxidants (YADAV et al., 2018). The lima bean presents
minerals and essential amino acids, interesting for application in foods (HOLLAND et
al., 1991). High levels of proteins (17~20%) and carbohydrates (66~68%) compared to
low levels of lipids (~1%) and ash (~3%) were found for azuki and lima bean flours.
Other studies have reported similar results for navy beans, moyashi and kidney beans
(KENAR et al., 2020; LOCALI-PEREIRA et al., 2022).

Table 3. Proximate composition of azuki and lima bean flours

Composition (%)  Azuki bean flour  Lima bean flour p Value
Moisture 8.79 £ 0.262 8.04 +0.412 0.058
Protein 17.23 £ 1.76" 20.56 + 0.69° 0.038
Lipid 1.60 £ 0.20% 1.25+0.222 0.120
Ash 3.59 £ 0.03? 3.48 +£0.01° 0.008
Carbohydrate 68.772 66.65° 0.153

*Different letters in the same line indicate statistically different means by Student's t test (p < 0.05).

Source: AUTHOR, 2024.

3.2.Water sorption isotherms of azuki and lima bean flours

The sorption isotherms of azuki and lima bean flours at 15, 25, 35 and 45 °C are

shown in Figures 1 and 2, respectively.
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Figure 1. Water sorption isotherms for azuki bean flour at 15, 25, 35, 45 °C.
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Figure 2. Water sorption isotherms for lima bean flour at 15, 25, 35, 45 °C.
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Water activity (aw) and equilibrium moisture content (Xeg) are important
parameters that strongly influence the chemical, microbiological and sensory reactions
that may occur during the storage of a product, which may interfere with its stability and
quality. In powdered foods, the increase of these parameters causes particle
agglomeration, affecting the composition and microbiological load of the products
(NAIBAHO et al.., 2022; BOGOEVA, DURAKOVA,; 2020). Through water sorption
isotherms, it is possible to evaluate the interactions between water and food components,
providing information to select processing, drying, packaging, and storage conditions that
are appropriate for the characteristics of the products (MARA RIGHETTO, MARIA
NETTO; 2005).

The isotherms showed the typical increase of the equilibrium moisture content
(Xeq) with increasing in water activity (aw), following S-shaped (sigmoidal) curves
(INGLEZAKIS, POULOPOULOS, KAZEMIAN; 2018). Water sorption characteristics
are defined by the composition of the solid part, mainly carbohydrates and proteins
(MARA RIGHETTO, MARIA NETTO; 2005). The adsorption of water by proteins and
carbohydrates is a complex phenomenon and widely studied in several areas. Proteins are
macromolecules composed of chains of amino acids and have functional groups that can
interact with water, such as amino and carboxyl groups, as well as amino acid side groups.
Carbohydrates, such as sugars and starches, can also interact with water, mainly due to
the hydroxyl groups present in their structure (LI et al., 2022; KINSELLA, FOX,
ROCKLAND:; 1986).

The equilibrium moisture content values ranged from 0.051 up to 0.281 g of
water/g of dry matter for azuki bean flour and from 0.052 to 0.304 g of water/g of dry
matter for lima bean flour, in a range of aw ranging from 0.056 to 0.920, showing a slightly
higher hygroscopicity of lima bean flours, which could be associated with their chemical
composition richer in proteins, as discussed below.

In addition, the equilibrium moisture content of azuki and lima bean flours
decreased significantly with increasing temperature at a given aw. The formation of
hydrogen bonds is reduced by increasing temperature, resulting in a decrease in bound
water, which may contribute to a decrease in Xeq (ERBAS et al., 2016). The effect of
temperature on moisture content was less marked for azuki bean flour.

Lima bean flour showed to be more hygroscopic and have higher equilibrium
moisture content values than azuki bean flour for all the different storage temperatures

evaluated, showing a higher water adsorption capacity compared to azuki bean flour. The
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t-test applied to the chemical composition data of azuki, and lima bean flours showed
significant differences (p < 0.05) for the protein contents found in the beans. Lima beans
had a higher protein content, and this factor may be associated with its greater water
adsorption capacity. Materials with greater hydrophilic power may have greater ability to
adsorb water, whereas materials with higher lipid content may decrease their
hygroscopicity (ARSLAN-TONTUL, 2020; LAZOUK et al., 2015). Properties such as
water adsorption capacity are attributed to the interaction of proteins with water through
hydrogen bonding (ORDONEZ et al., 2005; SILVA-SANCHEZ et al., 2004). Protein
fractions extracted from grains such as cereals and legumes are natural polymers that have
several advantages such as good amphiphilic and functional properties such as water
solubility (XIONG et al., 2018; NESTERENKO et al., 2013). According to Barretto et al.
(2018), water binds to the polar amino groups of proteins through hydrogen bonding,
increasing the moisture of the monolayer and these results are consistent mainly for
protein-rich foods.

The sorption isotherms shown in Figures 1 and 2 can be classified as type Il
isotherms, according to the classification by Brunauer et al. (1940). This type of isotherms
was also observed for other grains such as linseed, sunflower, chia and grape
(BOGOEVA, DURAKOVA,; 2020; LAZOUK et al., 2015; ORDONEZ et al., 2005).
According to Mathlouthi (2001), type Il isotherms are classified by three regions: the first
region (aw < 0.3) corresponds to monolayer moisture, strongly linked to the product
matrix; the second region (0.3 < aw < 0.7) presents an almost linear behavior,
corresponding to water in several layers; and the third region (aw > 0.7) corresponds to

free water available for chemical and microbiological reactions.

3.3.Sorption isotherms modelling

Modeling the isotherms is relevant for the design of drying operations, shelf-life
studies, choice of packaging and evaluation of physicochemical changes in foods during
storage. The parameters obtained from the adjustment of the mathematical models - GAB,
Peleg, Oswin, Henderson, and Halsey - are presented in Tables 4 and 5, as well as the

corresponding coefficients of determination (R2ag;) and chi-square ().
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Table 4. Parameters of models fitted to sorption isotherms of azuki bean flours.

Model Temp. Model fit parameter Model constant
name ®) Constant1 Constant 2 Constant3 Constant 4
1 R2Adj Xm C K
15 3.0387E>  0.9928 0.0710 219.0835 0.8052 -
25 9.4928E°  0.9969 0.0695 69.6742 0.7738 -
CGAB 35 2.1304E° 0.9905 0.0677 57.5473 0.7154 -
45 2.7113E°  0.9913 0.0653 42.5674 0.6847 -
1 R2Adj K1l nl K2 n2
15 1.5120E° 0.9964 0.1364 0.3015 0.2379 5.8073
25 6.0295E°  0.9980 0.1760 5.1729 0.1376 0.3634
Peleg 35 2.3167E°® 0.999 0.1362 2.6870 0.1025 0.2389
45 2.7005E°  0.9914 0.2389 5.9666 0.1371 0.3688
e R2adj M N
15 6.0142E° 0.9857 0.1199 0.3401 - -
) 25 8.3441E° 0.9973 0.1148 0.3260 - -
Oswin 35 1.7382E" 0.9924 0.1107 0.2988 - -
45 4.1747E° 0.9867 0.1144 0.3578 - -
1 R2Adj H1 H2
15 3.0164E* 0.9285 28.8687 1.7798 - -
Henderson 25 1.0128E* 0.9679 44.8850 1.9595 - -
35 5.8452E° 0.9746 86.4237 2.2346 - -
45 1.5808E*  0.9497 38.9020 1.8973 - -
1 R2Adj H1l H2
15 1.9809E° 0.9953 228.1425 2.3550 - -
25 3.0445E° 0.9903 272.0882 2.3801 - -
Halsey
35 5.3994E° 0.9766 406.1872 2.5143 - -
45 1.4629E"° 0.9953 142.5025 2.0735 - -

Source: AUTHOR, 2024.
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Table 5. Parameters of models fitted to sorption isotherms of lima bean flours.

Model fit parameter

Model constant

Model Temp.
Constant 1 Constant 2 Constant 3 Constant 4
name (°C)
G R2adj Xm C K
15 2.4349E" 0.9952 0.0728 631.5476 0.8520 -
GAB 25 6.3593E" 0.9867 0.0648 278.5347 0.8796 -
35 9.4113E" 0.9748 0.0597 107.4372 0.8437 -
45 2.1998E" 0.9927 0.0557 42.4273 0.7604 -
G R2adj K1 nl K2 n2
15 1.3493E° 0.9973 0.2771 5.8350 0.1345 0.2620
Pel 25 1.5397E° 0.9967 0.3393 7.6079 0.1453 0.3510
ele
g 35 2.4960E° 0.9933 0.4139 9.8272 0.1417 0.4317
45 1.3834E 0.9954 0.1606 2.4061 0.0954 0.2139
e R2adj M N
15 1.2174E* 0.9763 0.1237 0.3551 - -
_ 25 1.5644E* 0.9673 0.1162 0.3923 - -
Oswin
35 1.2671E* 0.9661 0.1057 0.3990 - -
45 2.5519E7 0.9915 0.1157 0.3236 - -
G R2adj H1 H2
15 4.9360E 0.9039 22.3439 1.6764 - -
25 5.3092E 0.8892 20.0559 1.5840 - -
Henderson
35 3.5102E* 0.9063 25.3188 1.6330 - -
45 8.2190E" 0.9728 58.0597 2.0968 - -
G R2Adj H1 H2
15 1.8463E™° 0.9964 173.8835 2.2617 - -
25 2.5608E™ 0.9946  115.7776 2.0054 - -
Halsey
35 4.7935E° 0.9872 117.4704 1.9186 - -
45 5.7570E7 0.9809 220.5482 2.2796 - -

Source: AUTHOR, 2024.
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The GAB and Peleg models showed the lower values for 2 and higher values for
RZ2agj (close to 1) for both bean flours. Thus, the GAB model was chosen to represent the
water sorption isotherms of azuki and lima bean flours at all tested storage temperatures
due to the advantage of having parameters with physical meaning related to the adsorption
process. The monolayer moisture content (Xm) values for azuki and lima bean flours
decreased with increasing temperature. According to Damodaran, Parkin (2018), in the
GAB model, Xm is considered an important reference value to ensure food stability, as it
indicates the amount of water strongly adsorbed on specific active sites on the surface of
the food. The parameter C refers to the heat of sorption and the parameter K is related to
the properties of the molecules in the multilayer and influences the behavior of the
isotherm curves (MARA RIGHETTO, MARIA NETTO; 2005). High values for C
indicate more heat involved for the water sorption process by the flours. In fact, the C
values resulting from the GAB model fitting decreased with the increase of the storage
temperature, for both bean flours. Adsorbent-adsorbate interactions are likely exothermic,
resulting in lower values of C as the temperature rises (VASILE, JUDIS, MAZZOBRE;
2020). The values of the K parameter indicate the interactions between the adsorbent and
the molecules in the multilayers. When K approaches one, there is almost no distinction
between multilayer molecules and liquid molecules. Thus, the high values obtained for
the K parameter, observed for the flours (K ~1) indicate that the multilayer molecules
interact with the sorbent at energy levels that vary between those of the monolayer
molecules and the liquid water (QUIRIJNS et al., 2005). This reinforces the need to
subject bean flours to adequate storage conditions to limit the availability of free water in
the face of possible chemical, enzymatic and microbial reactions. Some studies with chia
and pinh&o seeds also demonstrated similar behavior for the sorption isotherms
(ARSLAN-TONTUL, 2020; SPADA et al., 2013).

3.4.Net isosteric heat of sorption (qst)

The net isosteric heat of sorption (gst) provides information on water in food and
also estimates the amount of energy needed to dry a product at a given temperature
(KOUA et al, 2014). In the Figure 3, the net isosteric heat of sorption (gst) of azuki and
lima bean flours was determined for equilibrium moisture contents (Xeq) ranging from

0.1 up to 0.3 g of water/g of dry matter. This thermodynamic property varied from 447.43
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to 4693.30 J/mol for azuki bean flour and from 407.43 to 4289.77 J/mol for lima bean
flour. These values depend on the material specifically and the equilibrium moisture
content range studied. For both flours, was observed that gst decreased with increasing
Xeq, Showing that more heat is required in regions of low moisture content during drying,
reflecting the higher energy levels of water — adsorbent interactions. Higher gs: values
indicate a greater degree of binding between water molecules and the surface of the food
(TSAMI, 1991). As observed by Polachini et al. (2016) and Sanches (2023), in studies
with cassava and malt bagasse, in regions with low moisture content, water molecules are
strongly bound, present in the structure of the product, when compared to water from
adjacent multilayers. This same behavior was observed to chia (ARSLAN-TONTUL,
2020), papaya (ROSA et al, 2021), melon (MALLEK-AYADI, BAHLOUL,
KECHAOU; 2020). Pigeon pea and Lima bean (CORZO, FUENTES; 2004) grains. It is
possible to observe that the net isosteric heat of sorption for lima bean flour was lower
than for azuki bean flour, probably due to the differences in composition observed; and

thus, the energy needed to dry the flours for safe water activity will be less for lima beans.

Figure 3. Net isosteric heat of sorption (gst) for azuki and lima bean flours as a function

of equilibrium moisture content (Xeg).
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4. CONCLUSIONS

Moisture sorption isotherms were determined for azuki and lima bean flours. For
both flours, the sorption capacity decreased significantly with increasing temperature, in
the studied temperature range. The equilibrium moisture values showed a slightly higher
hygroscopicity for lima bean flour, presenting a greater water adsorption capacity
compared to azuki bean flour, which may be associated with its chemical composition
richer in proteins. The GAB model fit the experimental data and was chosen to describe
the sorption isotherms obtained from azuki bean and lima bean flours. The sorption
isotherms of both beans corresponded to the characteristics of type Il isotherm, according
to the classification by Brunauer. The net isosteric heat of sorption for the two flours

decreased with increasing equilibrium moisture content.
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Stability of buriti oil microencapsulated in mixtures of azuki and lima
bean flours with maltodextrin
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Abstract

Buriti oil (Mauritia flexuosa L.) is rich in carotenoids, mainly p-carotene, and has great
value for application as a food, pharmaceutical, or cosmetic ingredient, as well as a natural
pigment. Microencapsulation is a promising technique to protect compounds sensitive to
degradation like as p-carotene. Materials composed of carbohydrates and proteins, such
as azuki bean (Vigna angularis L.) and lima bean (Phaseolus lunatus L.) flours, are
alternative matrices for microencapsulation, in addition to provide good amounts of
nutrients. In combination with maltodextrin, the flours represent a protective barrier in
stabilizing lipophilic compounds such as buriti oil for subsequent spray drying. In this
work, the performance of mixtures of maltodextrin with whole azuki and lima bean flours
was evaluated in the microencapsulation of buriti oil. The microcapsules showed good
results for solubility (>80%), hygroscopicity (~7%), encapsulation efficiency (43.52 to
51.94%) and carotenoid retention (64.13 to 77.49%.) After 77 days of storage, the
microcapsules produced maintained 87.79% and 90.16% of carotenoids, indicating that
the powders have high potential for application as encapsulants in the food and

pharmaceutical industries.

Keywords: pulses, Vigna angularis L., Phaseolus lunatus L., Mauritia flexuosa L.

emulsion, spray drying, carotenoids
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1. INTRODUCTION

Carotenoids are natural pigments found in many foods and recognized for their
bioactive properties such as antioxidant and anticarcinogenic activities, in addition to
being precursors of vitamin A, which may offer health benefits associated with these
compounds (CAMELO-SILVA et al, 2021). The oil extracted from the buriti palm fruit
(Mauritia flexuosa L.) is of great interest for the food, chemical and cosmetic industries
due to the high concentration of carotenoids, with B-carotene being the major carotenoid
in its composition (MOSER et al, 2020). In addition to being used as a dye, B-carotene
has preventive and therapeutic health benefits, acting in the prevention of cardiovascular,
degenerative, and immunological diseases (de OLIVEIRA et al, 2022).

The application of B-carotene may be limited as they are carotenoids susceptible
to degradation when exposed to different conditions such as light, oxygen and heat,
leading to loss of benefits. In addition, their hydrophobicity is a limitation that hinders its
incorporation into water-based foods, due to low solubility (BRITO-OLIVEIRA et al,
2017). Microencapsulation is a technology that allows the protection of sensitive
bioactive compounds while helping to maintain their nutritional and sensory
characteristics, thus improving the stability of the material, as well as assisting in the
dispersion of poorly soluble materials (de OLIVEIRA et al, 2022; NGUYEN et al., 2022).

Microencapsulation by atomization through spray drying is a widely used method
to microencapsulate oils and hydrophobic compounds, such as carotenoids (RIBEIRO et
al., 2020; MOSER et al, 2020). The active material is dispersed in a solution of carrier
agents and the droplets are atomized through a nozzle in a drying chamber, where the
water will be vaporized in contact with hot air, forming dry particles that trap the active
compound within the matrix (MILINIA et al, 2024).

Mixtures of proteins and polysaccharides are often used to compose encapsulating
matrices (RIBEIRO et al., 2020). The combination of proteins and polysaccharides is
advantageous because while proteins act as emulsifiers and form a protective layer,
carbohydrates form the scaffold of the matrix (RE, 1998). Among polysaccharides,
maltodextrin has stood out due to its ease of application, low cost, solubility, neutrality,
high availability, and heat resistance (MAHDAVI et al., 2014). Within the group of
proteins, whey and soy proteins are often combined with maltodextrin to form
encapsulation matrices (NESTERENKO et al., 2014)
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Emulsification of lipids in a carrier solution is an essential procedure for
encapsulating lipophilic compounds, such as oils, carotenoids, and hydrophobic vitamins
(MCCLEMENTS, 2010). The electrostatic interaction between polysaccharides and
proteins contribute to emulsion stabilization (PEREIRA et al., 2019). Proteins act as
surfactants, facilitating the formation of the oil-in-water emulsion and increasing its
stability (ZHANG et al., 2015). During homogenization of oil in water, proteins reduce
surface tension by adsorbing at the interface, creating a protective layer around the oil
droplets (MCCLEMENTS, 2004). Polysaccharides, on the other hand, interact with the
proteins to increase the stabilizing layer thickness. Hydrophilic chain segments of
polysaccharides may also protrude from the droplet surface enhancing steric stabilization
and binding great amounts of water, thus contributing to emulsion stabilization by
viscosity increasing (NICOLETTI TELIS, 2019).

Purified protein fractions, such as isolates and concentrates, have been
investigated, expanding the opportunities for their use as encapsulation matrices. A
promising combination for the microencapsulation of bioactive compounds is the use of
maltodextrin blended with plant proteins extracted from legumes (LOCALI-PEREIRA et
al, 2022, MOSER et al, 2020). Vegetable proteins have low cost, lower allergenicity and
appropriate functional properties of emulsification for encapsulation purposes (AYDIN
etal, 2023). Bean grains provide important amounts of essential nutrients to humans, such
as proteins (20-30%) and complex carbohydrates, including starch, dietary fiber, and
oligosaccharides (55-75%), representing the main source of proteins for the population
of developing countries (CHOE et al., 2022). Azuki bean (Vigna angularis L.) and lima
bean (Phaseolus lunatus L.) are foods that have been studied in recent years and present
potential for exploration as sources of proteins and carbohydrates to be used as wall
materials for microencapsulation (YADAV et al., 2018; GARCIA et al, 2021).

Based on these considerations, the objective of this study was to combine whole
meal flours obtained from azuki and lima beans with maltodextrin as matrices for the
microencapsulation of buriti oil and to evaluate the characteristics of the microcapsules.
In addition, we assessed the stability of the carotenoids microencapsulated by the spray
drying process, studying the effect of time on the color and carotenoid content of the

powders throughout the storage period.
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2. MATERIALS AND METHODS

2.1.Materials

The materials used in this work were: azuki bean and lima bean grains purchased
from local stores in the city of Sdo Paulo (Sao Paulo, Brazil); maltodextrin DE 10 supplied
by Get do Brasil (S&o Jodo da Boa Vista, S&o Paulo, Brazil); buriti oil supplied by
Amazon OilTM (Ananindeua, Pard, Brazil); and analytical grade reagents sodium

hydroxide, hydrochloric acid, and chloroform supplied by Dinamica (Indaiatuba, Brazil).

2.2.Methods
2.2.1. Pre-treatment of grains and flour production
Azuki and lima bean grains were previously pre-treated by immersion in water (1
kg/5 L) for 12 h and then dried in an oven at 60 °C for 12 h. After pre-treatment, the beans

were ground in a coffee grinder (J. R. Aradjo & Cia Ltda). The flours were sieved using

a 35-mesh sieve to remove skins and impurities (Figure 1).

Figure 1. Grains and flours of azuki bean (A) and lima bean (B).

Source: AUTHOR, 2024.
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2.2.2. Microencapsulation of buriti oil by spray drying

Emulsions of buriti oil with azuki and lima bean flours were formulated according
to the proportions defined by Locali-Pereira et al. (2022). Two concentrations of flours
were defined to prepare the emulsions, combined with maltodextrin as drying adjuvant
(Table 1).

Table 1. Emulsion formulations with buriti oil

FLOUR WATER BURITIOIL MALTODEXTRIN
(9/100 g of emulsion)

5 55 10 30
AZUKI BEAN

10 55 10 25

5 55 10 30
LIMA BEAN

10 55 10 25

Source: AUTHOR, 2024.

To prepare the emulsions, the flour was dispersed in water, adjusting the pH to 10
with 0.1M NaOH for increasing the protein solubility. Buriti oil was added and the
mixture was homogenized (T-25 UltraTurraxR, IKA, Germany) at 20,000 rpm for 10 min.
Maltodextrin was added and the system was homogenized again for 10 min at 20,000
rpm. Finally, the emulsions were sonicated (Sonic Ruptor 4000, Omni International,
USA) for 3 min (240 W/20 kHz) to reduce droplet size.

The emulsions were dried in a mini spray dryer (B-290, Biichi, Switzerland), with
an atomizing nozzle of 0.7 mm in diameter, aspiration at 90%, feed flow at 6 mL/min,
drying air flow at 819 L/h and drying air inlet temperature of 140 °C. After drying, the
microencapsulated powders were stored in polyethylene bags with zip lock closure,

protected from light with aluminum foil and stored in a desiccator containing silica gel.

2.2.3. Characterization of microcapsules

The buriti oil microcapsules were characterized through analysis of morphology,
moisture, aw, hygroscopicity, solubility, process yield, colorimetric analysis, oil and

carotenoid encapsulation efficiency, and oil and carotenoid retention.
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2.2.3.1.Scanning electron microscopy (SEM)

The microcapsules were analyzed by scanning electron microscopy (SEM)
(Philips XL-30 FEG), at magnitudes of 500x%, 5.000x and 10.000x%. The samples were
fixed on SEM stubs with double-sided adhesive and coated with gold/palladium under

vacuum.

2.2.3.2.Moisture content

The moisture content was determined by the gravimetric method in a vacuum oven
at 70 °C and 100 mmHg (3.3 kPa) (AOAC, 926.12) (AOAC, 1990). Approximately 3 g
of sample were weighed into crucibles and placed in the oven for 48 hours. Moisture was
calculated on a dry basis (d.b.).

2.2.3.3.Water activity

Water activity (aw) was measured using an electronic water activity meter (Aw
Sprint, Novasina, Axair Ltd., Switzerland), at 25°C.

2.2.3.4.Hygroscopicity

Hygroscopicity was determined according to the methodology proposed by de
Barros Fernandes et al. (2014). The samples (about 1 g) were weighed into small
polyethylene containers and placed in a small chamber containing saturated NaCl solution
(75.3% RH), at 25 °C, for 7 days. After this period, the samples were weighed again. The

hygroscopicity (%) was expressed as the percentage of moisture adsorbed.

2.2.3.5.Solubility

The solubility was determined according to the methodology proposed by Cano-
Chauca et al. (2005). Approximately 1 g of sample was dispersed in a beaker containing

100 mL of distilled water at 25 °C and stirring on a magnetic stirrer at high speed for 5
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min. The dispersion was transferred to a Falcon tube and centrifuged at 3.000xg for 5
min. A 25 mL-aliquot of the supernatant was collected and transferred to a previously
weighed Petri dish, and dried in an oven at 105 °C for 5 h. The Petri dish was weighed
again and the solubility (%) was calculated by the ratio between the weight of residue

present in the dish and the sample weight.

2.2.3.6. Process yield

The process yield was calculated by the ratio between the weight of powder
obtained in the spray dryer collector after drying and the weight of total solids in the

sample before drying.

2.2.3.7. Colorimetric analysis

The colorimetric analysis of microcapsules was carried out using a CR-5
colorimeter (Konica Minolta, Ransey, New Jersey, USA), with observer at 10° and D65
illuminant. The determined color parameters were: L*(Luminosity), C* (Chroma), h®

(tone angle), a* (+a = red; -a = green) and b* (+b = yellow; -b = blue).

The color difference (AE) between samples was determined by Equation (1)

(TONTUL,; TOPUZ, 2017).

AE =,/(L* —L0)? + (a* —ao0)? + (b*- bo)? Eq. (1)

where Lo, ao and bo are the color parameters of the control sample and L*, a* and b*

are the color parameters of the comparison sample.

2.2.3.8.Encapsulation efficiency (EEC) and retention of carotenoids
(RTC)

The carotenoid encapsulation efficiency (EEC) and carotenoid retention (RTC)
of the buriti oil present in the microcapsules were evaluated according to the methodology
proposed by Ribeiro et al. (2020), with some modifications. The initial content of
carotenoids in buriti oil (ClI), the carotenoids present on the surface of the microcapsule
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(CS) and the total carotenoids present in the microcapsules (CT) were quantified. Cl was
determined by weighing an aliquot of buriti oil in a 10 mL volumetric flask, completing
the volume with chloroform. The absorbance of the sample was measured at 465 nm
(Biospectro SP220) and the carotenoids were expressed as p-carotene, according to
Equation (2).

Absx V x 10%
2396 xm

C(ug/g) = Eq. (2)

where C is the concentration of carotenoids (ug B-carotene/g sample), Abs is the

absorbance reading (A), V is the dilution volume (mL) and m is the sample weight (g).

To quantify CS, an aliquot of 0.1 g of microcapsules was weighed in a test tube
and added to 10 mL of chloroform, stirring manually for 1 min. Subsequently, the organic
phase was filtered through filter paper, the absorbance of the aqueous phase was measured
at 465 nm, and the carotenoids were determined by Equation (2), being expressed as S-
carotene. CT was determined by adding 0.1 g of sample to 5 mL of Mcllvaine's buffer
solution (pH 7.4) in a test tube that was vortexed for 30 s. After 12 h at rest, the mixture
was added with 5 mL of chloroform and vortexed again for 30 s. Separation of the
aqueous and organic phases was carried out by centrifugation at 1800 rpm for 10 min.
The absorbance of the aqueous phase was measured at 465 nm and carotenoids were

determined by Equation (2), being expressed as -carotene.

The carotenoid encapsulation efficiency (EEC) and carotenoid retention (RTC)

were calculated by Equations (3) and (4), respectively.

(CT-CS)

EEC (%) = ——— x 100 Eq. (3)
(CT xMpowder)
RTC (%) = (clx—fnf) x 100 Eq. (4)

in which Cl is the total carotenoids present in the oil, Mpowder iS the mass of

microcapsules and moii is the mass of oil added to the emulsion.
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2.2.3.9. Oil Encapsulation efficiency (EEO) and oil retention (RTO)

The oil encapsulation efficiency (EEO) and the oil retention (RTO) were
evaluated by the methodology proposed by Ribeiro et al. (2020) with some modifications.
To quantify the oil present on the surface of the microcapsules (OS), 0.1 g of sample was
weighed in a test tube and added with 10 mL of chloroform, stirring manually for 1 min.
Subsequently, the organic phase of the mixture was filtered through filter paper,
transferred to a Petri dish, and dried in an oven at 60 °C until constant weight. The residue
was considered as the surface oil. The total oil (OT) was determined by weighing 0.1 g
of sample and adding with 5 mL of Mcllvaine's buffer solution (pH 7.4) in a test tube,
vortexing for 30 s. Subsequently, the mixture was kept at rest for 12 h, after which 5 mL
of chloroform were added to the tube, vortexing again for 30 s. Separation of the aqueous
and organic phases was carried out by centrifugation at 1800 rpm for 10 min. The organic
phase was transferred to a Petri dish and dried in an oven at 60 °C until constant weight.
The residue was considered as the total oil. The oil encapsulation efficiency (EEO) and
oil retention (RTO) were calculated by Equations (5) and (6), respectively.

EEO (%) = &2 x 100 Eq. (5)

(OT x mpowder)

RTO (%) = =

x 100 Eq. (6)

in which Ol is the oil present in the emulsion.

2.2.3.10. Stability of microcapsules

Samples of microcapsules were weighed in petri dishes (about 5 g) and stored in
a sealed desiccator containing a saturated MgCl> solution (constant relative humidity of
33%), in a light-protected environment at 25 °C. This temperature was chosen to
reproduce common commercial storage conditions. The color parameters, moisture, and
total carotenoids content in the microcapsules were evaluated at each every 7 days, over
77 days.
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2.2.3.11. Statistical analysis

Statistical analyzes were performed using Minitab 17 software. The results were
subjected to analysis of variance (ANOVA), applying Tukey's multiple comparison test

at a significance level of 5%.

3. RESULTS AND DISCUSSION

3.1.Characterization of microcapsules

3.1.1. Scanning electron microscopy (SEM)

In general, azuki and lima bean flours combined with maltodextrin resulted in
particles with a rounded shape, smooth surfaces with small wrinkles and no porosities
(Figure 2), which contributes to improving the stability of the encapsulated oil (LOCALI-
PEREIRA et al., 2022). These aspects are characteristic of microcapsules produced by
spray drying and may be associated with shrinkage resulting from the significant loss of
moisture in the process (NIZORI et al., 2018).

This study revealed that formulations Al and L1, were less prone to
agglomeration compared to formulations A2 and L2, which were prone to agglomeration.
The literature indicates that during microencapsulation by spray drying it is possible for
smaller particles to agglomerate around larger particles, which can provide greater
stability to the microencapsulated compounds, as the external particles have the potential
to protect the inner particles (ALVES et al. al., 2017). It is still possible to observe that
lima bean flour (Figure 2c, d) resulted in larger microcapsules when compared to

microcapsules produced with azuki bean flour (Figure 2a, b).
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Figure 2. Scanning electron microscopy images (2000x magnification) of buriti oil

microcapsules.

Al, A2: microcapsules formulated with azuki bean flour equivalent to 5% and 10% in the formulation,
respectively; L1, L2: microcapsules formulated with lima bean flour equivalent to 5% and 10% in the
formulation, respectively.

Source: AUTHOR, 2024.

3.1.2. Physicochemical properties

In general, the combination of azuki bean and lima bean flours with maltodextrin
enabled the formation of microcapsules rich in carotenoids and with good properties,
which are relevant for their functionality (Table 2, Figure 3).

Regarding to properties related to shelf life of microcapsules, such as moisture
content, aw, and hygroscopicity, , the results showed that the spray drying process was
effective in producing powders with low humidity (less than 3%). The flours of both types
of beans used in the formulations did not significantly influence the moisture content of
the microcapsules (p > 0.05). The low values observed are typical in powder products
resulting from spray drying due to the transformation of fluids into small droplets during
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fast drying in the chamber at high temperatures (GHARSALLAOUI et al.; 2007).
According to Ramakrishnan et al. (2018), to assure the physicochemical stability, a

powdered product should have a water content smaller than 5%.

Table 2: Physicochemical properties of buriti oil microcapsules

Properties Al A2 L1 L2

Moisture (%) 2.61+0214 2.44+0.044 2.70+0.06 A 2.38+0.244
aw 0.25 + 0.09 AB 0.23+0.058 0.26 +0.07 A 0.24 +£0.01 78
Hygroscopicity (%) 7.47+0.13B 794+0.174 7.74+0.01 78 7.78+0.20 "8
Solubility (%0) 81.58+0.26 B 83.97 +0.14 A 81.28+0.18° 83.45+1.094
Process Yield (%)  60.97 £5.21* 57.9+75% 58.28 + 4.04 A 56.50 + 3.54 A
L* 84.36 +0.32 B 80.77 £0.58 © 86.88 + 0.44 A 86.45+0.724

a* 3.58+0.16 A 3.56+0.254 3.46+0.26 A 3.10+0.10B
b* 30.78 +0.72A 27.09+1.14°B 31.67+1.364 30.70 £ 1.03A
C* 30.99 +0.73 4 27.32+1.16°B 31.86+1.384 30.85+1.024
ho 83.36 +0.16 © 82.50 +0.23° 83.75+0.23B 84.21+0.304
EEO (%) 61.91+0.20 8 60.73+0.62 B 62.21 +3.12 48 68.67 + 0.62 A
RTO (%) 68.91+1.924 64.04 +0.87 A 64.82 +0.96 A 73.57 +4.73 A
EEC (%) 51.31+3.87 /8 4352 +3.33°¢ 44.09 + 1.64 B¢ 51.94+ 1554
RTC (%) 76.76 +6.97 A 64.13+4.80° 65.64 + 2,19 B 77.49+3.22 A

Al, A2: microcapsules formulated with azuki bean flour equivalent to 5% and 10% in the formulation,
respectively; L1, L2: microcapsules formulated with lima bean flour equivalent to 5% and 10% in the
formulation, respectively. Means + standard deviation followed by different letters in the lines indicate
statistical difference (p < 0.05).

Source: AUTHOR, 2024.
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Figure 3. Al, A2: microcapsules formulated with azuki bean flour equivalent to 5% and
10% in the formulation, respectively. F1, F2: microcapsules formulated with lima bean
flour equivalent to 5% and 10% in the formulation, respectively.

Source: AUTHOR, 2024.

As observed in Table 2, the formulations presented low values for aw (~
0.2), which is desirable to avoid microbiological growth and to delay oxidation reactions
in the product (ROCHA et al., 2019). The powders presented hygroscopicity values of
around 7%, close to the results obtained for buriti oil microcapsules with maltodextrin
and kidney bean and moyashi bean flours (LOCALI-PEREIRA et al., 2022). Low
hygroscopicity values, as low as those reported in Table 2, are recognized as capable of
ensuring physicochemical and microbiological stability of powdered foods (SCHUCK,
OUEST; 2011).

The microcapsules showed high solubility in water (above 80%), which is
desirable for dissolution in aqueous food formulations. According to Jafari et al. (2017),
the solubility of microcapsules can be influenced by several factors, such as the raw
material used, the carrier agents used and the specific conditions during the
microencapsulation process, especially temperature, air flow rate and flow rate food. For
both types of beans, a slightly higher solubility was observed in formulations with higher
protein content (A2, L2). The protein fractions of grains such as cereals and legumes have
good amphiphilic and functional properties, such as water solubility (XIONG et al.,
2018). The drying yield was similar (no significant differences at p < 0.05) for the
formulations with azuki and lima bean flours, ranging from 56 to 60%. These values are
consistent with similar oil/water emulsions dried by spray drying at laboratory scale
(RIBEIRO et al., 2020; LOCALI-PEREIRA et al., 2022).

Regarding color parameters, as seen in Figure 3 and Table 2, the color of the

microcapsules was influenced by the buriti oil and type of flour. Samples Al, A2,
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formulated with maltodextrin and azuki bean flour showed significantly lower luminosity
(L*), whereas samples L1, L2, with maltodextrin and lima bean flour, had higher
luminosity (L*). In general, the microcapsules had a yellow tone (indicated by the hue
angle h°~80 in the first quadrant) and a predominance of the positive b* coordinate
tending towards yellow, based on the reference axis: 0° or 360° (red), 90° (yellow), 180°
(green) and 270° (blue) (KUCK; NORENA, 2016).

The total oil retention (RTO) and carotenoid retention (RTC) are parameters
related to the total content of oil and carotenoids present in the microcapsules compared
to the formulated emulsion before drying (RIBEIRO et al., 2020). On the other hand, the
carotenoid (EEC) and oil (EEO) encapsulation efficiency are related to the content of
carotenoids and oil present inside and outside the microcapsules. In the present study,
RTO varied from 64.04 to 73.57%, with no significant difference between the samples (p
< 0.05), whereas EEO varied from 60.73 to 68.67% and was higher for formulation L2,
with lima bean flour at a higher protein content. Carotenoid retention (RTC) ranged from
64.13 to 77.49% while carotenoid encapsulation efficiency (EEC) ranged from 43.52 to
51.94%, both parameters being lower than RTO and EEO, respectively. These results
may be explained by carotenoid losses that may have occurred during the drying process,
as well as because the results were expressed in terms of B-carotene, and other carotenoids
that may be present in buriti oil were not considered.

The results were notably influenced by the type and concentration of flour in the
formulations. In microcapsules containing azuki bean flour, it was observed that the
formulation with the lowest concentration of flour presented higher EEO, RTO, EEC and
RTC values. On the other hand, for microcapsules containing lima bean flour, the
formulation with the highest flour content demonstrated the highest results for EEO,
RTO, EEC and RTC. Lima bean flour is characterized by a high amount of amylose in its
composition, which can give it good gelling capacity (CAMPECHANO-CARRERA et
al., 2007). Probably, the combination of a greater amount of flour provided a better
surface barrier, reducing the loss of oil and carotenoids for the L2 formulation.

In this study, microcapsules of buriti oil stabilized with whole azuki and lima bean
flours were obtained, presenting EEO, RTO, EEC and RTC values like those found by
other researchers who microencapsulated buriti oil in matrices combined with proteins
and carbohydrates (RIBEIRO et al., 2020; LOCALI-PEREIRA et al., 2022; MOSER et
al., 2019).
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3.1.3. Stability of microcapsules

Considering the results obtained for physicochemical properties, both flours
allowed the production of microcapsules rich in carotenoids and with adequate properties.
Taking into account a hypothetical greater protection that could result from the
morphological characteristics of the powders and the higher protein concentration,
formulations A2 and L2 were selected to be evaluated regarding their storage stability,
which was followed for 77 days at 25 °C and 33% relative humidity (Figure 4).

As seen in Figure 4, there were significant reductions (p < 0.05) in the total
carotenoid content present in the microcapsules along the 77-day storage period, although
the total carotenoid content remained almost stable in the first 7 days of storage.
Nevertheless, the total carotenoid reductions can be considered relatively small: for
microcapsules with azuki bean flour, there was a 12.21% reduction at the end of the 77th
day, while microcapsules formulated with lima bean flour recorded a 9.84% decrease in

total carotenoid content during the same period.

Figure 4. Total carotenoids content (g of B-carotene/g sample), moisture (%) and images
of microcapsules produced with azuki bean flour (A) and lima bean flour (B), stored for
77 days at 25 °C and 33% relative humidity.
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Vieira et al., (2024) studied the stability of red pitaya (Hylocereus polyrhizus)
pigment microencapsulated in maltodextrin matrices. After 90 days of storage, the
authors observed a 14.28% reduction in total betalains content. Guadarrama-Lezamaet
al., (2014) investigated the stability of carotenoids contained in chili extract (Capsicum
annuum L) microencapsulated in gum arabic and maltodextrin matrices and obtained
maximum stability at 25°C, in an aw range of 0.2 to 0.3., with better retention and
preservation of total carotenoid content.

The reduction in carotenoid content during storage may have been caused by the
increase in moisture content undergone by the samples, since moisture can act as a
plasticizing agent, thus promoting physicochemical changes in the dry materials,
including oxidation reactions. The moisture of the microcapsules increased along the
storage period, ranging from 2.36 to 2.57% for samples with azuki bean flour and from
2.42 to 2.6% for samples with lima bean flour (Figure 4).

However, the values remained below the 5% recommended to guarantee their
physicochemical stability (RAMAKRISHNAN et al. 2018). Although the moisture gain
seems to be small, it can be enough to change the physical state of the wall materials, thus
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affecting the mobility of reactive species in the matrix. In addition, other factors, such as
exposure to oxygen, chemical structure of the carotenoids, materials and encapsulation
conditions can influence significant differences (RIBEIRO et al., 2020; LOURENCO et
al., 2020; MOSER et al., 2017).

The color analysis is essential to indicate the uniformity and the quality of a
product. The values of the color parameters L*, a* and b* obtained through the
colorimeter were used to quantify the total color difference (AE) of the microcapsules
during the storage period, compared to the initial samples (0 days of storage) (Table 3).

The color parameters remained almost unchanged from 0 to 7 days. Initially, the
samples had a darker and more saturated color, but lost color intensity over time. In
addition, there was an increase in the values of the luminosity coordinate (L*), whereas
the a* and b* coordinates decreased significantly (p < 0.05), also resulting in a decrease
in saturation, as indicated by the values of chroma parameter (C*).

According to Obon et al. (2009), total color difference (AE) values between 0 and
1.5 are considered low, and the difference between samples cannot be perceived visually.
On the other hand, values above 1.5 to 5 indicate that the color difference can be noticed
visually. Therefore, the total color variation (AE) between samples increased, indicating
that the microcapsules became lighter due to the loss of carotenoids. These results are
directly associated with the total carotenoid levels evaluated during the storage period.

Although there was statistical significance in the carotenoid content decrease, as
well as changes in color parameters detected along the storage period, these reductions
were modest and the microcapsules still retained a considerable amount of B-carotene,
suggesting a great potential for their application as a natural pigment or functional

ingredient in food products.
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Table 3. Color parameters for buriti oil microcapsules formulated with azuki bean flour
(A) and lima bean flour (B), stored for 77 days at 25°C and 33% relative humidity.

(A)
Days L* a* b* C h° AE
0 83.54 + 0.35° 3.30+£0.152 2597+0.54* 26.18+0.55* 82.74+0.18°
7 83.53+£0.01° 3.34+0.015*° 26.18+0.02%8 26.39+0.02¢ 82.72+0.03° 0.20+0.02
14 84.20 £ 0.09 2.89+0.032 24.78+0.13° 24.96+0.13" 83.33+0.05¢ 1.42+0.16°
21 84.36 £ 0.04 % 276 +0.02° 24.26+0.03° 24.42+0.03° 83.50+0.04% 1.97 +0.05¢
28 84.23 +0.1°« 2.89 +0.41° 2492+0.08> 25.09+0.09° 83.37+0.07% 1.32+0.14°
35 83.98+0.01° 2.92+0.011° 2495+0.01° 25.12+0.01° 83.31+0.02¢ 1.17+0.01°
42 84.68 + 0.05? 272 +0.02% 24.15+0.13% 2430+0.13% 83.55+0.03° 2.23+0.14%
49 84.51+0.02%¢  255+0.02" 23.91+0.07% 24.05+0.07 83.91+0.03* 2.40+0.07*
56 84.54 +0.01* 2.60+0.011%" 24.16 +0.02% 24.30+0.02* 83.83+0.02®® 2.18 +0.02«
63 84.52 +0.03% 2,70 +0.03% 23.67 +0.10% 23.83 +£0.09% 83.47+£0.04% 2.57 +0.10°
70 84.43+0.02%¢ 251+0.03" 23.25+0.08 23.38+0.08° 83.81+0.05° 2.97 +0.08?
7 84.70 £ 0.05? 244 +0.03% 23.33+0.09° 23.45+0.10° 84.03+0.06%@ 3.01+0.11°
(B)
Days L* a* b* C he AE
0 88.19 + 0.03° 2.39+0.03° 27.79 £0.02° 27.90 +£0.03° 85.08 = 0.07f ----
7 87.61 + 0.05f 2.56 £ 0.08? 28.25 +0.282 28.37 + 0.292 84.81 + 0.10¢ 0.77 £0.23°
14  88.63+0.062 2.17 £0.02¢ 26.63 + 0.07°¢ 26.72 + 0.07°¢ 85.32 + 0.04° 1.26 +0.08¢
21  88.38+0.03¢ 2.04 +0.024 26.51 + 0.08° 26.59 + 0.08° 85.59 + 0.04¢ 1.34 +0.09¢
28  88.36 +0.03¢ 2.03 +0.054 26.33 + 0.02° 26.41 + 0.02° 85.57 +0.01¢ 1.51 +0.02¢
35 88.33+0.02¢ 1.82 +£0.02° 25.72 +0.12¢ 25.78 £0.12¢ 85.94 + 0.05° 2.15+0.11°
42  88.40+0.02« 1.97 £0.07% 25.61 +0.13% 25.69 + 0.14% 85.58 + 0.14¢ 2.22 £0.14°
49  88.34+0.04¢ 1.67 +0.02 25.34 + 0.04°f 25.40 * 0.04°f 86.22 + 0.05% 2.55 + 0.04°
56  88.36 = 0.01¢ 1.76 +0.01°f 25.30 + 0.06°f 25.37 + 0.06°f 86.01 + 0.02" 2.57 +0.05°
63  88.49 +0.02 1.63 £ 0.02¢ 25.24 + 0.04f 25.30 + 0.04f 86.30 + 0.05? 2.67 +£0.03°
70  88.40+0.01% 1.58 +0.04¢ 24.71 £ 0.08¢ 24.76 + 0.08¢ 86.33 + 0.082 3.19 £ 0.08?
77 88.51+0.01° 1.57 £ 0.04¢ 24.55 £+ 0.07¢ 24.60 + 0.07¢ 86.33 + 0.09 3.36 £ 0.072

Means + standard deviation followed by different letters in the collums indicate statistical
difference (p < 0.05).

Source: AUTHOR, 2024.
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4. CONCLUSIONS

Buriti oil microcapsules with a high carotenoid content were produced using
mixtures of maltodextrin with azuki bean and lima bean flours, achieving good results in
terms of encapsulation efficiency, process yield, solubility and hygroscopicity of the
powders. The formulations with higher flour contents showed better morphological
characteristics and were selected for the storage stability study for 77 days. At the end of
the period, a modest decrease was observed in color parameters and carotenoid levels in
microencapsulated buriti oil. Therefore, microencapsulation by spray drying provided
good stability to the oil. These results suggest considerable potential for the use of buriti
oil microcapsules as a pigment or natural ingredient in the food and pharmaceutical

industries.
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CONCLUSAO GERAL

Os pre-tratamentos de imerséo, calor umido (fervura) e calor seco (tostagem)
aplicados ao feijdo azuki e fava modificaram as propriedades fisicas dos gréos,
aumentando significativamente as dimensdes, com reducdo na massa e densidade, devido
ao aumento da porosidade causado pela perda de componentes e mudangas estruturais
dos grdos. A tostagem foi o pré-tratamento que apresentou maior impacto, expandindo
consideravelmente o tamanho dos gréos. Essas informagdes sdo importantes para otimizar
0s processos de pré-tratamento e melhorar a qualidade dos gréos.

Pelo estudo das propriedades fisico-quimicas, morfoldgicas e tecnofuncionais das
farinhas obtidas apos os diferentes pré-tratamentos, observou-se que a imersao teve o
menor impacto nas propriedades das farinhas, preservando a estrutura do amido e
proteinas dos feijdes; enquanto os tratamentos térmicos modificaram seus
macronutrientes, reduzindo as propriedades de emulsificacdo, formacdo de espuma,
gelificacdo e pasta. Esses resultados fornecem bases para o desenvolvimento de farinhas
de leguminosas pré-tratadas que atendam as necessidades da industria alimenticia e dos
consumidores.

As isotermas de sorcdo de umidade das farinhas, avaliadas em diferentes
temperaturas de armazenamento, mostraram que a farinha de feijdo fava é mais
higroscépica, com maior capacidade de adsorcdo de &gua em comparacdo com a farinha
de feijdo azuki, devido a sua composi¢do quimica mais rica em proteinas. O modelo GAB
foi o mais adequado para descrever as isotermas de sor¢do das farinhas, que
correspondiam ao tipo Il de Brunauer. O calor isostérico de sor¢do diminuiu com o
aumento do teor de umidade de equilibrio para ambas as farinhas.

As microcapsulas produzidas com misturas binarias de maltodextrina e farinhas
de feijdo azuki e feijdo fava apresentaram bons resultados para solubilidade,
higroscopicidade, eficiéncia de encapsulamento e retencdo de carotenoides. As
formulacBes com maiores teores de proteina demonstraram melhores caracteristicas
morfologicas e estabilidade durante o armazenamento ap6s 77 dias. A microencapsulacao
por atomizacdo mostrou-se eficaz na preservacdo do 6leo de buriti e os resultados
sugerem um potencial consideravel para o uso das microcapsulas como pigmento ou

ingrediente natural nas industrias alimenticia e farmacéutica.
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SUGESTOES PARA TRABALHOS FUTUROS

Com base nos resultados obtidos neste estudo, algumas sugestdes para trabalhos

futuros sdo:

e Otimizacdo dos processos de pré-tratamento: investigar diferentes condi¢fes
de processos para determinar 0s pardmetros ideais que maximizem as
propriedades desejaveis dos grdos, enquanto minimizam a perda de componentes
nutritivos;

e Avaliacdo de novos métodos de pré-tratamento: explorar outros métodos de
pré-tratamento, além dos estudados neste trabalho, para verificar seu potencial em
modificar as propriedades dos graos de maneira eficiente;

e Estudo de diferentes materiais encapsulantes: explorar o uso de outras
leguminosas como materiais encapsulantes para verificar seu efeito na qualidade
das microcapsulas produzidas;

e Aplicacbes das microcapsulas: investigar aplicacdes das microcapsulas
contendo carotenoides em produtos alimenticios, cosméticos ou farmacéuticos,

explorando seu potencial como ingredientes funcionais ou pigmentos naturais.
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