UNIVERSIDADE FEDERAL DA BAHIA
FACULDADE DE FARMACIA
PROGRAMA DE POS-GRADUACAO EM CIENCIA DE ALIMENTOS

LARISSA SANTOS ASSUNCAO

NANOENCAPSULAMENTO DO AZEITE DE DENDE
HIBRIDO UNAUE HIE OxG COM COPRODUTOS
VEGETAIS: OTIMIZACAO, CARACTERIZACAO,

AVALIACAO DA ATIVIDADE ANTIOXIDANTE CELULARE
CITOTOXICIDADE

SALVADOR
2024



LARISSA SANTOS ASSUNCAO

NANOENCAPSULAMENTO DO AZEITE DE DENDE
HIBRIDO UNAUE HIE OxG COM COPRODUTOS
VEGETAIS: OTIMIZACAO, CARACTERIZACAO,

AVALIACAO DA ATIVIDADE ANTIOXIDANTE CELULAR E
CITOTOXICIDADE

Tese apresentada ao Programa de Pds-Graduagdo
em Ciéncia de Alimentos (PGAIi) da Universidade
Federal da Bahia, como requisito parcial para a
obtencdo do titulo de Doutor em Ciéncia de

Alimentos.

Prof®. Dr®. Camila Duarte Ferreira Ribeiro

Orientadora

Prof?. Dr?. Carolina Oliveira de Souza

Coorientadora

SALVADOR
2024



Dados internacionais de catalogagdo-na-publicagéo
(SIBI/UFBA/Biblioteca Universitéria Reitor Macedo Costa)

Assuncéo, Larissa Santos.

Nanoencapsulamento do azeite de dendé hibrido Unaué HIE OxG com coprodutos vegetais:
otimizag&o, caracterizagdo, avaliacéo da atividade antioxidante celular e citotoxicidade / Larissa
Santos Assuncéo. - 2024.

116 f.: il.

Orientadora: Profa. Dra. Camila Duarte Ferreira Ribeiro.

Coorientadora: Profa. Dra. Carolina Oliveira de Souza.

Tese (doutorado) - Universidade Federal da Bahia, Faculdade de Farmécia, Salvador,
2024.

1. Alimentos. 2. Tecnologia de alimentos. 3. Compostos bioativos das plantas. 4. Nanoparticu
las. 5. Dendé. 6. Oleo de palmeira. I. Ribeiro, Camila Duarte Ferreira. 1l. Universidade Federal da
Bahia. Faculdade de Farmécia. I1l. Titulo.

CDD - 664.3
CDU - 664.34




—

N

" N |VERSIDADE FEDERAL DA BAHIA s’
FACULDADE DE FARMACIA
PROGRAMA DE POS-GRADUAGAO EM CIENCIA DE ALIMENTOS

TERMO DE APROVAGAO

LARISSA SANTOS ASSUNGAO

NANOENCAPSULAMENTO DO AZEITE DE DENDE HiBRIDO UNAUE HIE
OxG COM COPRODUTOS DE VEGETAIS: OTIMIZAGAO,
CARACTERIZAGAO, AVALIAGAO DA ATIVIDADE ANTIOXIDANTE
CELULAR E CITOTOXICIDADE

Tese submetida ao Programa de Pds-Graduagdo em Ciéncia de Alimentos (nivel Doutorado) da
Faculdade de Farmécia da Universidade Federal da Bahia, como requisito parcial para a obtengédo do

titulo de Doutor em Ciéncia de Alimentos.

Aprovada em 05 de janeiro de 2024.

BANCA EXAMINADORA

Cr;\ﬂ-v lar Q‘{mx\j’c Oé’_m..ma_. 25&-«&
Dr?. CAMILA DUARTE FERREIRA RIBEIRO (ORIENTADORA)
Universidade Federal da Bahia (UFBA, BA)

Pruwree B S. Mackado—

Dr?. BRUNA APARECIDA SOUZA MACHADO (EXAMINADORA)
Servigo Nacional de Aprendizagem Industrial (SENAI CIMATEC, BA)

Dr. EDERLAN DE SOUZAFERREIRA (EXAMINADOR)
Universidade F&g&tAl da Bahia (UFBA, BA)

Dr?. LETICIA DE ALENCAR PEREIRA RODRIGUES (EXAMINADORA)
Servico Nacional de Aprendizagem Industrial (SENAI CIMATEC, BA)

|

Dr. MARCELO ANDRES UMSZA GUEZ (EXAMINADOR)
Universidade Federal da Bahia (UFBA, BA)



Dedico este trabalho,

A Deus, por ndo me desamparar, e nos momentos mais
dificeis ter me dado forca para continuar. A minha familia,
meu porto seguro, sem eles nada disso seria possivel. A
minha orientadora, Camila, pelas palavras de incentivo e
por toda a dedicacdo e carinho durante mais esta etapa

importante na minha vida. Dedico este trabalho a vocés!



Meus agradecimentos,

Agradeco imensamente a Deus, por iluminar os meus caminhos e me fazer forte e persistente

para superar todos os obstaculos e momento dificeis.

Aos meus pais, Jairo e Marinei, meus grandes incentivadores. Agradego por todo o0 apoio

durante a minha trajetéria, em especial nos momentos mais dificeis. Amo muito vocés!

As minhas tias, em especial Tia Neide e Tia Deia, pelo carinho, apoio, e por sempre estarem

presentes e torcerem pelo meu sucesso.

A minha irma Livia e ao meu cunhado Danilo, carinhosamente apelidados de “equipe da
comunicagdo”. Vocés foram essenciais, e nos momentos mais dificeis sempre com palavras de
incentivo e conforto que me ajudaram muito. N&o tenho palavras para agradecer por todo

carinho. Muito obrigada!

A minha filha canina, Lola, que me fez companhia nos dias intensos de escrita e estudos e que

alegra meus dias diariamente.

A minha orientadora e amiga, Camila. Minha grande inspiragdo enquanto docente, um ser
humano iluminado. Muito obrigada por tudo, pela sua amizade, e por sempre acreditar em
meu potencial e me incentivar a alcancar voos mais altos. Gratiddo, minha amiga, e até breve,

futura colega!

A minha coorientadora Carol, pela parceria, apoio e pelas valiosas contribuicbes e

ensinamento durante este periodo.

A professora Janice (in memoriam), agradeco pelos ensinamentos e por toda a sua dedicacéo

e brilhante trabalho no ensino, pesquisa e extensdo. Seu legado sera eterno!

A ltaciara, exemplo de profissional a qual me inspiro, pela parceria desde a época da

graduacao.

Ao Grupo de Pesquisa em Alimentos, Alimentacéo e Saude (GPAAS), vocés sdo incriveis. Me

sinto feliz em fazer parte deste grupo, com essa equipe téo especial e dedicada! Agradeco



especialmente & Michelle, Samanta, Tainara e Luis, que contribuiram mais diretamente com

algumas andlises que foram desenvolvidas neste trabalho.
A Valdinei, pela colaboracdo nas analises de caracterizacdo das nanoparticulas.

Ao SENAI, por ceder espaco para a realizacao das analises de tamanho de particula e indice
de polidispersibilidade. A Gabi, pela atencéo e auxilio na realizacio de algumas analises.

A professora Thereza Bittencourt, por ser tio prestativa e pelo auxilio com a estatistica.
A Karina, por toda atencéo e contribuigdes com algumas analises.
Ao professor Denilson, pelos ensinamentos e valiosa ajuda com o planejamento experimental.

Ao Programa de Pds-graduacdo em Ciéncia de Alimentos (PGALI), por todo apoio e

sensibilidade no entendimento as demandas dos seus discentes.

Ao Dr. Shahidi, incrivel pesquisador que tive a oportunidade de conhecer e poder receber
valiosas orientacGes durante o doutorado sanduiche. Foi uma honra conhecé-lo e acompanhar

de perto a sua dedicacéo e apoio que presta a seus alunos. Muito obrigada!l

Aos meus mais novos amigos do Departamento de Bioquimica da Memorial University of
Newfoundland (Canadd), em especial a Renan, Sarika, Sarusha e Lahn. Agradeco por toda
ajuda e parceria durantes as analises, e pela oportunidade de vivenciar novas experiéncias

com VOCés.

Aos meus amigos de longa data, Ana Carolina, Emanuel, Gabriela, Mariana, Bruno e Vanessa.
Cada um de vocés tem a sua importancia na minha trajetéria, agradeco o apoio, carinho e

incentivo nos momentos mais dificeis.

A Maércia, por ser meu ponto de equilibrio e conforto, sempre com as palavras certas e que

acalmam o coracéo.

Ao Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq) pelo
financiamento do projeto (n° dos processos: 409924/2021-0, 403104/2022-0 e 406734/2022) e
a Coordenacao Aperfeicoamento de Pessoal de Nivel Superior (CAPES) pela bolsa de estudos
concedida (n° do processo: 88887.631436/2021-00).



A Comiss&o Executiva do Plano da Lavoura Cacaueira (CEPLAC), pela doacéo do azeite de
dendé hibrido.

E, finalmente, a todos que contribuiram de alguma forma para a conclusdo desta etapa tao
importante na minha trajetoria profissional e pessoal.

Muito obrigada!



“A persisténcia é o caminho do éxito.” (Charles Chaplin)



RESUMO

A busca por alternativas inovadoras na preservacdo de compostos bioativos, como 0s
encontrados no azeite de dendé hibrido ou 6leo de palma bruto hibrido Unaué HIE OXxG,
destaca-se pela rica composi¢cdo em carotenoides, tocoferdis e tocotriendis. A atividade
antioxidante celular é um indicador mais preciso do comportamento destes fitoquimicos em
sistemas bioldgicos. Contudo, a degradacdo desses compostos em presenca de oxigénio e luz
desafia a estabilidade, impulsionando o nanoencapsulamento como uma alternativa. Além
disso, ha um crescente interesse em biopolimeros e farinhas de coprodutos de vegetais como
encapsulantes, devido a sua composi¢do nutricional e bioativa. Ademais, a seguranca bioldgica
das nanoparticulas em células epiteliais e a sua citotoxicidade sdo areas ainda pouco exploradas.
Nesse contexto, o presente estudo teve como objetivo nanoencapsular o azeite de dendé hibrido
Unaué HIE OxG com coprodutos vegetais. As nanoparticulas de azeite de dendé hibrido com
farinha da semente de jaca e nanoparticulas de azeite de dendé hibrido com farinha do eixo da
jaca foram otimizadas através de planejamento experimental 22. A quantidade de azeite de
dendé hibrido e encapsulantes foram as variaveis independentes testadas, e o tamanho de
particula e indice de polidispersibilidade as respostas experimentais. As formulagdes 7
selecionadas no planejamento experimental (razéo de massa 0,8:1; farinha da semente de jaca
ou farinha do eixo central da jaca : azeite de dendé hibrido) foram caracterizadas em relacéo ao
potencial zeta, viscosidade aparente, pH, parametros de cor e carotenoides totais. Células
diferenciadas de adenocarcinoma colorretal humano (Caco-2) foram utilizadas para avaliar a
atividade antioxidante celular em diferentes concentracdes (2,5; 50; 100; 150; 200; 250 pg/mL)
para as nanoparticulas e o 6leo livre, e os resultados foram expressos em unidades de atividade
antioxidante celular (CAA unit). A citotoxicidade foi avaliada pelo ensaio colorimétrico de
brometo de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazélio (MTT) nas mesmas concentragdes, e
a viabilidade celular relativa (%) foi calculada. As nanoparticulas apresentaram diametros em
nanoescala (< 250 nm), distribui¢cdo monodispersa, boa uniformidade e estabilidade (indice de
polidispersibilidade < 0,25; potencial zeta entre +30 mV e -30 mV), alta eficiéncia do
encapsulamento (%) (86,44 + 0,01 e 90,43+1,34), para nanoparticulas com a farinha da semente
de jaca e do eixo central da jaca, respectivamente, e 6tima retencdo de carotenoides (>85%). A
viscosidade aparente média foi de 21,89 £ 1,20 cP, e ambas as formulacdes apresentaram um
pH mais acido do que béasico. As nanoparticulas apresentaram uma tendéncia maior ao amarelo
(maiores valores de b*) do que ao vermelho, e um valor médio para L* de 40,52 + 2,97. A
atividade antioxidante celular das nanoparticulas superou a do o6leo livre em todas as
concentracdes estudadas para células Caco-2, e nenhuma das nanoparticulas exibiu efeitos
toxicos nas células. As concentracfes de 150, 200 e 250 pug/mL para nanoparticulas com a
farinha da semente de jaca e do eixo central da jaca, respectivamente, aumentaram a viabilidade
celular, o que indica um efeito proliferativo. Diante dos resultados expostos, conclui-se que as
nanoparticulas de azeite de dendé hibrido com coprodutos vegetais como encapsulantes € uma
alternativa sustentavel, clean label e inovadora no encapsulamento de éleos para a preservacao
dos compostos bioativos e aplicacdo do 6leo na industria de alimentos. Além disso, os achados
enfatizam a importancia de estudar a atividade antioxidante celular de nanoparticulas de 6leos
comestiveis em diferentes linhagens celulares, e a natureza ndo citotoxica das nanoparticulas
indica uma seguranca bioldgica e a capacidade de evitar danos as células epiteliais intestinais
nas concentragdes estudadas.

Palavras-chave: Elaeis guineensis. Elaeis oleifera. Oleo de palma de alto oleico.

Nanoparticulas. Potencial antioxidante.



ABSTRACT

The search for innovative alternatives in preserving bioactive compounds, as found in azeite de
dendé hibrido or hybrid crude palm oil Unaué HIE OxG, stands out due to its rich composition
of carotenoids, tocopherols, and tocotrienols. Cellular antioxidant activity proves to be a more
precise indicator of the behavior of these phytochemicals in biological systems. However, the
degradation of these compounds in the presence of oxygen and light challenges stability, driving
nanoencapsulation as an alternative. Additionally, there is a growing interest in biopolymers
and vegetable by-product flours as encapsulants, owing to their nutritional and bioactive
composition. Furthermore, the biological safety of nanoparticles in epithelial cells and their
cytotoxicity remains an underexplored area. In this context, this study aimed to nanoencapsulate
hybrid crude palm oil Unaué HIE OxG with vegetable by-products as encapsulant.
Nanoparticles of hybrid crude palm oil with jackfruit seed flour and nanoparticles of hybrid
crude palm oil with jackfruit axis flour as encapsulant were optimized using a 22 experimental
design. The amount of hybrid crude palm oil and encapsulants were the independent variables
tested, and particle size and polydispersity index were the experimental responses. The
formulations 7 selected in the experimental design (mass ratio 0.8:1; jackfruit seed flour or
jackfruit axis flour: hybrid crude palm oil) were characterized for zeta potential, apparent
viscosity, pH, color parameters, and total carotenoids. Differentiated human colorectal
adenocarcinoma cells (Caco-2) were employed to evaluate cellular antioxidant activity at
different concentrations (2.5; 50; 100; 150; 200; 250 pg/mL) for both nanoparticles and free
oil, with results expressed in cellular antioxidant activity units (CAA units). Cytotoxicity was
evaluated through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
colorimetric assay at the same concentrations, and relative cell viability (%) was calculated.
The nanoparticles exhibited nano-scale diameters (< 250 nm), monodisperse distribution, good
uniformity, and stability (polydispersity index < 0.25; zeta potential between +30 mV and -30
mV), high encapsulation efficiency (%) (86.44 + 0.01 and 90.43 + 1.34) for nanoparticles with
jackfruit seed flour and jackfruit axis flour, respectively, and excellent carotenoid retention
(>85%). The average apparent viscosity was 21.89 + 1.20 cP, and both formulations showed an
acidic pH. The nanoparticles displayed a tendency towards more yellow (higher b* values) than
red and had an average L* value of 40.52 £ 2.97. The cellular antioxidant activity of the
nanoparticles surpassed that of the free oil at all concentrations studied for Caco-2 cells, and
none of the nanoparticles exhibited toxic effects on the cells. Concentrations of 150, 200, and
250 pg/mL for nanoparticles with jackfruit seed flour and jackfruit axis flour, respectively,
increased cell viability, indicating a proliferative effect. Based on the results presented, it is
concluded that hybrid crude palm oil nanoparticles with vegetable by-products as encapsulants
are a sustainable, clean label, and innovative alternative for encapsulating oils to preserve
bioactive compounds for application in the food industry. Additionally, the findings underscore
the importance of studying the cellular antioxidant activity of edible oil nanoparticles in
different cell lines, and the non-cytotoxic nature of the nanoparticles indicates biological safety
and the ability to prevent damage to intestinal epithelial cells at the studied concentrations.

Keywords: Elaeis guineensis. Elaeis oleifera. High-oleic palm oil. Nanoparticles. Antioxidant

potential.
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1 INTRODUCAO

O oleo de palma bruto (OPB) ou azeite de dendé (AD) é extraido do mesocarpo dos
frutos da palmeira da espécie Elaeis guineensis. Com 78,9 milhGes de toneladas em 2022, ele
é 0 6leo mais produzido no mundo, sendo 0s maiores produtores a Indonésia (44,76 milhdes de
toneladas), Malasia (20,14 milhdes) e Tailandia (2,69 milhdes), respectivamente. O Brasil
ocupa 0 9° lugar no ranking dos principais paises produtores desse 6leo (FAOSTAT, 2023).

No entanto, devido a sua menor resisténcia a pragas e doengas que estdo associadas as
praticas de cultivo das palmeiras e que podem comprometer o0 seu crescimento, como por
exemplo a doenga chamada de amarelecimento fatal, tem-se pensado em alternativas ao uso do
6leo advindo da palmeira da espécie Elaeis guineensis. Entdo, experimentos realizados pela
Comisséo Executiva do Plano da Lavoura Cacaueira (CEPLAC) com uma variedade hibrida de
dendé desenvolvida pela Empresa Brasileira de Pesquisa Agropecuaria (EMBRAPA),
Amazonia Ocidental (Manaus-AM), resultaram na producdo de um novo tipo de azeite. Esta
nova variedade é cultivada apenas no Brasil, no municipio de Una-Bahia e batizada de Unaué
HIE OxG. Ela é obtida do cruzamento entre o dendezeiro africado (Elaeis guineensis) e o
Caiaué, de procedéncia americana (Elaeis oleifera), e contribui com a sustentabilidade da
dendeicultura da regido, principalmente de pequenos produtores, por aliar alta produtividade
em oleo, baixo custo de producdo, além de uma maior resisténcia a pragas e doencas, em
comparacdo ao hibrido produzido em outros paises (Rodriguez et al., 2016).

A Coldmbia é um dos cinco paises lideres na producéo de 6leo de palma bruto, e a forma
hibrida representa 12% da area total de cultivo deste 6leo. A producdo média é de 38 toneladas
ha! ano, com algumas plantagdes com cerca de 45 toneladas ha* ano™ (Romero et al., 2021).
No Brasil, a area plantada para producao de 6leo de palma bruto HIE OxG no Para € estimada
em, aproximadamente, 11.500 ha, com potencial de producdo de mais de 40.000 toneladas de
6leo por ano (Antoniassi et al., 2018). Uma area de cerca de 30 mil ha de dendezeiros para
producdo do azeite de dendé hibrido esta localizada na Bahia (Pinto et al., 2019).

Em relacdo a outras variedades, o 6leo de palma bruto hibrido (OPBH) fornece um 6leo
bruto com melhores propriedades nutricionais, tais como maiores quantidades de vitamina E,
carotenoides e acidos graxos insaturados, além de um menor teor de acidos graxos saturados
(Pinto et al., 2019; Choon et al., 2021; Sambanthamurthi, Sundram e Tan, 2000). Segundo o
Codex (2023), por conter pelo menos 48% de acido oleico (em % do total de acidos graxos),

esse Oleo ¢ reconhecido como “6leo de palma de alto oleico”. Este 0leo se destaca em relacéo
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ao teor de carotenoides, com teores variando entre 500 e 10.000 pg/g, sendo os principais
componentes o f-caroteno (52-60%) e a- caroteno (33-36%) (Mozzon, Foligni, Tylewicz,
2018). Quanto ao teor de tocoferois e tocotriendis, os valores variam de 562 a 1417 mg/kg,
tendo o y-tocotrienol como o componente principal (406 a 887 pg/g) (Codex, 2023).

O azeite de dendé hibrido (ADH) tem sido explorado na literatura cientifica em relagdo
a suas propriedades antioxidantes (Rodriguez et al., 2016; Ojeda et al., 2016), por meio de
ensaios que envolvem métodos quimicos, como capacidade de absorcdo de oxigénio radical
(ORAC), 2,2-difenil-1-picrilhidrazil (DPPH) e eliminagdo radical de 2,2'-azino-bis (3-
etilbenzotiazolina-6-sulfénico) (ABTS) (Liu et al., 2019; Mozzon, Foligni, Tylewicz, 2018).
Porém, a atividade bioldgica de antioxidantes naturais a nivel celular também deve ser
considerada. Nesse contexto, a atividade antioxidante celular (AAC) avalia fatores importantes
como a absorc¢éo celular, metabolismo, localizacéo e distribui¢cdo de compostos bioativos nas
células. Portanto, podendo prever melhor o comportamento antioxidante em sistemas
bioldgicos (Chen et al., 2015; Lu et al., 2020).

Entretanto, apesar do contetdo interessante de bioativos do ADH, estes sdo susceptiveis
a processos oxidativos durante o processamento e armazenamento, podendo levar a alteragdes
em suas propriedades antioxidante, antimicrobiana e corante. Portanto, com o objetivo de
preservar esses fitoquimicos da degradacdo, mascarar ou minimizar sabores indesejaveis, assim
como prolongar a vida util e liberar componentes de maneira controlada, muitos ingredientes,
incluindo dleos, tém sido encapsulados (Ahn et al., 2008; Domian et al., 2014).

A nanoencapsulacdo é uma tecnologia em expansdo que protege substancias em
nanoescala (<1000nm) (Silva et al., 2021). O encapsulamento de 6leos é uma abordagem eficaz,
proporcionando solucdes para os desafios enfrentados em suas aplicacGes, a0 aumentar a
biodisponibilidade e solubilidade, reduzir a volatilidade, melhorar a estabilidade quimica e
térmica, e aprimorar o sistema de entrega de compostos bioativos (Oliveira et al., 2022).

Entretanto, a formacgdo de nanoparticulas estaveis, deve-se considerar a escolha do
material de parede/agente encapsulante, além do solvente organico e do emulsificante. Neste
contexto, a literatura tem explorado estudos que investigam o desenvolvimento, otimizacao e
caracterizacdo de nanoparticulas de OPBH, assim como o uso de diferentes materiais
encapsulantes (Hernandez-Carrién, Moyano e Quintanilla-Carvajal, 2020). As principais
variaveis independentes examinadas nos estudos compreendem o tipo e as concentragGes dos
encapsulantes e do composto a ser encapsulado. Por outro lado, as principais variaveis de
resposta analisadas incluem tamanho de particula, indice de polidispersibilidade (PDI) e

potencial zeta (Ricaurte et al., 2016; Ricaurte et al., 2018).
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Diversos sdo o0s encapsulantes que podem ser empregados na producdo de
nanoparticulas. Porém, hd um interesse crescente na utilizacdo de materiais de parede mais
sustentaveis e alternativos aos sintéticos para encapsular compostos bioativos e 0leos.
Biopolimeros como quitosana (Raeisi et al., 2019; Upadhyay et al., 2021), goma arabica e
caseina (Ferreira-Ribeiro et al., 2022), albedo de maracuja (Bezerra et al., 2019) e poli (acido
latico) (PLA)/ poli (&cido latico-co-acido glicolico e poli-B-hidroxibutirato) (Assuncéo et al.,
2021) sé&o mencionados na literatura. No entanto, ndo foram identificados estudos que
utilizaram coprodutos vegetais, como farinhas da semente e eixo central de jaca e do tegumento
do feijdo caupi, como materiais encapsulantes em 6leos comestiveis.

Ademais, € essencial investigar se as nanoparticulas exibem efeitos toxicos, sendo essa
area de estudo ainda carente na literatura para nanoparticulas de 6leos comestiveis (Handford
et al., 2014). Uma abordagem para avaliar a toxicidade das nanoparticulas é conduzir estudos
em celulas (in vitro), nos quais alteracoes celulares séo observadas, indicando possiveis efeitos
toxicos ou protetores as células (Rogero et al., 2003).

A investigacdo do processo do nanoencapsulamento do azeite de dendé hibrido Unaué
HIE OxG com coprodutos vegetais, assim como a otimizagédo das formulagdes, caracterizacéo
das nanoparticulas e a avaliacdo conjunta da atividade antioxidante celular e da citotoxicidade,
pode possibilitar o aprimoramento e a compreensdo dos aspectos fundamentais associados a
essa tecnologia. Além disso, vem crescendo o interesse pelo uso de biopolimeros como
encapsulantes, e ainda sdo escassos os estudos sobre AAC e citotoxicidade de nanoparticulas
de 6leos comestiveis. Assim, este estudo pode contribuir para o desenvolvimento de estratégias
sustentaveis, eficazes e seguras na preservacdo dos compostos bioativos presentes no azeite de

dendé hibrido, visando possiveis aplicacdes na industria alimenticia.
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2 OBJETIVOS

2.1 Objetivo geral

v

Nanoencapsular o azeite de dendé hibrido Unaué HIE OxG com coprodutos vegetais.

2.2 Objetivos especificos

v

Obter as farinhas de coprodutos vegetais para uso como encapsulantes no
desenvolvimento das nanoparticulas;

Desenvolver nanoparticulas de azeite de dendé hibrido Unaué HIE OxG (NP-ADH)
utilizando diferentes coprodutos de vegetais como encapsulantes;

Otimizar as melhores formulagc6es das nanoparticulas através da anélise de tamanho de
particula e indice de polidispersibilidade (PDI);

Analisar a eficiéncia do nanoencapsulamento das nanoparticulas obtidas nas melhores
condigdes;

Caracterizar as nanoparticulas otimizadas em relacdo ao potencial zeta, morfologia,
viscosidade aparente, pH, parametros de cor e carotenoides totais;

Avaliar a atividade antioxidante celular das NP-ADH otimizadas e do oleo livre em
celulas Caco-2;

Estudar a citotoxicidade das NP-ADH otimizadas e do oleo livre em celulas Caco-2

através de ensaios de viabilidade celular.
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3 FUNDAMENTAGCAO TEORICA

3.1. Azeite de dendé hibrido: historico, caracteristicas gerais e aspectos nutricionais

H& um aumento na procura por 6leo vegetais para uso na alimentacdo humana, animal
e combustivel, e o éleo de palma bruto (OPB) ou azeite de dendé (AD) é considerado versatil
e atraente devido ao seu preco, textura, sabor, odor e ao prazo de validade (European Palm Qil
Alliance, 2022; Ritchie e Roser, 2020; WWF, 2022). Neste contexto, OPB é extraido do
mesocarpo dos frutos da palmeira da espécie Elaeis guineenses, originalmente encontrada na
Africa Ocidental, e é 0 6leo mais produzido no mundo (FAOSTAT, 2023).

Em 2021, o valor de mercado do setor do 6leo de palma ultrapassou 50 milhGes de
dolares e, sua producdo foi de 74,7 milhdes de toneladas em 2020, provenientes do cultivo de
29 milhdes de hectares de dendé (VOORA et al., 2023; FAOSTAT, 2023). Somado a isso, mais
de 7 milhdes de pequenos produtores cultivam o dendezeiro como a principal forma de
subsisténcia (RSPO, 2022). A distribuicdo da producao de OPB por paises, € de 44,76 milhdes
de toneladas na Indonésia, 20,14 milhdes na Malasia e 2,69 milhdes na Tailandia. Além disso,
este Gleo é cultivado em paises da Africa, outros paises da Asia e na América do Sul
(FAOSTAT, 2023).

A busca por alternativas ao uso do OPB vem crescendo, principalmente relacionado a
vulnerabilidade da palmeira da espécie Elaeis guineensis a pragas e doencas relacionadas as
praticas de cultivo, o que pode comprometer o crescimento da planta. Neste contexto, o hibrido
interespecifico HIE OxG obtido do cruzamento entre o dendezeiro africano (Elaeis guineensis)
e o Caiaué, de procedéncia americana (Elaeis oleifera), tem sido explorado em programas de
melhoramento genético com o objetivo de associar a alta produtividade em 6leo do dendezeiro,
com resisténcia ou tolerancia a pragas e doencas, comparado ao OPB, além de porte baixo e a
qualidade nutricional do Caiaué (Pinto et al. 2019).

A Empresa Brasileira de Pesquisa Agropecuaria (EMBRAPA) possui estudos acerca do
cultivo do HIE OxG no Brasil desde a década de 1990, mas apenas em 2010, foi langado pela
EMBRAPA a primeira cultivar do hibrido interespecifico, denominada BRS Manicoré (Cunha
e Lopes, 2010; EMBRAPA, 2021). No Brasil, no estado do Par4, a area destinada para o cultivo
do Manicoré é estimada em, aproximadamente, 11.500 hectares, apresentando uma capacidade
de producéo acima de 40 mil toneladas de 6leo por ano (Antoniassi et al., 2018). Sabe-se que 0
estado da Bahia possui um alto consumo do 6leo de palma bruto, como ingrediente em diversos
pratos tipicos da culinaria local. Por isso, principalmente a regido do baixo sul deste estado,

também destina uma area expressiva, cerca de 30 mil hectares (Pinto et al., 2019).
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O HIE OxG hibrido interespecifico é batizado de Unaué, pois foi desenvolvido na
Estacdo Experimental Lemos Maia (Esmai/CEPLAC), no municipio de Una-Bahia (Figura 1).
Esta variedade apresenta como diferencial a producdo de um 6leo com menor acidez e sabor
mais suave, contribuindo com a culinéria local. Além disso, quando comparado a producao do
hibrido de outros paises, o cultivo do Unaué oferece maior resisténcia a pragas, principalmente
ao Anel vermelho, doenca comum e altamente letal, além de ter uma alta produtividade e baixo
custo de producdo (Rodriguez et al., 2016; EMBRAPA, 2021; Pinto et al., 2019).

Figura 1 — Azeite de dendé hibrido Unaué HIE OxG desenvolvido na Estacdo Experimental
Lemos Maia (Esmai/CEPLAC), no municipio de Una-BA.

Fonte: EMBRAPA, 2021.

O azeite de dendé hibrido HIE OXG se destaca em relacdo a sua composi¢do nutricional,
com menor teor de acidos graxos saturados (23 — 38% de acido palmitico, 1,5 — 4,5% de acido
estearico, até 0,8% de acido miristico e palmitoléico) e um maior teor de &cidos graxos
insaturados (52-57% de &cido oleico e 9 — 17% de acido linoleico) quando comparado ao 6leo
de palma bruto. Além disso, por conter no minimo 48% de &cido oleico, esse 6leo é reconhecido
como “dleo de palma com alto contetido de acido oleico” (CODEX, 2023). Vale destacar que
0 consumo de acidos graxos insaturados tem sido associado com a melhora do perfil lipidico,
através da reducdo do colesterol, e, consequentemente, o risco de doencas cardiovasculares
(Romero et al., 2021; Rodriguez et al., 2016).

Algumas evidéncias apoiam o conceito de que o azeite de dendé hibrido (ADH) pode
ser visto como o “equivalente tropical do azeite”. O impacto da suplementagao diaria de ADH

(25 mL/dia por 3 meses) foi investigado quanto a capacidade antioxidante no plasma/soro e no
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contetido fendlico total em adultos (50 a 77 anos) e esses resultados foram comparados a uma
quantidade equivalente de azeite extravirgem, amplamente reconhecido pelos seus beneficios a
salde. Nesse estudo, foi demonstrado que o OPBH exerce um efeito bioquimico benéfico
adicional, como a melhora do status antioxidante, que pode servir como um 6leo comestivel
tropical promissor e/ou ingrediente para prepara¢es de alimentos funcionais (Ojeda et al.,
2016).

O teor de carotenoides do ADH também se destaca (500 e 10.000 pg/g). Onze
pigmentos diferentes foram identificados no ADH, entre eles a-, -, {- e y-caroteno, sendo que
0 P-caroteno (52—60%) e a-caroteno (33-36%) sdo os principais componentes (Mozzon,
Foligni, Tylewicz, 2018; de Almeida et al., 2021). O teor total de tocoferdis e tocotriendis
variam de 562 a 1417 pg/g, sendo o a-tocoferol e o y-tocotrienol como componentes principais
(49 a 188 pg/g e 406 a 887 ug/g, respectivamente) (CODEX, 2023).

Ademais, a relevancia do ADH também se relaciona com o seu potencial funcional e
sua capacidade antioxidante, através da presenca de compostos bioativos, como 0s tocotrienais,
tocoferois e os carotenoides, que estao associados a beneficios na salide, como a protecdo contra
doencas cardiovasculares e a reducao do estresse oxidativo (de Almeida et al., 2021; Rodriguez
et al., 2016; Lucci et al., 2016). Diante destas caracteristicas, 0 ADH tem potencial para
proporcionar produtos com melhor sabor e qualidade nutricional e funcional, além de contribuir
para a sustentabilidade da dendeicultura local (Pinto et al., 2019).

O ADH tem sido explorado na literatura cientifica em relacdo a sua atividade
antioxidante, seu potencial como 6leo funcional na prevencédo de doencas e possiveis beneficios
a saude, principalmente atribuido ao seu elevado percentagem em &cido oleico (de Almeida et
al, 2021; Rodriguez et al., 2016; Lucci et al. 2016). De acordo com Rodriguez et al. (2016) o
consumo de 25 mL/dia de ADH por um periodo de 3 meses teve um efeito favoravel no padrédo
lipidico plasmatico relacionado a fatores de risco cardiovascular, como colesterol total,
lipoproteina de baixa densidade ( LDL-c) e lipoproteina de alta densidade (HDL-c), e que este
efeito ndo foi estatisticamente diferente daquele para o azeite extravirgem. Além disso, 0s
autores reportam que, além de seu alto percentual de &cido oleico (54,6 £+ 1,0%) e baixo teor de

acidos graxos saturados (33,5 £ 0,5%).

3.2. Nanoencapsulamento de 6leos comestiveis
A tecnologia de encapsulamento em escala nanométrica envolve a sintese,

caracterizacdo e aplicagdo de particulas com dimensdes inferiores a 1000 nm, as quais,
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dependendo do método de obtencdo, podem se manifestar tanto como nanocépsulas quanto
nanoesferas (Konan et al., 2002; Sanguansri e Augustin, 2006; Zhang et al., 2016).

Assim, a nanotecnologia refere-se a utilizacdo de materiais na escala nanométrica e o
processo de nanoencapsulamento relaciona-se com o envolvimento destas particulas menores,
seja na forma liquida, solida ou gasosa, por um encapsulante, comumente chamado como
“material de parede”, formando pequenas capsulas (He; Deng; Hwang, 2019). Quando
comparada ao microencapsulamento, o nanoencapsulamento tem como vantagens o tamanho
subcelular, o que leva a um aumento da area superficial em relagdo ao volume, e com isso essas
particulas menores podem apresentar maior biodisponibilidade e estabilidade fisico-quimica,
melhora da solubilidade, entre outras modifica¢es nas propriedades dos compostos (Silva et
al., 2021; Granata et al., 2018).

Nos altimos anos, a utilizacdo da nanotecnologia tem ganhado destaque em diversos
setores, como na agricultura, medicina, cosméticos e na area de alimentos, em que esta
tecnologia pode ser utilizada para producdo de aditivos, conservantes alimentares, além de
embalagens para alimentos (Bajpai et al., 2018; Kumar, Kaur, Gautam, 2020).

Os 6leos comestiveis tém sido aplicados em alimentos com o objetivo de melhorar a
qualidade e as caracteristicas organolépticas, além de proporcionar controle microbiologico e a
fortificacdo, como por exemplo com Acido graxo eicosapentaenoico (EPA) e Acido graxo
docosahexaenoico (DHA) (Sales et al., 2023). Neste contexto, uma forma de incorporar 0s
6leos comestiveis em produtos alimenticios € utilizando o nanoencapsulamento, tendo em vista
que este processo visa preserva-los e facilita a sua incorporacdo em alimentos processados,
melhorando a sua biodisponibilidade, mascarando sabor, além de proteger seus compostos
bioativos da degradacdo, mantendo assim seus efeitos benéficos (Singh et al. 2017; Fang e
Bhandari, 2010).

Nos 6leos comestiveis, os compostos bioativos enfrentam desafios de susceptibilidade
a oxidacdo durante o processamento e armazenamento de alimentos, levando a alteragdes em
suas propriedades. Assim, o desenvolvimento de nanoparticulas tem despertado interesse como
uma estratégia para melhorar a estabilidade quimica, controlar a liberacdo desses compostos e
aprimorar sua bioacessibilidade e biodisponibilidade. Além disso, as nanoparticulas podem ter
beneficios como mascarar sabores, reduzir volatilidade e retardar alteracdes que resultam em
perda de cor e aroma (Ferreira; Nunes, 2019; Silva et al., 2021; Granata et al., 2018).

Os oleos comestiveis usualmente utilizados na nanoencapsulacéo sdo o 6leo de peixe
(llyasoglu e EI, 2014; Ghorbanzade et al., 2017; Walia et al., 2017), 6leo de semente de chia

(Campo et al., 2017), super oleina de palma (Ricaurte et al., 2016), 6leo de palma bruto (Donato
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et al. 2020; Ferreira-Ribeiro et al., 2022), éleo de coco (Santos et al., 2014), 6leo de farelo de
arroz roxo (Jang e Xu, 2009) e 6leo de gérmen de trigo (Ghafoor et al., 2017). O ADH também
vem sendo explorado na literatura no preparo de nanoemulsdes, e dentre o0s objetivos destaca-
se 0 uso do azeite hibrido para aplicacdo em embalagens, assim como a avaliacdo das
propriedades fisicas, térmicas e termoninamicas das nanoemulsdes (Ricaurte et al., 2022;
Ricaurte et al. 2020; Beltran et al. 2020; Ricaurte et al. 2018; Hernandez-Carrion, Moyano e
Quintanilla-Carvajal, 2020).

3.2.1 Principais técnicas de nanoencapsulamento de 6leos

Diferentes técnicas podem ser empregadas no nanoencapsulamento de éleos, como a
nanoprecipitacdo, homogeneizagdo, emulsdo-difusdo, emulsificacdo de alto cisalhamento
(microfluidizagéo), emulsificacdo espontanea, spray drying, extracdo de emulsdo por fluido
supercritico e gelificacdo idnica (Ferreira e Nunes, 2019; Sridhar, Inbaraj, Chen, 2021; Ferreira-
Ribeiro et al., 2022). A escola do metodo é influenciada pelo tipo de polimero e pela substancia
a ser encapsulada. Contudo, independente do método adotado, o resultado é uma solugédo
coloidal contendo as nanoparticulas (Schaffazick et al., 2003).

O método de emulsdo-difusdo € um metodo de baixa energia, em que ocorre uma
diluicdo seguida da deposi¢do do encapsulante ao redor da particula e posterior evaporacao do
solvente utilizado, formando a emulsao. A gelificacdo i6nica se baseia na interagéo eletrostatica
entre um polimero com carga oposta e um polieletrolito (polianion tripolifosfato de sodio), e
pode ser considerada mais sustentdvel do que os outros métodos visto que evita uso de
surfactantes e de solventes organicos toxicos (Ferreira e Nunes, 2019; Sridhar, Inbaraj, Chen,
2021), porém a sua utilizacdo ocorre principalmente em escala de laboratério, pois as capsulas
em geral possuem alta porosidade e sdo facilmente rompidas (Mahdavi et al., 2014).

Com relacdo as técnicas de alta energia, como a microfluidizacdo, o processo consiste
no uso de microfluidizadores para geracdo de nanoemulsdes e, comumente, ocorre a reducao
do tamanho de emuls6es ja formadas, que possuem tamanhos maiores que 1 nm. O método por
spray drying refere-se a uma dispersdo do composto em uma solucao que é atomizada para que
o solvente possa ser removido, obtendo uma nanoparticula seca. A técnica de extracdo de
emulsdo por fluido supercritico tem como base a dissolu¢do do composto com seu encapsulante
em um solvente e a posterior extracdo deste solvente atraves do uso de didxido de carbono
(Bayraktar et al., 2017; Ferreira e Nunes, 2019; Sridhar, Inbaraj, Chen, 2021).
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As técnicas de nanoprecipitacdo e homogeneizacdo sao amplamente empregadas para a
formagdo de nanoparticulas, devido a sua simplicidade e baixo custo, e se destacam no
nanoencapsulamento de 6leos (Ferreira e Nunes, 2019).

O método de nanoprecipitacdo, ou deslocamento de solvente (Figura 2), proposto por
Fessi et al., (1988), envolve a presencga de duas fases, uma contendo solvente e outra sem. A
fase de solvente, conhecida como fase orgéanica, inclui uma substancia formadora de filme,
como um polimero (sintético ou natural), juntamente com uma substancia ativa, como 06leo,
entre outros componentes. Por outro lado, a fase ndo solvente é predominantemente composta
por agua, sendo denominada fase ndo organica. Nesse método, as nanoparticulas sdo formadas
como uma suspensdo coloidal quando a fase organica é adicionada lentamente e agitada
moderadamente na fase aquosa (Mora-Huertas et al., 2010; Fessi et al.,1989). Este método ¢
considerado vantajoso, por ser simples de ser reproduzido, evita 0 uso de grandes quantidades
de solventes toxicos e apresenta alta eficiéncia de encapsulagcdo para substancias lipofilicas
(Bayraktar et al., 2017; Antonioli et al., 2020; Froiio et al., 2019).

Figura 2 — Desenvolvimento de nanoparticulas pelo método de nanoprecipitacéo.
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Fonte: autoria propria (2023).

De acordo com Galindo-Rodriguez et al., (2004), o processo de formacdo de
nanoparticulas por nanoprecipitacdo envolve interagcdes entre dgua-solvente, gua-polimero e
solvente-polimero. Portanto, as interacGes entre 4gua e solvente, juntamente com 0 movimento
de difuséo do solvente, desempenham um papel crucial na explicacdo da variagcdo no tamanho

das particulas durante o processo de preparagdo. Contri et al., (2015) desenvolveram
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nanoparticulas de 6leo de rosa mosqueira utilizando o método de nanoprecipitacéo e copolimero
de acrilato e etila e de metacrilato de metila como encapsulantes e encontraram didmetro de
particula de 158 nm. A mesma técnica foi utilizada por Santos et al., (2014) ao nanoencapsular
6leo de coco também com copolimero de acrilato e etila e de metacrilato de metila como
encapsulantes e obtiveram didmetro médio de particula < 200 nm.

A homogeneizacdo é um método que utiliza como estratégia principal a formacéo de
emulsdes de 6leo em agua (o/a), aplicando uma homogeneizacdo de alta velocidade, seguida de
evaporacdo do solvente, seja por agitacdo magnética continua a temperatura ambiente ou sob
pressao reduzida (Nagavarma et al., 2012) (Figura 3). Esse método, embora semelhante a
nanoprecipitacdo, apresenta algumas distin¢Ges: a fase organica é composta por surfactante,
solvente organico e 0leo, sendo a fase aquosa composta por agua e o polimero. A fase organica
é adicionada gota a gota em solucdo aquosa, sendo o solvente removido pelo processo de
rotaevaporacdo. Campo et al., (2017) utilizaram a técnica de homogeneizacdo para
nanoencapsular 6leo de chia com mucilagem de semente de chia como material de parede e
encontraram didmetro médio de 205 nm. Nanoparticulas de 6leo de palma bruto e fragdes de
oleina e estearina de palma utilizando o método de homogeneizacao apresentaram um diametro

médio < 300 nm (Ferreira-Ribeiro et al., 2022.

Figura 3 — Desenvolvimento de nanoparticulas pelo método de homogeneizacao.
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Fonte: autoria propria (2023).

E importante destacar que no processo de nanoencapsulamento os solventes empregados

na fabricacdo de nanoparticulas precisam ser sollveis em agua, tendo a acetona como um dos



| 29

mais utilizados, embora seja considerada toxica. Nesse contexto, o alcool de cereais surge como
uma alternativa segura para uso em alimentos, tendo em vista a crescente demanda por
alimentos mais naturais, saudaveis, sustentaveis e que apresentem o minimo impacto ambiental.
O emprego de tecnologias limpas, em conjunto com a nanotecnologia, visa reduzir o uso de
produtos quimicos e promover a producdo de alimentos livres de residuos de solventes,
garantindo uma abordagem segura tanto para 0 meio ambiente quanto para o0 consumo humano
(Dordevic et al., 2014; Klettenhammer et al., 2020; Temelli, 2018; Yada et al., 2014).

3.2.2 Encapsulantes

No intuito de garantir a formacéo de nanoparticulas mais estaveis, deve-se considerar o
composto que serd encapsulado (tipo de 6leo), a escolha do material de parede/encapsulante, o
solvente organico e o emulsificante para auxiliar na formacao da nanoemulsdo. No que se refere
aos encapsulantes, a sua escolha varia de acordo com o tamanho esperado da nanoparticula,
assim como depende da solubilidade e estabilidade do material de parede. Estes materiais
podem ser sintéticos, como o Eudragit, poliprolactona, ou naturais, como 0 quitosana, 0 acetato
de celulose e a proteina do soro do leite (Lammari, Louaer, Meniai, Elaissari, 2020).

De acordo com Ferreira e Nunes (2019), para o nanoencapsulamento de 6leos, 0s
encapsulantes mais utilizados s@o a poliprolactona, a proteina do soro do leite, o caseinato de
sodio, a mucilagem da semente de chia e a maltodextrina/amido modificado. Dentre eles, foi
observado uma maior utilizacdo da poliprolactona, por ser solivel em solventes inorganicos e
apresentar boa solubilidade, porosidade e baixo ponto de fuséo, e da proteina do soro do leite,
por ser metabolizavel e biodegradavel.

O crescente interesse por materiais de parede mais sustentaveis e alternativos aos
sintéticos destaca o potencial promissor de encapsulantes derivados de coprodutos de vegetais,
como farinhas da semente, eixo central de jaca e tegumento do feijdo-caupi, ainda nédo
explorados na literatura cientifica para o nanoencapsulamento de 6leos comestiveis (Campo et
al., 2017; Bezerra et al., 2019; Upadhyay et al., 2021). Em um estudo conduzido por Bezerra
et al. (2019), nanoparticulas foram desenvolvidas utilizando farinha do albedo do maracuja
como encapsulante, um coproduto vegetal, oferecendo uma alternativa para a aplicacdo de
compostos bioativos em alimentos.

E importante destacar que os residuos de alimentos ou coprodutos sdo aquelas
substancias ricas em matéria organica que sao geradas ap0s o0 processamento de uma matéria
prima. Estes coprodutos representam cerca de 40 a 50% das frutas e vegetais e costumam ser

descartados e desvalorizados, ainda que muitas vezes se apresentem como fonte de nutrientes,
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sendo ricos em proteinas, carboidratos, fibras e compostos bioativos que poderiam ser
reaproveitados pelas industrias farmacéutica, alimenticia e quimica (Saraiva et al., 2018) (dos
Santos et al., 2021).

A geracdo de residuos agroindustriais pode ocorrer nas etapas de colheita (10%),
transporte e industrializacdo (50%) e na casa dos consumidores devido ao desperdicio (10%)
(Ricardino et al., 2020). Assim, a agroindustria é responsavel pela produgdo de uma grande
quantidade de residuos, incluindo, principalmente, cascas, sementes e bagaco. Na indUstria de
alimentos, os residuos podem ser utilizados para o enriquecimento de produtos, suplementacao
alimentar, ou também como substitutos de ingredientes emulsificantes e gelificantes (Poji¢ et
al., 2018; Saraiva et al., 2018).

3.2.2.1 Coprodutos de vegetais como encapsulantes

O consumo da jaca (Artocarpus heterophyllus), assim como o seu processamento,
resulta em uma quantidade significativa de residuos ou coprodutos, como a casca, o eixo central
e a semente, 0s quais ndo tém potencial mercadoldgico efetivamente explorado. A parte
comestivel da jaca para 0 consumo humano € aproximadamente 25-35%, enquanto 0S
coprodutos contribuem com 75-65% (Pathak et al., 2022).

A semente de jaca compreende aproximadamente de 18% a 25% do peso seco da fruta
(Figura 4), e é considerada um coproduto vegetal pouco explorado na literatura cientifica,
principalmente em relacéo as suas propriedades nutricionais e antioxidantes (Mahanta; Kalita,
2015). Quanto a composicdo nutricional, a farinha da semente de jaca (FSJ) € rica em amido,
principalmente o amido resistente, e proteina, alem de conter fibras sollveis e insolaveis,
minerais, vitaminas e compostos bioativos, estando associada a propriedades antimicrobiana e
em auxiliar a manutencdo de um intestino saudavel e da glicemia sanguinea (Maurya; Mogra,
2016; Suzihaque et al., 2022; Waghmare et al., 2019).

O eixo central da jaca, por¢do mais interna e uma estrutura responsavel pela sustentacao
da fruta (Figura 4), apesar de geralmente ser descartada ou usada na alimentacdo animal,
também apresenta caracteristicas organolépticas e antioxidantes. A farinha do eixo central da
jaca (FEJ) foi analisada quanto a compostos fendlicos e flavonoides, evidenciando seu potencial
antioxidante (Li et al., 2021).
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Figura 4 — Semente e eixo central da jaca.
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Neste contexto, o0 nanoencapsulamento de 6leos comestiveis com a FSJ ou a FEJ como
agente encapsulante pode oferecer uma maior protecdo para 0s compostos bioativos, assim
como pode resultar no aumento do teor de fibras, compostos bioativos, solubilidade em agua e
estabilidade coloidal. Isto amplia as possibilidades de aplicacdo na inddstria de alimentos, visto
que atende a requisitos tecnologicos e contribui para beneficios a satde (Arabpoor et al., 2021).

No Brasil, 0 maior consumo do maracuja amarelo (Passiflora edulis Sims f. Flavicarpa)
é na forma in natura ou na producdo de sucos, de modo que a parte ndo comestivel, apesar de
ter valor funcional e nutricional, representa cerca de 60% do descarte desta fruta (FAO, 2015).
A farinha do albedo do maracuja (mesocarpo da fruta) contém aproximadamente 20% de
pectina, oferecendo propriedades como boa capacidade ligante, gelificacdo e estabilizacao,
além de teores significativos de fibras insolGveis, minerais e compostos fendlicos, representa
assim uma alternativa como encapsulante (Gharehbeglou et al., 2019).

A literatura ja explorou a produc¢édo de nanoparticulas usando esta farinha como material
de parede, visando a incorporacdo de compostos bioativos em alimentos. Bezerra et al. (2019),
utilizaram esta matéria-prima no processo de nanoencapsulamento do B-caroteno extraido da
microalga Spirulina sp. LEB 18, resultando em particulas com tamanhos na faixa de 82,29 +
0,51 a 86,83 + 0,50 nm e eficiéncia de encapsulamento variando entre 96,67% e 98,25%. A

conclusdo do estudo destaca o potencial promissor dessa farinha como encapsulante.
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Figura 5 — Partes do maracuja amarelo.
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Fonte: Adaptado de Oliveira (2016).

O feijéo caupi (Vigna unguiculata) é uma leguminosa conhecida por seu alto teor de
proteinas, fibras e baixo teor de lipidios, apresentando valores respectivos de 12,09, 63 e 0,86%,
de acordo com Marinho (2019). Alem disso, é capaz de desenvolver-se em regides semiaridas,
com pouca necessidade de insumos. E amplamente utilizado na culinéria baiana para o preparo
do acaraje e abara, em que sua elaboracao envolve a remocao do tegumento do feijao, gerando
residuos que sdo descartados, embora pudessem ser considerados coprodutos valiosos e

explorados em outros processos, como na producdo de nanoparticulas (Gongalves et al., 2016).

Figura 6 — Feijdo caupi, tegumento do feijdo caupi e sua farinha.
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Fonte: Autoria propria (2023).

H& uma tendéncia cada vez maior na inddstria de alimentos pela producdo mais
sustentavel, através do uso de insumos geralmente destinados ao descarte, evitando assim a

geracdo de residuos, além de agregar valor nutricional. Neste sentido, estes coprodutos se
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destacam como uma alternativa sustentavel para uso como material de parede no
nanoencapsulamento. Além disso, a maioria dos coprodutos possuem um teor nutricional
importante, ricos em proteinas, carboidratos, fibras e compostos bioativos, 0 que pode
enriquecer nutricionalmente o produto (Saraiva et al., 2018).

3.2.3 Emulsificantes

De acordo com a Instru¢cdo Normativa n°® 211 de 1° de margo de 2023 da Agéncia
Nacional de Vigilancia Sanitaria (ANVISA), que estabelece as fungdes tecnoldgicas, os limites
maximos e as condi¢des de uso para os aditivos alimentares e os coadjuvantes de tecnologia
autorizados para uso em alimentos, emulsionante ou emulsificante é a substancia que torna
possivel a formacao ou manutencdo de uma mistura uniforme de duas ou mais fases imisciveis
no alimento (BRASIL, 2023). Estes tensoativos auxiliam na reducdo da tensdo interfacial entre
as fases aquosa e oleosa e, ap6s a homogeneizagdo, contribuem para a estabilidade a longo
prazo das gotas de Oleo. Tensoativos ndo ionicos ndo tém carga na molécula, sendo
predominantemente lipofilicos, compostos por acidos graxos combinados a grupos hidrofilicos,
e sdo comumente utilizados na formacdo de nanoemulsdes devido a sua baixa toxicidade e
facilidade de formacéo (Rao e Mcclements, 2012; Devarajan e Ravichandran, 2011; Oliveira et
al., 2004).

Na producéo de nanoparticulas, os polissorbatos, liquidos oleosos derivados de sorbatos,
que sdo esterificados com acidos graxos, sdo amplamente empregados tanto de forma isolada
guanto em combinacdo com outros emulsificantes. Algumas marcas comuns de polissorbatos
incluem Scattics, Alkest, Canarcel e Tween. As concentracdes adequadas destes compostos
possuem a capacidade de reduzir a coalescéncia das goticulas de 6leo e aumentar a estabilidade
da nanoemulsdo, além de ndo serem volateis e serem ecologicamente viaveis para 0 meio
ambiente (Kumar; Mandal, 2018; Ferreira-Ribeiro, 2018).

Em um estudo conduzido por Ricaurte et al., (2016), que envolveu a nanoencapsulacao
de Oleo de palma de alto oleico (OPBH) por homogeneizacdo de alto cisalhamento
(microfluidizacgdo), foi utilizado o Tween 20 como emulsificante. Outro estudo realizado por
Ferreira-Ribeiro et al. (2022) que nanoencapusulou 6leo de palmo bruto e fragbes (oleina
eestearina de palma), empregou Tween 20 (1mg/mL). Campo et al. (2017) conduziram a
nanoencapsulacdo de 6leo de semente de chia com Tween 80 como emulsificante

Além disso, outro emulsificante empregado no desenvolvimento de nanoparticulas € a
lecitina, derivada de um conjunto de fosfolipidios, geralmente extraidos de fontes oleaginosas,

como a soja. Reconhecida como um surfactante ndo tdxico, a lecitina é bem tolerada pelo
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organismo, pois constitui parte integral das membranas celulares e pode ser completamente
metabolizada, podendo atuar como tensoativo para facilitar nucleos lipofilicos em
nanoparticulas de natureza hidrofilica ou como componente integrante desses materiais.
(Adorne et al., 2013; Machado et al., 2014). Em um estudo conduzido por Ricaurte et al.,
(2018), que envolveu a nanoencapsulacdo de super oleina de palma, 10% de lecitina de soja foi
utilizada como emulsificante, juntamente com proteina do soro do leite (0-25%) e gelatina (0-
1%) como materiais de parede.

3.2.4 Planejamento experimental no nanoencapsulamento de 6leos comestiveis

O planejamento experimental é uma abordagem estatistica que envolve a realizagéo de
uma série de experimentos em que sdo feitas alteracGes intencionais nas variaveis
independentes de um processo ou produto. Isso permite observar, identificar, analisar e
interpretar as causas das mudancas em uma varidvel de resposta especifica (Montgomery,
2009). Nesse contexto, varias metodologias sdo empregadas para otimizar e modelar diversos
processos, visando obter o maximo de informacdes, resultando na diminuicdo do total de
experimentos necessarios (Weissman; Anderson, 2015).

Na nanotecnologia, o planejamento experimental surge como uma estratégia importante
para coletar e analisar dados experimentais, garantindo conclusdes validas e objetivas e
otimizando o processo e/ou produto (Croarkin; Tobias, 2020). O uso do planejamento
experimental nesta area € especialmente relevante na formulacdo de nanoparticulas e na
otimizacdo de processos, a fim de se obter as caracteristicas mais desejaveis, como por exemplo
a quantidade do material de parede e do composto a ser encapsulado. Assim, essa ferramenta
possibilita a obtencdo de sistemas com diversas caracteristicas fisico-quimicas e respostas
bioldgicas (Luiz et al., 2021).

De acordo com o Quadro 1, no nanoencapsulamento de dleos, pode-se observar alguns
estudos que utilizaram o planejamento experimental com objetivos diversos: (1) otimizar as
melhores formulacdes e condi¢cbes para o nanoencapsulamento; (2) caracterizar as
nanoparticulas obtidas (tamanho, indice de polidispersibilidade, potencial zeta, eficiéncia do
encapsulamento, dentre outros); (3) comparar o efeito da técnica empregada na estabilidade

fisica das nanoparticulas; (4) estudar o efeito do tipo de material de parede utilizado.



Quadro 1. Estudos que utilizaram planejamento experimental no nanoencapsulamento de éleos comestiveis.
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Oleo
nanoencapsulado

Técnica de

nanoencapsulamento

Tipo de
planejamento

Variaveis dependentes

Variaveis
independentes

Referéncia

Oleo de alho

Evaporacao do
solvente e
homogeneizagdo

Design estatistico
Box—Behnken

Tamanho de particula;
Eficiéncia do
nanoencapsulamento;
Fluxo em estado estacionario
de finasterida;
Concentracéo inibitdria
minima

Fosfatidilcolina de soja
(PO);
Finasterida (FI);
Oleo de alho (GO)

Hosny et al., 2022

Oleo de palma de

Spray-drying

Delineamento
experimental
multifatorial

Teor de umidade;
Distancia de quebra dos flocos

Concentracédo do
material de parede (soro

Hernandez-
Carrion et al, 2020

. de leite, goma arabica,
alto oleico - . .
categorico com amido e maltodextrina)
dois fatores
Tamanho de particula; Polimero; Freiberger et al.,
Miniemulsdo/ Planejamento Recuperacéo de 6leo de café Tipo de mecanismo de 2015
Oleo de café Evaporacao do experimental na nanoparticula dispersao;
solvente completo do tipo 24 Razéo de massa
polimero:oleo;
Surfactante
Planejamento Tamanho de particula; pH; Xavier-Junior et
Oleo de copaiba Polimerizacao experimental Potencial zeta Temperatura,; al., 2018
interfacial completo do tipo 23 Concentracdo de
quitosana

Oleo de palma de
alto oleico

Homogeneizacdo de
alto cisalhamento

Design
experimental de
otimizacdo de
superficie de
resposta

Tamanho médio da gota
(ADS);
indice de polidispersibilidade
(PDI);
Potencial zeta;
Parametros de cor;

Concentracéo de Gleo e
do material de parede
(soro de leite);
Pressdo do equipamento;
NUmero de ciclos

Ricaurte et al.,
2016
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(modelo quadratico
e linear)

Viscosidade

Oleo de uva

Emulséo-evaporacéo
de solvente

Design estatistico
Box—Behnken

Tamanho de particula;
Eficiéncia de encapsulamento;
indice de polidispersdo (PDI) e

potencial zeta

Tempo de sonicacéo
para a formacéo da
emuls&o; concentracéo
do 6leo de uva e
concentragdo do agente
estabilizante

Fernandez et al.,
(20216)
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As principais varidveis dependentes analisadas nos estudos sdo o tamanho da particula,
PDI, potencial zeta e eficiéncia do encapsulamento.

O tamanho de particula é um dos fatores mais importantes que afetam a estabilidade
dindmica das emulsdes. Sendo assim, tamanhos menores de particulas contribuem para uma
maior estabilidade, reduzindo a possibilidade de coalescéncia e facilitando a interacdo com o
composto de interesse (Ferreira-Ribeiro et al., 2022; Ricaurte et al., 2018; Ferreira e Nunes,
2019). Além disso, Ferreira e Nunes (2019), destacaram que diametros entre 100 e 1000 nm
sd0 mais apropriados para 6leos nanoencapsulados. O tamanho de particula em escala
nanométrica aumenta a relagdo superficie-volume, levando a uma area superficial maior, o que
permite melhor solubilidade, maior biodisponibilidade e liberacdo de compostos ativos na
concentragdo e taxa desejadas (Prakash et al., 2018).

O PDI avalia a uniformidade dos didmetros das particulas, sendo que valores proximos
a 0 indicam que a amostra € monodispersa, enquanto valores proximos a 1 indicam que a
amostra possui uma maior variedade de tamanho (Ferreira-Ribeiro et al., 2022). Ferreira e
Nunes (2019) também sugerem que valores de PDI entre 0,1 e 0,25 representam uma menor
variedade de tamanho, enquanto valores acima de 0,5 representam uma variedade mais ampla.
A variacdo destes valores pode ser influenciada pela técnica utilizada para o
nanoencapsulamento e pelo tipo e concentracdo do polimero utilizado, visto que altas
concentragdes tendem a formar nanoparticulas com tamanhos heterogéneos (Sales et al., 2023).

O potencial zeta indica o potencial elétrico das particulas, sendo considerado como a
diferenca na carga eletrocinética da superficie da gota em relacdo ao seu meio de dispersao
(Ferreira e Nunes, 2019; Ferreira-Ribeiro et al., 2022). E utilizado para indicar a estabilidade
da suspensdo em dispersdes coloidais, em que valores maiores que 30 mV e menores que - 30
mV promovem alta estabilidade e impedem a agregacdo das particulas. Assim como o PDI,
para 0 nanoencapsulamento de 6leos, os valores de potencial zeta variam com a técnica e com
material de parede utilizado, devido as suas caracteristicas quimicas (Ferreira e Nunes, 2019).

A eficiéncia do nanoencapsulamento (EE) esta associada a quantidade de éleo presente
dentro da nanoparticula, de modo que uma alta EE sinaliza que o 6leo foi encapsulado
adequadamente, aumentando a sua estabilidade contra a oxidac¢do (Campo et al., 2017). Assim
como as outras analises, a EE também pode ser influenciada pelo tipo de 6leo, emulsificante e
material de parede utilizado na nanoparticula (Campo et al., 2017; Hemmatkhah, Zeynali and
Almasi, 2020).
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3.3 Ensaios em célula com nanoparticulas de 6leos comestiveis

Ensaios em célula vem sendo amplamente explorados na literatura cientifica,
especialmente devido ao crescente interesse em entender os efeitos bioldgicos e a seguranga
das nanoparticulas. As principais analises que sdo realizadas a nivel celular em nanoparticulas
de dleos comestiveis sdo: citotoxicidade e viabilidade celular (Mota-Ferreira et al., 2016; Lu et
al., 2020), atividade antioxidante celular (Wu et al., 2020; Zheng et al., 2020; Lu et al., 2020;
Chang et al., 2020) e os possiveis efeitos e alteracdes na morfologia celular (Mota-Ferreira et
al., 2016). Além disso, alguns estudos utilizam ensaios com células especificas, como as células
de adenocarcinoma colorretal humano (Caco-2) (Reis et al., 2020), que imitam as células
intestinais e avaliam a absorcédo e os efeitos em células relacionadas a ingestdo de alimentos.
Outros avaliam a influéncia do processo do nanoencapsulamento, onde € realizada a
comparagdo entre o Oleo livre e nanoencapsulado, e como o0 nanoencapsulamento pode
influenciar na citotoxicidade e atividade antioxidante celular (Chang et al., 2020; Ali et al.,
2020).

Em comparacdo aos ensaios quimicos, como o ensaio da capacidade de absorcéo de
oxigénio radical (ORAC), 2,2-difenil-1-picrilhidrazil (DPPH) e eliminacdo radical de 2,2'-
azino-bis (3-etilbenzotiazolina-6-sulfonico) (ABTS), muito usados para avaliar a atividade
antioxidante em 6leos, a atividade antioxidante celular (AAC) considera fatores como absorcao
celular, metabolismo, localizacéo e distribuicdo de compostos bioativos dentro das células e,
portanto, pode prever melhor o comportamento antioxidante em sistemas biolégicos (Chen et
al., 2015; Lu et al., 2020). AAC envolve monitorar a capacidade dos compostos de prevenir a
oxidacdo induzida pelo radical peroxil dentro da célula. O gerador de radicais livres dicloridrato
de 2,2'-azobis (2-amidinopropano) (ABAP) ¢ adicionado ao sistema, iniciando a formacao de
radicais peroxil, permitindo a quantificacdo da AAC de compostos, como suplementos
dietéticos, alimentos e fitoquimicos (Wolfe e Liu, 2007; Liu et al., 2019).

Originalmente, o ensaio de AAC utilizavam células PC12 (glandula adrenal de ratos),
porém hoje as células HepG2 (carcinoma hepatocelular humano), sdo relatadas com frequéncia
na literatura (Wolfe & Liu, 2007; Wolfe et al., 2008; Song et al., 2010). Embora a linha celular
HepG2 seja de origem humana e, portanto, seja uma melhoria em relacéo as células PC12, as
células do figado ndo sdo consideradas ideais para medir a eficacia dos antioxidantes dietéticos.
Por esta razdo, ha um movimento no sentido da utilizacdo de células diferenciais de

adenocarcinoma colorretal humano (Caco-2) (Kellet, Greenspan e Pegg, 2018).
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Desta forma, o uso de células Caco-2 tem sido explorado na literatura cientifica para
ensaios de AAC (Kellet, Greenspan e Pegg, 2018) devido a sua semelhanca com células
epiteliais do intestino delgado, incluindo morfologia, estrutura microvilar e caracteristicas de
permeabilidade (Sergent et al., 2005; Wan, Dong, Yu, Sun e Li, 2015).

A literatura cientifica sobre AAC em nanoparticulas de 6éleos comestiveis ainda é
escassa. Foram encontrados apenas quatro estudos que avaliaram a AAC de 6leos vegetais (Liu
etal., 2020; Xu et al., 2021; Liu et al., 2019; Zheng et al., 2020). No entanto, esses estudos ndo
envolveram a producéo de nanoparticulas, e avaliaram a atividade antioxidante de constituintes
especificos dos 6leos analisados, tais como: tocoferois, esterois e fendlicos totais em diferentes
tipos de 6leos vegetais; a-tocoferol e y -orizanol em 6leo de farelo de arroz e 6leo de coco;
fitoesterdis, esqualeno, y-orizanol e polifendis em dleo de farelo de arroz; e tocoferol em 6leo
de milho. Apenas um estudo avaliou a AAC em nanoemulsdes de 0leo de polpa de espinheiro
maritimo (Chang et al., 2020), porém em células HepG2.

Um aspecto critico no uso de nanomateriais é a sua seguranca. Avaliacdes toxicologicas
de nanocarreadores vém se tornado cada vez mais importantes, especialmente no que diz
respeito aos nanomateriais presentes no meio ambiente e aqueles destinados ao uso médico,
farmacologico e em alimentos. Assim, 0 aumento na producdo de nanoparticulas, e a constante
descoberta de novas aplica¢Oes para 0s nanomateriais, torna o conhecimento sobre a toxicidade
dos sistemas transportadores uma grande demanda (Reis et al., 2020).

Embora o azeite de dendé seja frequentemente utilizado em alimentos, a seguranca de
suas particulas em escala nanométrica nao esta bem estabelecida na literatura. A reducédo de
tamanho pode levar a propriedades Unicas ndo encontradas em tamanhos maiores, e efeitos
nocivos como disbiose, citotoxicidade e genotoxicidade foram relatados em nanoparticulas de
diferentes materiais (Ashraf et al., 2021). Assim, culturas celulares podem ser utilizadas para
avaliar alteracBes celulares apds exposicdo a substancia investigada, revelando potenciais
efeitos toxicos, como peroxidacdo lipidica, ruptura de membrana e inflamacéo gastrointestinal
(Schappo, Ferreira-Ribeiro e Nunes, 2021).

McClements e Xiao (2017) conduziram um estudo de revisdo abordando os principais
mecanismos potenciais de toxicidade associados a diferentes nanoparticulas de grau
alimenticio. Os autores enfatizaram que a composicdo, dimensao, propriedades interfaciais e o
estado de agregacdo sdo fatores cruciais que podem interferir na agdo bioldgica das
nanoparticulas. Além disso, destacaram a importancia de considerar a interacdo entre as
nanoparticulas e a matriz alimentar, pois esta interacdo pode influenciar em suas propriedades

fisico-quimicas, e, consequentemente, modificar os fatores de absor¢éo e toxicidade.
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De acordo com Schappo, Ferreira-Ribeiro e Nunes (2021), que desenvolveram um
estudo de revisdo sobre a toxicidade de nanoparticulas de 6leos, com énfase na ciéncia de
alimentos, os estudos sobre toxicidade em 6leos ainda séo raros na literatura, porém os autores
enfatizam que os resultados sdo promissores. Na maioria dos estudos, as nanoparticulas de 6leo
sdo consideradas seguras, e varias amostras apresentaram algum efeito protetor nas células,
especialmente efeitos anticancerigenos e antioxidantes.

Uma maneira de avaliar a toxicidade de materiais é por meio de ensaios utilizando
culturas de células (humanas ou animais) (in vitro). Os ensaios in vitro sdo métodos rapidos,
reprodutiveis e sensiveis. A avaliagdo envolve expor o potencial agente toxico a uma cultura de
células e observar alteracBes celulares por meio de diversos mecanismos (Rogero et al., 2003).
A maioria dos estudos utiliza os ensaios brometo de 3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazélio (MTT), Sulforodamina B e Alamar Blue®. O ensaio MTT é o mais prevalente
nos estudos, pois é simples, econdmico e tradicional. Neste ensaio o anel tetrazdlio MTT &
clivado, levando a formagdo de cristais roxos de formazan [(4,5-dimetiltiazol-2-il)-3,5-
difenilformazan], que séo solubilizados e entdo quantificados por espectrofotometria, indicando

se houve algum dano as mitocondrias das células (Godoi et al., 2017; Mota-Ferreira, 2016).
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4 CONCLUSAO

O azeite de dendé hibrido Unaué HIE OxG se destaca pela sua maior resisténcia a
doencas, alta produtividade em dleo e baixo custo de producdo, quando comparado ao 6leo de
palma bruto. Além disso, vale destacar a sua composi¢do nutricional, com maior teor de
carotenoides, tocotriendis, vitamina E e &cidos graxos insaturados (&cido oleico), o que torna
este 6leo um antioxidante promissor. A nanotecnologia surge como uma alternativa para
preservacdo destes compostos, € 0 planejamento experimental auxilia na otimizagdo dos
processos, para a formacdo de nanoparticulas mais estaveis e com melhores caracteristicas
fisico-quimicas. Os coprodutos de vegetais notadamente demonstram um potencial como
materiais de parede, além de serem sustentaveis e agregar valor nutricional, e, portanto,
poderiam ser utilizados no nanoencapsulamento de 6leos. A avaliagéo da atividade antioxidante
celular e citotoxicidade das nanoparticulas de Oleos comestiveis em ceélulas Caco-2
diferenciadas é relevante. Neste sentido, o referencial tedrico desde estudo deixou claro que a
analise dos efeitos bioldgicos destes antioxidantes, assim como a seguranca das nanoparticulas
e sua capacidade de evitar danos as células epiteliais intestinais é importante, além de contribuir
para o desenvolvimento de estratégias sustentaveis, eficazes e seguras para o azeite de dendé

hibrido, visando a sua aplicacdo na industria alimenticia.
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Abstract: Hybrid crude palm oil (HCPO) HIE OxG is prominent for its fatty acid and
antioxidant composition (carotenoids, tocopherols, and tocotrienols), lower production cost,
and high pest resistance compared to crude palm oil. Biodegradable and sustainable
encapsulants derived from vegetable byproducts were used to formulate HCPO nanoparticles.
Nanoparticles with hybrid crude palm oil and jackfruit seed flour as the wall material (N-JSF)
and with hybrid crude palm oil and jackfruit axis flour as the wall material (N-JAF) were
optimized using a 22 experimental design. They exhibited nanoscale diameters (<250 nm) and
were characterized based on their zeta potential, apparent viscosity, pH, color, and total
carotenoid content. The nanoparticles demonstrated monodisperse distribution, good
uniformity, and stability (polydispersity index <0.25; zeta potential N-JSF -19.50 £ 1.47mV
and N-JAF -12.50 + 0.17mV), high encapsulation efficiency (%) (N-JSF 86.44 + 0.01 and N-
JAF 90.43+1.34), and optimal carotenoid retention (>85%). These nanoparticles show potential
for use as sustainable and clean-label HCPO alternatives in the food industry.

Keywords: Elaeis guineensis; Elaeis oleifera; Jackfruit seed; Jackfruit central axis;
Experimental design; Nanotechnology.

1. Introduction

Crude palm oil (CPO) is extracted from the mesocarp of the fruits of palm species Elaeis
guineensis and is dominant in oil production globally. CPO production reached 74.7 million
tons from cultivation of 29 million hectares of oil palm in 2020 and increased by 1.9% (18.45
million tons) in 2022 [1]. According to the United States Department of Agriculture (USDA)
[2], the leading producers are Indonesia (44.76 million tons), Malaysia (20.14 million tons),
and Thailand (2.69 million tons). Brazil ranks 7th among the major oil-producing countries
(576.76 tons) [2].

However, owing to the low resistance of CPO to diseases associated with cultivation
practices, hybrid crude palm oil (HCPO) has been cultivated. HCPO is obtained from
crossbreeding of the American and African oil palms (Elaeis oleifera and Elaeis guineensis,
respectively). HCPO contains a higher percentage of unsaturated fatty acids than CPO, along
with a longer shelf life and the plant has a better pests resistance. The primary producers of this
hybrid form are Colombia (12% of the total cultivation area for this oil), Ecuador, and Costa
Rica [3].

An exclusive Brazilian variety of interspecific hybrid (HIE OxG), named Unaué,
derived from crossbred African oil palm (Elaeis guineensis) and American Caiaué (Elaeis
oleifera), and is gaining prominence. This enhances the sustainability of regional oil palm

cultivation, particularly for small-scale producers. Notably, Unaué surpasses hybrids from other
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countries in oil productivity, cost efficiency, and pests and diseases resistance, particularly the
lethal red ring diseases [4].

In the Paréa region of Brazil, cultivated area dedicated to HIE OxG palm oil production
is estimated at approximately 11,500 ha, with potential production of over 40,000 tons of oil
annually [5, 6]. Additionally, approximately 30,000 ha of palm oil plantations aimed at
producing hybrid palm oil is situated in the lower southern region of Bahia, Brazil [7].

HCPO has been explored in scientific literature for its antioxidant potential, making it
a functional oil for disease prevention and health promotion [8,4,9]. Additionally, its
prominence is due to its nutritional composition, with high amounts of vitamin E, carotenoids,
and unsaturated fatty acids and lower levels of saturated fatty acids [7,10,11]. According to
CODEX (2023) [12], this oil contains at least 48% oleic acid and is recognized as "palm oil of
higher oleic acid content™.

This oil has a high carotenoid level, ranging from 500 to 10,000 ug/g, primarily
composed of B-carotene (52—60%) and a-carotene (33—36%) [13]. Tocopherols and tocotrienols
content of the oil vary from 562 to 1417 ug/g, with y-tocotrienol as the being the predominant
component (406 to 887 pg/g) [12]. Despite the potential of the oil as a natural additive owing
to its fatty acid and antioxidant (carotenoid, tocopherol, and tocotrienol) composition, the
susceptibility of the bioactive compounds to degradation during processing and storage poses
a functional loss risk [14].

Nanoencapsulation can increase the stability of bioactive compounds and control their
release. In this process, small particles of core materials are enclosed within a nanometer-scale
wall material (WM) (encapsulant) (smaller than 1 um). The selection of the nanoencapsulation
method depends on the specific oil being encapsulated and the material used as the encapsulant
[15,16]. Additionally, studies have been conducted to develop nanoemulsions containing
HCPO for use in packaging, and evaluated their physical, thermal, and thermodynamic
properties of nanoemulsions evaluated [17,18,19,20,21].

Furthermore, considering the choice of WM, choice of solvent, encapsulant, and
emulsifier is crucial in aiding the formation of stable nanoparticles. In this context, the
development, characterization, and optimization of HCPO nanoparticles and the use of different
encapsulants have been explored [21]. The type and concentration of the encapsulant and oil
were the main independent variables studied, and particle size, polydispersity index, and zeta
potential were the main response variables analyzed [20,22].

Additionally, there is an increasing interest in biopolymers and vegetable by-product

flours with biodegradable features for encapsulating bioactive compounds and oils [23,24,25].
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Approximately 40-50% gross weight from fruit and vegetable processing is deemed as waste.
Despite being rich in vitamins, minerals, nutrients, and fibers, these by-products are
undervalued and typically discarded [26].

Passion fruit albedo (Passiflora edulis Sims f. Flavicarpa) flour contains approximately
20% pectin, which is known for its effective binding, gelling, and stabilizing capacities, as well
as having levels of soluble fiber and phenolic compounds [27]. Cowpea shell (Vigna
unguiculata) flour has high protein and fiber and low lipid content [28], and jackfruit
(Artocarpus heterophyllus) seed flour (JSF) provides plentiful starch (63%) and protein (8%),
in addition to high content of soluble and insoluble fibers, minerals, vitamins, and bioactive
compounds (flavonoids) [29,30]. Phenolic compounds and flavonoids have been identified in
jackfruit axes flour (JAF), demonstrating their antioxidant potential [31].

Therefore, this study aimed to evaluate the most favorable conditions for the
nanoencapsulation of HCPO HIE OxG with vegetable byproducts as encapsulants. This would

facilitate the use of this oil as a sustainable alternative in the food industry.

2. Materials and Methods
2.1 Materials

The HIE OxG hybrid fruit was developed by Empresa Brasileira de Pesquisa
Agropecuéria (EMBRAPA) Western Amazon. The HCPO, known as Unaué, was formulated,
and provided by the Comissdo Executiva do Plano da Lavoura Cacaueira (CEPLAC) in the city
of Una-BA. They were stored at -20°C in an amber bottle until the time of analysis. The cowpea
shells (Vigna unguiculata) used in the preliminary tests were purchased from Sabor baiano®.
Jackfruit (Artocarpus heterophyllus) and yellow passionfruit (Passiflora edulis Sims f.
Flavicarpa) were obtained from local markets in Salvador, Bahia, Brazil. Tween 20, Tween 80

and grain alcohol were purchased from Shynth (Séo Paulo, Brazil).

2.2 Methods
2.2.1 Preparation of encapsulants

Passion fruit albedo flour, used in the preliminary tests for nanoparticle formulation,
was prepared according to Oliveira et al. [32], with modifications. Passion fruits were peeled

and washed in running water, and the albedo (mesocarp) was cut into pieces of approximately
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1 cm. Subsequently, they were dried in a forced-air oven at 50°C for 8 hours and processed in
a knife mill with a 35-mesh sieve. The sample was refrigerated at 4°C until the time of analysis.

To obtain the cowpea shell flour used in preliminary tests, the shells were thawed and
placed in a dehydrator (PE 14 Junior Analogical, Pardal, Petropolis, Brazil) at 40°C for a period
of 72 hours. After drying, the shells were passed through a knife mill (Pulverisette 15, Fritsch,
Markt Einersheim, Germany) with a 60-mesh sieve to obtain the flour.

To prepare JSF and JAF, the fruit was used at the green-ripening stage. The seed and
central axis were separated individually from the fruit, followed by blanching (2 min in boiling
water at 100°C, then cooled for 3 minutes in cold water) and freezing (-10°C) in a vacuum-
sealed package until the day of flour preparation. After thawing under refrigeration (4°C), the
seeds and central axis were dehydrated in a forced-air circulation dehydrator (Q317M-32,
Quimis, Brazil) at 1.25 m/s? at 50°C for 36 hours. At the end of each drying process, the
dehydrated samples were ground in a knife mill (Pulverisette 15, Fritsch, Markt Einersheim,
Germany), with a mesh opening of 0.5 mm, and vacuum-packed. The samples were refrigerated

at 4°C until the time of analysis.

2.2.2 Preliminary tests for the formulation of hybrid crude palm oil nanoparticles (N-
HCPO)

Preliminary tests were conducted to assess the effects of different techniques,
encapsulants, and solvent quantities on N-HCPO production. Various parameters were
analyzed, including (a) type of WM (passion fruit albedo flour, cowpea shell flour, JSF, JAF),
(b) solvent volume (50 mL, 75 mL, 100 mL), and (c) different techniques (nanoprecipitation

and homogenization) (Figure 1).
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{ Preliminary tests to obtain N-HCPO J

l l

Nanoprecipitation Homogenization
technique technique

L J

Differents wall materials

Different solvent Tl )
concentrations (Grain alcohol): A ( f)urs).
v 50mL + Passion fruit albedo
. 75mL + Cowpea shell
+ 100 mL * Jackfruit seed

* Jackfruit axis

L J
I

Formulations with good appearance
and phase homogenization

N-JSF
Initial analyzes: Particle size N-JAF -
[ﬁ [ Polydispersity index (PDI) —— > Expgnlpental
Homogenization esign
technique

Figure 1. Flowchart of preliminary tests for obtaining N-HCPO.
N-HCPO = hybrid crude palm oil nanoparticles; N-JSF = nanoparticles with jackfruit seed
flour as the encapsulant; N-JAF = nanoparticles with jackfruit axis flour as the encapsulant.

The homogenization and nanoprecipitation methods were as given below:

The N-HCPO were prepared using the homogenization method of Ferreira-Ribeiro et
al. [33], with some modifications. Tween 20 (250 uL) and HCPO (250 mg) were dissolved in
ethyl alcohol (different concentrations of the solvent were tested) under agitation (Ika, RH Basic
2, Brazil) for 15 min. This organic phase was then added dropwise to 100 mL of an aqueous
solution containing 500 mg of WM (different flours containing vegetable by-products were
tested, which were used individually and not combined) during homogenization on a helical
agitator (IKA@, model RW 20 digital, Diagtech, Brazil) at a speed of 900 rpm for 30 minutes.
Subsequently, the alcohol was evaporated in a rotary evaporator (35°C) (Blchi RIl, DE, USA)
until complete solvent evaporation.

Nanoprecipitation and solvent displacement methods were adapted from Granata et al.
[16]. The organic phase (OP) was prepared by dissolving 310 mg of HCPO in ethyl alcohol, 35
mg of Tween 20, and 90 mg of WM (different flours containing vegetable byproducts were
tested; these WMs were used individually and not combined), which was magnetically stirred
for 15 minutes at 1250 rpm (Tecnal TE — 085, S&o Paulo, Brazil). The OP was then filtered
(0.22 um membrane) and added dropwise to the aqueous phase (AP) containing 50 ml of
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distilled water and 75 mg of Tween 80, while being kept under magnetic stirring (500 rpm; 10
min) (Tecnal TE — 085, S&o Paulo, Brazil). Subsequently, the alcohol was evaporated using a
rotary evaporator (35°C) (Tecnal TE - 211, Sdo Paulo, Brazil).

Formulations that exhibited good appearance and phase homogenization were analyzed
for particle size and PDI to identify the nanoparticles with the smallest average diameter and
monodisperse distribution (Table 1, Supplementary Material). Thus, formulations with jackfruit
seed flour (N-JSF) and jackfruit axis flour (N-JAF) as WMs prepared using the homogenization
technique (Figure 1 and 2) were selected and used in the experimental design stage.

- ’ Rotary evaporator | 18

!

HCPO + Tween 20 + -’
Grain alcohol — Fe-ia

mem] |
— IR

Solvent evaporation

Water + Wall material I —
(Grain alcohol) &
- @
y

Figure 2. Formulation of N-JSF and N-JAF using the Homogenization Method.

OPBH = hybrid crude palm oil; JSF = jackfruit seed flour; JAF = jackfruit axis flour; N-JSF =
nanoparticles with jackfruit seed flour as encapsulant; N-JAF = nanoparticles with jackfruit axis
flour as encapsulant.

2.2.3 Optimization of the procedure to obtain N-OPBH by 22 factorial design

Two central composite rotatable designs (CCRD) were used; one with JSF as the WM,
and the other with JAF, totaling 22 experiments (11 experiments for each design). The
experiments were conducted in a randomized manner. Thus, a complete 22 factorial
experimental design was developed, with three central points and four axial points at a distance
o==+1.412. The levels (in coded values) were —1, 0, and +1, where 0 corresponded to the central
point.

The design was based on the following independent variables: the amount of HCPO
(200, 250, and 300 mg) and encapsulant (JSF or JAF) (300, 500, and 700 mg). The amounts of
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solvent (ethyl alcohol), distilled water, and emulsifier (Tween 20) were kept constant during
the process. Particle size and PDI were used as experimental responses.

The responses of the variables were analyzed using Statistica Software version 7, and
the adopted significance level was set at 5%. The chosen levels were based on preliminary tests.

2.2.4 Particle Size, Polydispersity Index (PDI), and Zeta Potential ()

The particle size, PDI, and zeta potential of N-HCPO were measured by dynamic light
scattering and phase analysis light scattering (Zetasizer Nano ZS, Malvern Instruments,
Malvern, UK) at 25°C. Particle size data were reported as the mean diameter and PDI. Zeta

potential values were measured based on electrophoretic mobility [34].

2.2.5 Encapsulation Efficiency (EE)

EE was determined using the ultrafiltration/centrifugation technique described by Froiio
et al. [35], with modifications. In an Amicon Ultra 0.5/30 kDa filter (Millipore, Carrigtwohill,
Ireland), 500uL of nanoparticles were inserted and then centrifuged at 14,000xg for 30 min
(Labnet Spectrafuge 24D, US). The sediment obtained after separating the supernatant was
diluted in 500uL of acetone to determine the HCPO content, and this procedure was repeated
twice. EE was directly determined using a calibration curve of HCPO in acetone (Amax=448
nm; Abs = 0.2735x concentration + 0.014, R2=0.9908) (Equation 1):

EE = (2)x 100 (1)

where M (mg) is the amount of HCPO loaded into the nanoparticles (determined from the
calibration curve), and Mo (mg) is the initial amount of HCPO added to the organic phase for

the nanoparticle formulation.

2.2.6 Transmission electron microscopy (TEM)

The morphology of N-HCPO was determined by Transmission Electron Microscopy
(TEM). A drop of the nanoemulsion was placed on a grid (Formvar carbon support film, 200
mesh) for 1 min. Subsequently, a drop of a 1% phosphotungstic acid solution was applied for
30 s. The grid was then examined under a transmission electron microscope (TEM; JEOL 1230,
Tokyo, Japan) operating at 80 kV with an average magnification of 80,000 x and a scale of 100
nm [36].
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2.2.7 Apparent viscosity, pH, color parameters and total carotenoids (TC)

The apparent viscosity of free oil and N-HCPO was measured using a concentric
cylinder rheometer (Haake Rheotest model 2.1, Medingen, Germany), coupled with a wash bath
for temperature control (at 25°C) and a shear rate of 25-1000 sec-1. The rheological data were
fitted to the Ostwald—de Waele model (Equation 2) [37].

pn=Ky(n-1) (2)

where | is the apparent viscosity, K is the consistency index, v is the shear rate, and n
is the flow behavior index. The results were expressed as centipoises (cP).

A commercial pH meter (Sanxin, PHS-3D pH meter, Shanghai, China) was used to
determine the nanoparticles pH at 25°C, without prior sample dilution and after instrument
calibration [33].

The colors of free oil and N-HCPO were determined using a colorimeter CR-400
(Minolta, Osaka, Japan). The data are presented in CIELab Coordinates, which define color in
a three-dimensional space with color values [L* (lightness), a* (red/green), and b*
(yellow/blue)] [22].

The extraction of oil from the nanoparticles for the determination of total carotenoid
content was carried out according to Ferreira-Ribeiro et al. [33], with modifications. For this
purpose, the N-OPBH was centrifuged with iso-octane and isopropyl alcohol (2:2:1) (SOLAB,
SL-706, Piracicaba, Brazil) at 3,500 rpm/25°C /10min/5 times. The obtained supernatants, after
consolidation, were filtered through qualitative filter paper 150mm, added to anhydrous sodium
sulfate, and subjected to rotary evaporation of solvents at 35°C (Blchi RII, New Castle, DE,
USA), followed by drying under a stream of nitrogen. The mass of HCPO obtained after
extraction was weighed and subsequently diluted in petroleum ether, and the carotenoid content
was determined by UV-Vis spectrophotometry, quantifying B-carotene (Amax=450 nm; A1%]1
cm =2592), according to Equation 3 [34]:

4
Total carotenoids content (M) =AX W 3)
g Alcm xP(g)

where A is the absorbance, V is the total extract volume, P is the sample weight, and A1%1 cm

= 2592 (absorption coefficient of f-carotene in petroleum ether).
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2.2.8 Statistical analysis

The analyses were conducted in triplicates (+ standard deviation). The means were
assessed using analysis of variance (ANOVA) and compared through the Tukey’s test (p <
0.05) and Student's t-test (p < 0.05) with the software SAS® OnDemand for Academics. The
results from the experimental design were subjected to statistical tests using Statistica Software
(Statsoft, Statistica 7.0, Tulsa, USA).

3. Results and Discussion
3.1 Optimization of the procedure to obtain N-JSF and N-JAF by 22 factorial design

Consensus in the literature regarding factors that predominantly influence the average
diameter and uniformity of particle size is lacking. Techniques, such as nanoprecipitation and
homogenization, allow the use of different encapsulants, surfactants, and varied concentration
of the organic phase, some of which may interfere with nanoparticles characteristics [38,39].

In this context, preliminary tests were conducted to assess the influence of various
parameters (different techniques, encapsulants, and solvent volumes) on obtaining hybrid crude
palm oil nanoparticles (N-HCPO). Formulations with good appearance and phase
homogenization were analyzed for particle size and polydispersity index (PDI). According to
the results (Table S1, Supplementary Material), N-JSF and N-JAF prepared using the
homogenization technique showed smaller particle sizes (P < 0.05) than those prepared using
the nanoprecipitation technique. According to Fereira-Ribeiro et al. [33], particle size affects
the physicochemical properties of the material, compound kinetic release, and biodistribution.
Therefore, smaller particles tend to better interact with compounds of interest in future
applications.

According to Ricaurte et al. [18], the smaller the PDI, the lower the tendency for particle
aggregation, confirming the quality of the nanoencapsulation method. PDI < 0.25 indicates that
the nanoemulsions had a narrow and monodisperse distribution with good uniformity in
nanoparticle diameter [18, 33]. Only the formulation with passion fruit albedo as the WM,
prepared using the homogenization technique, showed a high PDI. Nanoparticles prepared by
homogenization with cowpea shell flour, JSF, or JAF showed PDI < 0.25, with no statistical
difference between the samples (p > 0.05) (Table S1, Supplementary Material).

With regard the formulations, using the nanoprecipitation technique, only nanoparticles
with JSF and central axis flour as encapsulants showed PDI < 0.25. However, these were not
used in the experimental design because of their larger particle size compared to those of the

homogenization technique (p < 0.05). Thus, N-JSF and N-JAF, prepared using the
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homogenization technique, were selected for the experimental design stage, considering that in
addition to presenting smaller diameters among all analyzed formulations, the nanoemulsions
had a monodisperse distribution and good uniformity (Table 1, Supplementary Material).

Table 1 shows particle size and PDI results for N-HCPO with different concentrations
of HCPO and WM evaluated using a 22 factorial design.

Table 1. 22 factorial design for N-HCPO with jackfruit seed flour or jackfruit axis flour as wall
materials, and results obtained from response parameters particle size (nm) and polydispersity
index (PDI) responses.

Independent Response parameters Response parameters
. variables
Formulations X1 X2 ] ‘
(HCPO) (WM) Size (nm)* PDI* Size (nm)** PDI**
1 -1 -1 209.33+2.85 0.10+0.01 250.76 £3.27 0.092 +0.00
2 -1 1 204.76 £298 0.13+0.00 224.80+1.04 0.087 +0.00
3 1 -1 23420+2.50 0.13+0.00 283.70+4.92 0.126+0.02
4 1 1 241.00+1.49 0.15+0.03 308.20+5.14 0.144+0.01
5 -1.41 0 196.90 +4.43 0.14+0.01 24843+1.55 0.108 +0.01
6 1.41 0 206.50+2.10 0.13+£0.02 317.03+2.61 0.128 +£0.00
7 0 -1.41 194.46+0.72 0.07+0.01 212.03+1.25 0.098 £0.00
8 0 1.41 218.13+2.01 0.12+0.01 230.03+2.37 0.113+0.02
9 (CP) 0 0 26456 +1.12 0.12+0.02 266.50+1.25 0.116 +£0.01
10 (CP) 0 0 264.40+3.05 0.12+0.02 266.00+5.57 0.117 +0.00
11 (CP) 0 0 26473 +4.52 0.12+0.01 265.70+2.33 0.118 +0.00

*WM=JSF; **WM=JAF
CP = central point

HCPO = Hybrid crude palm oil; WM = Wall material

HCPO: —1=200 mg; +1=300 mg; 0 = 250 mg; -1.41=179.28 mg; 1,41=320.71. WM: —1=300
mg; +1=700 mg; 0= 500 mg; -1,41=217.15 mg; 1,41=782.84 mg. The results were expressed
as the average of triplicate measurements.

According to the Pareto diagrams (Figure Sla and S1b, Supplementary Material) for
both experimental designs, the lower the amount of oil and encapsulant added to the
formulation, the smaller the particle size. This trend was also evident when analyzing the
response surface graphs for variable amounts of oil and encapsulant on N-JSF (Figure 3a) and
N-JAF (Figure 3c) particle sizes. One of the most critical factors affecting the dynamic stability
of emulsions is particle size, which influences coalescence. Smaller particles tend to exhibit

higher stability, thereby reducing the possibility of coalescence [33].



| 64

. 0.16
. 0.14
= 260 = 0.12
B 180 B .08
] 140 . 0.06
~
=
e
. 360 o
. 320 . 0.14
[ 280 . 0.12
1240 0.1
200 [ 0.08
. 160 I 0.06

Figure 3. Response surface for the variables amount of oil and wall material on particle size
(a) and PDI (b) for N-JSF, and on particle size (c) and PDI (d) for N-JAF.

In addition, the interaction between WM and oil in the nanoparticle formulation was
significant and positive, as indicated by the Pareto plots (Figure S1a and S1b, Supplementary
Material). An increase in the concentration of these variables resulted in larger nanoparticle
sizes. Despite this positive interaction, its impact on particle size was smaller than the individual
effects of the variables (oil and WM). According to Table 1, formulation 7, which had the
lowest amount of WM, had the smallest particle size in both experimental designs. This
characteristic could be advantageous for the future applicability of nanoparticles, as this
formulation has a higher ratio of HCPO:WM (mass ratio of 0.8:1; JSF or JAF: HCPO),
providing a better potential for greater retention of bioactive compounds.

It is important to note that the amount of oil added to the formulation had a significant
and positive effect on particle size (Figure Sla and S1b, Supplementary Material), similar to

WM. This trend was also observed when analyzing the response surface for the variable



| 65

amounts of oil and WM on particle size for N-JSF (Figure 3a) and N-JAF (Figure 3c). As the
concentration of oil added to the formulation increased, particle size tended to increase.
Formulations 3, 4 (N-JSF and N-JAF), and 6 (N-JAF), which contained higher oil
concentrations, also had larger particle diameters (Table 1).

Ricaurte et al. [20] observed similar results when studying the physical characteristics
and thermal and thermodynamic stability of high-oleic palm oil nanoemulsions. The oil
concentration was the variable that most affected the response to the analyzed parameters, and
higher concentrations of oil led to larger particle sizes. These authors reported that higher oil
concentrations resulted in a greater number of dispersed droplets in the aqueous phase, forming
macromolecular layers with the encapsulant covered by hydrophilic residues. This process
causes the formation of disulfide bonds and thiol/disulphide exchange reactions, leading to the
collision of oil droplets and consequently increasing the particle size.

Ricaurte, Perea-Flores, Martinez, & Quintanilla-Carvajal [22], nanoencapsulated high
oleic palm oil (HOPO) by using high-shear homogenization (microfluidization), with whey
protein as the WM and Tween 20 as the emulsifier. In this study, the oil concentration directly
influenced the particle size, and formulations with higher oil concentrations led to larger
particle.

Regarding the PDI, according to the Pareto charts (Figure S2a and S2b, Supplementary
Material), it was noted that the lower the amount of oil and WM added, the lower the PDI; a
similar trend was also observed for particle size. In Figure 3, this trend is also evident when
analyzing the response surface for the amount of oil and the encapsulant in the PDI for N-JSF
(Figure 3b) and N-JAF (Figure 3d). PDI is a measure that reflects the range of particle size
distributions [22]. Values close to O indicate that the sample is monodisperse with good
uniformity in the nanoparticle diameter, whereas values closer to 1 indicate that the sample has
a wide range of nanoparticle sizes [40].

According to Hernandez-Carrion, Moyano, & Quintanilla-Carvajal [21], the
distribution of particles in an emulsion is directly affected by the coalescence and aggregation
phenomena of polymers and other constituents present in the WM, influencing not only the
particle size but also the homogeneity with which particles of different sizes being distributed
in the aqueous phase. Floury et al. [41] reported that the a and B bonds of secondary structures
and the break in tertiary and quaternary structures of protein during the nanoencapsulation
process can lead to the aggregation of their structures and consequently higher PDI values. The

flours used as WM in this study contained protein and other constituents, such as starch
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(polysaccharide) in their composition, which may explain the greater tendency for aggregation
and, consequently, higher PDI in formulations with higher WM.

Therefore, considering that a lower PDI value indicates more uniform nanoparticle
diameters and less tendency to aggregate, a formulation with lower concentrations of oil and
WM may lead to a reduction in PDI and particle size. In Table 1, formulation 7 (in both
experimental designs) with the lowest WM achieved the lowest PDI values.

Similar results were reported by Ricaurte, Perea-Flores, Martinez, & Quintanilla-
Carvajal [22] and Ricaurte et al. [20]. These authors studied encapsulated HCPO and evaluated
the characteristics of nanoemulsions along with the effects of variables through factorial design.
The concentrations of WM and oil were the variables that most affected the PDI, increasing the
PDI value as the amount of these variables increased.

Therefore, considering the best results obtained in the experimental design, formulation
7 was selected and characterized for its zeta potential, encapsulation efficiency, morphology,

apparent viscosity, pH, color parameters, and total carotenoid content, as discussed below.

3.2 Characterization of N-JSF and N-JAF
3.2.1 Zeta potential (C)

According to Ferreira and Nunes [42], zeta potential indicates the electrical potential of
the particles and has a significant effect on the stability of the colloidal system. This parameter
is strongly influenced by the composition of the nanoparticles and the medium in which they
are distributed [43]. Zeta potential values above +30 mV and below -30 mV indicate stable
suspensions without particle aggregation [44].

N-JSF presented a zeta potential of -19.50 £ 1.47 mV, and N-JAF -12.50 + 0.17 mV,
indicating good stability of the nanoemulsions and suggesting that repulsive forces were
predominant between the droplets in this system [18]. Variations in zeta potential are generally
attributed to the chemical characteristics of the WMs [42]. In this study, the negative charges
may be related to the presence of carboxyl groups in the composition of the flours used as
encapsulants [31,45]. Additionally, the emulsifier used in the preparation of the nanoemulsions,
Tween 20, generates a negative charge due to the adsorption of hydroxide ions at the oil-water
interfaces and the formation of hydrogen bonds between it and the hydroxide ions [46].

Ricaurte et al. [18] reported a zeta potential of -24.8 £ 0.5 mV in nanofibers of HCPO
and gelatin. Passion fruit albedo (fruit byproduct) and commercial pectin were used as

encapsulants by Bezerra et al. [24] in the production of nanodispersions of carotenoid extract
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from Spirulina. They reported higher zeta potential values compared to the present study (-
41.36 + 1.43 to -43.64 + 1.83 mV with passion fruit albedo flour; -24.57 + 0.66 mV to -27.39
+ 0.86 mV with commercial pectin). The highly negative zeta potential of the nanodispersions
with passion fruit albedo flour may be due to the greater number of carboxyl groups that were
not replaced by methyl groups, generating more negative charges. Additionally, the

encapsulated compound was different from that used in the present study (carotenoid extract).

3.2.2 Encapsulation efficiency (EE)

The encapsulation efficiency (EE; the amount of oil in nanoparticles) was 90.43 + 1.34
and 86.44 £ 0.01% for N-JAF and N-JSF, respectively. EE is related to the stability and
protection against oxidation [23]. Additionally, EE can vary according to the formulation
components, such as oil, emulsifiers, and WM [23,43]. Values exceeding 80%, as demonstrated
in both studied nanoparticles, revealed that the technology employed for the nanoencapsulation
process has a high capacity to protect the oil inside the nanoparticle, suggesting a greater
potential for oxidative stability. This result is promising to consider the high phytochemical
content of HCPO [18].

Sathasivam et al. [47] found an EE of 83-96% in palm oil nanoparticles with
carboxymethyl cellulose obtained from sago biomass as the encapsulant. Ferreira-Ribeiro et al.
[33] reported EE values of 86.65 + 1.18-88.13 + 1.11% in nanoparticles of crude palm oil and
fractions, palm olein and palm stearin, with casein or gum Arabic as encapsulants. llyasoglu
and El (2014) [48] found EE values of 60-80% in fish oil nanoparticles produced by
homogenization, and Esfahani et al. [49] reported EE values of 69-98% for different
formulations of omega-3 fatty acid nanoparticles with gelatin or gum Arabic using the

homogenization technique.

3.2.3 Morphology

The importance of analyzing the morphology of nanoparticles is related to the
comprehensive structural characterization of the material, which allows for the direct
observation of dispersed particles. Regardless of the WM used, the morphologies determined
by transmission electron microscopy (TEM) of N-JSF and N-JAF was similar, exhibiting a

spherical, regular shape without cracks or aggregates (Figure 4).
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Figure 4. Transmission electron microscopy (TEM) of the nanoparticle containing hybrid palm
oil and jackfruit seed flour as wall material (N-JSF) and nanoparticle containing hybrid palm
oil and jackfruit axis flour as wall material (N-JAF) (scale = 100nm).

Similar results were observed for nanoparticles of chia seed oil [23], crude palm oil and
its fractions [33], hybrid palm oil [50], and shrimp oil [51].

3.2.4 Apparent viscosity, pH, color parameters and total carotenoids

The apparent viscosity, pH, color parameters, and total carotenoids (TC) of the

nanoparticles are listed in Table 2.

Table 2. Apparent viscosity, pH, color parameters and total carotenoids (TC) of the
nanoparticles.

Apparent Color parameters
viscosity (cP) pH L a* b TC (ng/e)

Samples

Free oil 23.04+£0.18° 3.52+0.08¢ 27.98+0.09° 10.98 +£0.00° 11.69+0.01* 921.94+28.39%
N-JSF 22.89+£2.38°2 5.75+£0.05? 39.01+3.91° 0.64 +£0.09° 8.20+£2.53°>  809.76 +41.53"°
N-JAF 20.89 +£0.82 2 5.49 £ 0.05° 41.98 +£0.03° 0.55+0.14° 10.40 £0.39%  799.94 +45.60 °

N-JSF = Nanoparticles of HCPO with jackfruit seed flour as encapsulant. N-JAF =
Nanoparticles of HCPO with jackfruit axis flour as encapsulant.

The data are expressed as mean + standard deviation (n = 3).

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

The mean apparent viscosity of the nanoparticles at 25°C was 21.89 = 1.20 cP, and no
significant difference (p > 0.05) was observed among the samples (Table 2). All the analyzed

samples exhibited non-Newtonian behavior, indicating that as the shear rate increased, apparent
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viscosity decreased. Ferreira-Ribeiro et al. [33] prepared nanoparticles of crude palm oil and
fractions, palm olein, and palm stearin using a homogenization technique with casein and gum
Arabic as encapsulants. They found apparent viscosity values ranging from 14.58 + 1.22-27.10
+ 1.41 cP, like that is reported in this study, and the samples also exhibited non-Newtonian
behavior.

The rheological characteristics of emulsions can be influenced by the composition and
structure of the nanoemulsion (WM type, concentration, and interaction between the dispersed
particles and oil concentration) [52]. Jackfruit seeds have a high content of starch and pectin,
and the central axis of the jackfruit contains these constituents [53]. Thus, starch and pectin
may have influenced the viscosity of the nanoemulsions. Bezerra et al. [24] using both passion
fruit albedo-derived pectin and commercial pectin as encapsulants, highlighted that differences
in viscosity could be related to various factors, such as the particles hydrodynamic volume and
molar mass, and interactions between the WM, solvent, and encapsulated material. Because of
its hydrocolloidal characteristics, pectin tends to contribute to the production of more viscous
emulsions if it contains esterified carbonyl groups.

Ricaurte et al. [20] encapsulated HOPO by microfluidization with the aim of evaluating
the physical, thermal, and thermodynamic stabilities of nanoemulsions. One of the parameters
assessed was the apparent viscosity, which ranged between 1.15 and 80.42 cP. The highest
apparent viscosity was obtained for the nanoemulsion with high whey protein content as an
encapsulant, palm oil, and gelatin. The results showed that the concentrations of these
constituents significantly affected the viscosity of the emulsion and hence, its applicability in
the food industry.

Ricaurte, Santagapita, Diaz, & Quintanilla-Carvajal [18] observed the same trend, when
HOPO was encapsulated using the electrospinning technique. In this study, the diameters, and
morphologies of the nanoparticles, as well as their physicochemical properties, were
investigated. Viscosity values ranged between 64.7 + 0.1 and 502.1 + 0.1 cP, and the viscosity
increased as the amount of WM increased. Ricaurte, Perea-Flores, Martinez, & Quintanilla-
Carvajal [22] also nanoencapsulated HOPO wusing high-shear homogenization
(microfluidization) using whey protein as WM and Tween 20 as an emulsifier; they found
apparent viscosity values of 1.9-553.3 cP at 19 °C. Under refrigeration at 4 °C, they reported
values of 0.88-112.2 cP during a 4-day storage period. They noted that samples with higher
concentrations of whey and oil exhibited higher apparent viscosities.

Viscosity is an important parameter that can influence the processing and quality control

in the food industry. Depending on the goal of incorporating nanoemulsion into the food matrix,
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this parameter can either favor or disfavor the viscosity of the final product. More viscous food
matrices, such as yogurt (viscosity of 35-55 cP), would benefit from the addition of more
viscous nanoemulsions. Conversely, more fluid matrices such as milk (viscosity of
approximately 2 cP) would benefit from the addition of less viscous nanoemulsions [33]. As
statistical differences between the samples are lacking, it can be suggested that both
nanoparticles could be used in the food industry to replace free oil without interfering with the
viscosity of the product. For example, yogurt has a viscosity similar to that found in this study
(21.89 + 1.20 cP).

The pH of free oil was 3.52 £ 0.08, indicating acidity, and that of N-JAF was lower
(5.49 £ 0.05) than that of N-JSF (5.75 + 0.05) (p <0.05) (Table 2). However, both formulations
had an acidic pH, and nanoencapsulation led to an increase in pH compared to that of the free
oil. The difference in pH between free oil and nanoparticles can be explained by the WMs used.
The mean pH of JAF is 5.54 + 0.29 and 5.83 £ 0.06 for JSF [53], values similar to those
observed for the nanoparticles.

It is important to note that pH is a crucial indicator of nanodispersion quality and can
guide the application of the resultant nanomaterials, especially in food applications.
Significantly low pH values indicate strong acidity that can lead to a decrease in the stability of
pH-sensitive compounds, such as carotenoids. Additionally, acidity values can also interfere
with the taste, and possible changes in pH can indicate the presence of bacteria or chemical
reactions, compromising the final quality [54,36]. Thus, owing to their more acidic pH, N-JSF
and N-JAF could be used in the preparation of naturally more acidic foods such as yogurt,
which usually has a pH of 3.6-4.5, or even in salad dressings with pH values of 3.2-4.0 [55,56].

According to Campo et al. [23], pH of a medium influence’s zeta potential. pH values
below 2 tend to favor a slightly positive zeta potential, leading to a reduction in the electrostatic
repulsion between particles by reducing groups with similar charges. However, a pH above 2
gradually increases the magnitude of the negative charge, as observed in this study.

As stated by Ferreira-Ribeiro et al. [33], pH values ranged from 3.82 + 0.04 to 5.36 +
0.01 for nanoparticles of crude palm oil and its fractions, palm olein, and palm stearin, similar
to those in this study. The more acidic pH reported by the authors (3.82 + 0.04) can be explained
by the difference in the WM used (casein), which has a more amphiphilic characteristic, thereby
influencing the reduction in pH.

Considering color parameters, as HCPO is rich in carotenoids, it showed a greater
tendency towards red (a* 10.98 + 0.00) and yellow (b* 11.69 £ 0.01), confirmed by the color

analysis (CIELab) (Table 2). In comparison with African palm oil (Elaeis guineensis) analyzed
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by de Almeida et al. [57], a value of 20.57 for b*, HCPO showed a less yellowish color (b*
11.69 + 0.01). This may be because the hybrid oil had a lower fraction of stearin and a more
yellowish palm oil.

The nanoparticles showed a greater tendency towards yellow (higher b* values) than
red, and there was no statistical difference between the a* and b* parameters (p > 0.05).
However, when compared to the free oil, there was a decrease in a* for both nanoparticles (0.64
+ 0.09 N-JSF and 0.55 + 0.14 N-JAF) and in b* only for N-JSF (8.20 + 2.53) (p < 0.05).
Ferreira-Ribeiro et al. [33] who encapsulated crude palm oil and fractions, palm olein, and palm
stearin. They reported a* and b* values ranging from 0.52 £ 0.02 to 1.51 + 0.05 and 5.61 £ 0.07
to 8.36 £ 0.13, respectively, for both fractions analyzed, similar to those in the present study
(@* =0.64 £ 0.09 N-JSF and 0.55 + 0.14 N-JAF and b* = 8.20 + 2.53 N-JSF and 10.40 + 0.39
N-JAF).

The nanoemulsions presented an average L* value of 40.52 £ 2.97 which was not
changed even with the change in the WM in the preparation of nanoparticles. This parameter
was significantly higher in the nanoemulsions than in the free oil (p < 0.05), probably because
of the WMs used (flours present a whitish color) in addition to the water added to the
formulation, which can generate a lighter color emulsion.

Color is an important quality attribute in the food industry and serves as the basis for
the acceptance of a wide variety of products, positively or negatively influencing the perception
of other sensory attributes. Despite great interest in natural colorants owing to their
functionalities, their instability has made the industry invest in synthetic colorants [58].
Therefore, concerning the future applicability of N-JSF and N-JAF in the food industry, these
nanoparticles can serve as more stable and promising alternatives for adding colorants to
processed foods, due to the protection of encapsulated pigments, especially carotenoids as
natural pigments.

The TC content of HCPO before encapsulation was 921.94 + 28.39 ug/g (Table 2), and
this changed to 809.76 + 41.53 and 799.94 + 45.60 ug/g for N-JSF and N-JAF, respectively,
after encapsulation, in accordance with literature findings (500-10,000 pg/g of oil) [13]. Thus,
the percentage retention of carotenoids after encapsulation was 87.83 and 86.77%, respectively,
demonstrating the excellent preservation of carotenoids in encapsulated oil compared with that
of the free oil. This, once encapsulated in nanoparticles, the likelihood of their degradation and
consequent loss of functionality is reduced, making them more suitable for application in the
food and possibly pharmaceutical industries [59,60]. Therefore, carotenoids and other

phytochemicals have been studied for protection against non-communicable chronic diseases
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(NCDs), where oxidative stress is the main contributor [61], and in the development of clean-
label food products.

The percent carotenoids retention in nanoparticles with crude palm oil and its fractions,
palm olein, and palm stearin, was up to 68% as reported by Ferreira-Ribeiro et al. [33]. This
low value may be related to the encapsulation process (use of acetone), extraction method,
sensitivity of carotenoids to oxidation, and isomerization during the analysis. However,

precautions to achieve their optimal retention were performed in this study.

4. Conclusions

Nanoparticles of hybrid crude palm oil HIE OxG produced by homogenization using a
non-toxic solvent (ethyl alcohol) and vegetable byproducts as encapsulants demonstrated an
appropriate average diameter (<250 nm), uniformity, good stability, high encapsulation
efficiency, and excellent preservation of carotenoids in the encapsulated oil compared to that
of the free oil. These results demonstrate the potential for the application of nanoparticles with
hybrid crude palm oil and jackfruit seed flour as wall material and nanoparticles with hybrid
crude palm oil and jackfruit axis flour as wall material (N-JSF and N-JAF, respectively), as

sustainable alternatives for the use of hybrid crude palm oil in the food industry.

5. Patents

The patent document "Nanoparticles of Hybrid Crude Palm Oil Unaué HIE OxG (Elaeis
guineensis x Elaeis oleifera) obtained by homogenization method,” stemming from the
preliminary tests of this study, has been filed with the National Institute of Industrial Property
(INPI) (Process no. BR 10 2022 019533 1) [62].

Supplementary Materials: The following Supporting Information can be downloaded from:
www.mdpi.com/xxx/s1, Table S1: Results of preliminary tests for the development of N-HCPO
with different wall materials; Figure S1: Pareto diagram for the amount of oil and wall material
on particle size for N-JSF (a) and N-JAF (b); Figure S2: Pareto diagram for the amount of oil
and wall material on PDI for N-JSF (a) and N-JAF (b).
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Capitulo I

Manuscrito: Nanoencapsulation of hybrid crude palm oil Unaué HIE OxG (Elaeis
guineensis x Elaeis oleifera) with jackfruit by-products as encapsulants: a study of cellular

antioxidant activity and cytotoxicity in Caco-2 cells
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Abstract: Hybrid crude palm oil (HCPO) HIE OxG nanoparticles, using jackfruit by-products
as encapsulants were produced and characterized for cellular antioxidant activity (CAA) and
cytotoxicity in differentiated human colorectal adenocarcinoma (Caco-2) cells. The
nanoparticles exhibited nanoscale diameters (<250 nm), monodisperse distribution, good
uniformity, and stability (Polydispersity index <0.25; zeta potential JSF-NP -12.46 + 0.15mV
and JAF-NP -13.73 = 1.28mV). Cellular Antioxidant Activity (CAA) assay may better predict
antioxidant behavior in biological systems, and CAA of JSF-NP and JAF-NP surpassed those
of free HCPO at all concentrations, while none of the nanoparticles exhibited cytotoxic effects
on differentiated Caco-2 cells. Notably, scientific literature lacks studies about CAA and
cytotoxicity of HCPO nanoparticles with vegetable by-products as encapsulants. As such, the
present study demonstrated the bioactivity and biological safety of these nanoparticles in
intestinal cells, highlighting JSF-NP and JAF-NP as delivery systems for future HCPO
applications.

Keywords: Palm oil with a higher content of oleic acid; Artocarpus heterophyllus; Jackfruit
seed; Central axis of jackfruit; Cellular antioxidant activity; Toxicity.

1. Introduction

Hybrid crude palm oil (HCPO) is extracted from the fruit, resulting of the crossbreeding
between palms from the African species (Elaeis guineensis) and the American species (Elaeis
oleifera). Since 1997 in eastern Ecuador, there have been reports on HCPO due to better
resistance to diseases associated with cultivation practices, compared to crude palm oil (CPO)
from the fruit of African palm oil (Tezara et al., 2021). Colombia, Ecuador, and Costa Rica are
the main producers of HCPO, with 12% of the total cultivation area located in Colombia
(Romero et al., 2021).

A new variety cultivated only in Brazil, named Unaué, has gained prominence and is
contributing to the sustainability of oil palm cultivation, especially for small producers. It
combines high oil productivity from the oil palm, low production costs, and greater resistance
to pests and diseases compared to the hybrids produced in other countries, especially the so-
called red ring, a common and highly lethal disease. This variety is obtained through
crossbreeding of the African oil palm (Elaeis guineensis) and the American Caiaué and is
known as the HIE OxG interspecific hybrid. In Brazil’s Par4 region, the cultivated area
exclusively dedicated to HIE OxG palm oil production is estimated to be around 11,500

hectares, with the potential to yield over 40,000 tons of oil annually (Pinto et al., 2019).
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The HCPO stands out due to its nutritional composition as opposed to CPO, with higher
amounts of carotenoids (500 to 10,000 pg/g), with pB-carotene (52—60%) and a-carotene (33—
36%) being the main components (Mozzon et al., 2018). It also has a higher content of vitamin
E unsaturated fatty acids and a lower content of saturated fatty acids (Pinto et al., 2019).
Regarding the content of tocopherols and tocotrienols, values range from 562 to 1417 ug/g,
with y-tocotrienol as the main component (406 to 887 pg/g). With at least 48% oleic acid, this
oil is recognized as "palm oil with a higher content of oleic acid" (Codex, 2022).

Considering the composition of HCPO in terms of fatty acids and phytochemicals, it is
believed that this oil may exhibit a promising alternative to replace synthetic additives as a
colorant and with antioxidant functions in foodstuffs. However, HCPO bioactive compounds
are unstable and susceptible to oxidative deterioration, especially when exposed to oxygen,
light, moisture, and temperature, resulting in a loss of nutritional quality, development of off-
flavors, and decreased shelf-life (Ferreira-Ribeiro et al., 2022).

In this context, nanoencapsulation, a process in which nanosized particles (less than 1
pum) are formed, can protect the encapsulated oil, and facilitate its incorporation into food. It
can also improve its bioavailability and protect bioactive compounds from deterioration, thus
maintaining its natural characteristics (Singh et al., 2017). Additionally, there is a growing
interest in biopolymers and flours derived from vegetable by-products, with biodegradable,
sustainable characteristics. These flours may be used by the food industry, as encapsulating
agents for oils and bioactive compounds (Campo et al., 2017; Ferreira-Ribeiro et al., 2022).

The fruit and vegetables segment stands out as a major contributor to waste in the agri-
food industry, producing residues such as skins, seeds, stems, barks, and leaves (Danielski and
Shahidi, 2023). The consumption and processing of jackfruit (Artocarpus heterophyllus) results
in a high number of by-products such as peels, central axis, and seeds. About 25-35% of
jackfruit constitutes the edible portion, leaving the remaining 65-75% as the residual fraction.
(Pathak et al., 2022). The jackfruit seed flour (JSF) including a source of starch (63%) and
protein (8%), with interesting levels of soluble and insoluble fibers, minerals, vitamins, and
bioactive compounds (flavonoids) (Suzihaque et al., 2022). Phenolic compounds, including
flavonoids have been determined in the jackfruit axis flour (JAF), demonstrating antioxidant
potential (Li et al., 2021).

The antioxidant potential of HCPO has been explored in the scientific literature,
especially as a functional oil for disease prevention and health benefits, such as cardiovascular
disease risk reduction (Lucci et al., 2016). The antioxidant activity of oils can be assessed by

chemical methods such as oxygen radical absorbance capacity (ORAC), 2,2-diphenyl-1-
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picrylhydrazyl (DPPH), and 2,2'-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
radical scavenging (Liu et al., 2019). These assays mostly evaluate the antiradical capacity of
molecules with antioxidant property, including hydrogen atom transfer (HAT) and singlet
electron transfer (SET) capacities. In several instances, such mechanisms are the basis for the
health-promoting benefits shown by naturally occurring bioactive compounds (Ayoub,
Camargo, and Shahidi, 2016).

Although the above-mentioned methods have been utilized to evaluate in vitro
antioxidant activity, they still exhibit some inherent shortcomings, such as neglecting important
biological markers, including the uptake, metabolism, and bioavailability, determinant factors
for in vivo effect. Thus, the biological activity of natural antioxidants at the cellular level should
also be considered. In comparison with chemical assays, cellular antioxidant activity (CAA)
considers cellular absorption, metabolism, location, and distribution of bioactive compounds
within cells, and therefore, it may better predict antioxidant behavior in biological systems
(Chen et al., 2015; Lu et al., 2020). CAA involves monitoring the ability of compounds to
prevent peroxyl radical-induced oxidation within the cell. The free-radical generator 2,2'-azobis
(2-amidinopropane) dihydrochloride (ABAP) is incubated with the cells, initiating peroxyl
radicals' formation. The ability of dietary antioxidants to hamper the propagation of free
radicals can measured and quantified (Wolfe and Liu, 2007; Liu et al., 2019). CAA assessment
using differentiated human colorectal adenocarcinoma (Caco-2) cells has been explored in
scientific literature (Kellet, Greenspan and Pegg, 2018) due to their similarity with small
intestine epithelial cells, including morphology, microvillar structure, and permeability
characteristics (Sergent et al., 2005; Wan, Dong, Yu, Sun, and Li, 2015).

Although CPO is frequently used in foods, the CAA and safety regarding its nanosized
particles is not well-established in the literature. Size reduction can lead to unique properties
not found in larger sizes, and harmful effects such as dysbiosis, cytotoxicity, and genotoxicity
have been reported in nanoparticles of different materials. Thus, cell cultures can be used to
assess cellular changes after exposure to the investigated substance, revealing potential toxic
effects, such as lipid peroxidation, membrane rupture and gastrointestinal inflammation (Ashraf
etal., 2021).

There is no literature on CAA and cytotoxicity in differential Caco-2 cells of HCPO
nanoparticles with vegetables by-products as encapsulants. It is noteworthy that exploring CAA
and the lack of cytotoxicity in oil nanoparticles in cells that closely resemble small intestine
epithelial may be interesting for comprehending the biological antioxidant activity and safety

consideration, demonstrating the potential harmlessness to epithelial cells. Therefore, in the
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present work HCPO nanoparticles with jackfruit seed flour (JSF-NP) or jackfruit axis flour
(JAF-NP) as encapsulants were developed, characterized, and the cellular antioxidant activity
and cytotoxicity of them were evaluated in differential human colorectal adenocarcinoma
(Caco-2) cells.

2. Material and methods

2.1 Material

The HIE OxG hybrid fruit was developed by Empresa Brasileira de Pesquisa
Agropecuéria (EMBRAPA) Western Amazon. The HCPO, known as Unaué, was formulated,
and provided by the Comisséo Executiva do Plano da Lavoura Cacaueira (CEPLAC) in the
city of Una-BA, Brazil, stored at -20°C in an amber bottle until the time of analysis. Jackfruit
(Artocarpus heterophyllus) were obtained from local markets in Salvador, Bahia. 2',7'-
dichlorofluorescin diacetate or 2',7'-dichlorodihydro-fluorescein diacetate (DCFH-DA, >97%
purity), 2,2’-azobis (2-amidi-nopropane) dihydrochloride (ABAP), dimethyl sulfoxide
(DMSO), were acquired from Sigma-Aldrich Ltd. (Oakville, ON, Canada). Dulbecco’s
Modified Eagle Medium (DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), fetal bovine serum (FBS), L-glutamine, penicillin-streptomycin solution
(10,000 units), and trypsin-EDTA (0.25%) were procured from Thermo Fisher Scientific
(Nepean, ON, Canada) and Sigma-Aldrich (Oakville, ON, Canada). Other solvents and

chemicals of analytical grade were obtained from Sigma-Aldrich Ltd. (Oakville, ON, Canada).

2.2 Methods

2.2.1 Preparation of encapsulants

For the preparation of JSF and JAF, the fruit was used in the green ripening stage. The
seed and central axis were separated individually from the fruit, followed by blanching (2 min
in boiling water at 100°C, then cooled for 3 min in cold water) and freezing (-10°C) in a
vacuum-sealed package until the day of flour preparation. After thawing under refrigeration
(4°C), the seeds and the central axis were dehydrated in a forced-air circulation dehydrator
(Q317M-32, Quimis, Brazil) at 1.25 m/s? at 50°C for 36 h. At the end of each drying process,

the dehydrated samples were ground in a knife mill (Pulverisette 15, Fritsch, Markt Einersheim,
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Germany), with a mesh opening of 0.5 mm, and vacuum-packed. The samples were kept

refrigerated (4°C) until the time of analysis.

2.2.2 Preparation of nanoparticles

The nanoparticles were prepared using the homogenization method described by
Ferreira-Ribeiro et al. (2022), with some modifications. Tween 20 (250 puL) and HCPO (250
mg) were dissolved in ethyl alcohol (100 mL) under agitation (IKA®, RH Basic 2, US) for 15
min. This organic phase (tween 20, ethyl alcohol and HCPO) was then added dropwise to 100
mL of an aqueous solution containing 217.15mg of wall material (JSF or JAF - these wall
materials were used individually and not in combination) during homogenization on a helical
agitator (IKA@, model RW 20 digital, Diagtech, US) at a speed of 900 rpm for 30 min.
Subsequently, the ethyl alcohol was evaporated in a rotary evaporator (35°C) (R-300, Biichi,
Flawil, Switzerland) until complete solvent evaporation, verified by measuring the final volume
of the nanoemulsion (100 mL). The resulting aqueous dispersion nanoparticles (= 2.5 mg/mL)

were subjected to characterization by particle size, polydispersity index (PDI) and zeta potential

©.

2.2.3 Determination of particle size, polydispersity index (PDI) and zeta Potential ()

The particle size, PDI, and zeta potential of nanoparticles were measured by dynamic
light scattering and phase analysis light scattering (Zetasizer Nano ZS, Malvern Instruments,
Malvern, United Kingdom) at 25°C. Particle size data were reported as the mean diameter and
PDI. Zeta potential values were measured based on electrophoretic mobility (Ferreira Ribeiro
etal., 2022).

2.2.4 Transmission electron microscopy (TEM)

The morphology of nanoparticles was determined by transmission electron microscopy
(TEM). A drop of the nanoemulsion was placed on a grid (Formvar carbon support films, 200
mesh) for 1 min. Subsequently, a drop of 1% phosphotungstic acid solution was applied for 30
sec. The grid was then examined under a transmission electron microscope (TEM; JEOL 1230,
Tokyo, Japan) operated at 80 kV with an average magnification of 80,000 times and a scale of
100 nm.
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2.2.5 Cell culture

Human colon adenocarcinoma (Caco-2) cells were kindly provided by Dr. Mark Berry
(Biochemistry Department of Memorial University of Newfoundland, Canada) and used at
passage numbers 36-40. Caco-2 cells were cultured using the protocol described by Xie,
Kosinska, Xu, and Andlauer (2013). In summary, cells were grown as a monolayer and cultured
in Advanced Dulbecco’s modified Eagle medium (DMEM), heat-inactivated fetal bovine serum
(FBS), 1% L-glutamine, 1% penicillin (10,000 U/mL), and 1% streptomycin (10,000 U/mL)

under 5% CO2 at 37 °C. Caco-2 cells were used in experiments at passage numbers 36-40.

2.2.6 Preparation of samples to Cellular antioxidant activity (CAA) assay and Cell

cytotoxicity assay

On the day of analysis, samples were diluted to final concentration ranging from 2.5 to
250 pg/mL in a serum-free culture medium. A solution with HCPO was prepared in ethyl
acetate at a concentration of 2.5 mg/mL. A 12.5 mM stock solution of the fluorescent probe
2'7'-dichlorofluorescin diacetate (DCFH-DA) in methanol was employed. Prior to each
experiment, working solutions of 25 uM DCFH-DA in a serum-free culture medium were
freshly prepared. A 60 mM 2,2'-azobis (2-amidi-nopropane) dihydrochloride (ABAP) stock
solution in phosphate-buffered saline (PBS) was diluted to 600 puM before its use in
experiments. All DCFH-DA and ABAP solutions were stored at -20 °C, while samples were

refrigerated at 4 °C prior to their use.

2.2.6.1 Cellular antioxidant activity (CAA) assay

Cellular antioxidant measurements were conducted following the protocol of Wolfe and
Liu (2007), with modifications suggested by Kellet et al. (2018). Upon reaching confluency in
Corning 75-cm? culture flasks, Caco-2 cells were twice washed with sterile PBS (pH 7.4) and
then detached from the surface using 0.05% trypsin-EDTA. Subsequently, cells were seeded
(6.0 x 10%) in 100-pL cell culture media per well in Corning Costar® 96-well, black, flat bottom
tissue culture-treated dishes (VWR International, Suwanee, GA, USA) and incubated until

reaching full confluency (24 h). Confluence was verified using a microscope, and wells along
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the perimeter were intentionally left empty to minimize variation due to plate location.
Subsequently, the growth medium was aspirated, and the cells were washed with PBS to
eliminate any non-adherent and dead cells.

Following this, 50 pL of a 25 uM DCFH-DA working solution was dispensed into each
well, followed by 50 uL of the antioxidant treatments (JSF-NP, JAF-NP, or HCPO) (in triplicate
wells). As a control, 50 uL of DCFH-DA and 50 uL of serum-free culture media (without any
antioxidant) were added to each of the three wells as replicates. Next, cells were incubated for
1 h at 37 °C. Following incubation, the cells were washed three times with PBS to ensure that
any observed effects were solely attributed to compounds absorbed by the cells. Subsequently,
100 pL of ABAP (600 uM) were introduced. The cells were then promptly taken to a microplate
reader (BioTek Synergy Mx microplate reader, BioTek In- struments, Inc. Winooski, VT,
USA), where real-time fluorescence was initially recorded and then at 5 min intervals for 1 h
(a total of 13 readings). The fluorescence excitation and emission wavelengths were taken at
485 and 538 nm, respectively. Results were expressed as cellular antioxidant activity (CAA)

units.

2.2.6.2 Cell cytotoxicity assay

The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was employed, as described by Gentile et al. (2012). DCFH-DA and the samples were
applied to the cells using the same procedure as outlined for the CAA assay, with an incubation
period of 1 h at 37 °C. Subsequently, the cells were thoroughly washed with PBS to eliminate
all sample residues and traces of media. Control wells contained MTT and media, excluding
samples. A volume of 100 L of serum-free culture media was added to the cells along with 10
uL of 12 mM MTT. After 4 h of incubation, 85 pL of media were removed, and 50 uL. of DMSO
were introduced to each well to dissolve the generated cellular formazan chromagen. The plates
were once again incubated at 37 °C for 10 min, and the absorbance of the purple-colored
formazan was measured at 540 nm in a microplate reader (BioTek Synergy Mx microplate
reader, BioTek In- struments, Inc. Winooski, VT, USA). For quantitative assessment, the
absorbance of cells incubated with the samples was compared to that of the control (without
any antioxidant). The treatments resulting in significantly (p < 0.05) lower absorbance readings
was considered cytotoxic. All assays were conducted in triplicate. Moreover, cell relative

viability (%) was calculated as the ratio of treated cells absorbance by the control absorbance.



|87

2.2.6.3 Quantification of the CAA assay

The effectiveness of JSF-NP, JAF-NP, and HCPO was quantified by assessing the
percent reduction in fluorescence. In short, curves were constructed using the 13 fluorescence
response readings of each treatment during the 1-hour assay. The area under each curve (AUC)
was determined through integration using Excel®. The percent reduction (or the CAA unit) was
calculated as follow Eq. 1:

AUC sample

CAA unit = % reduction (1 -
AUC control

) x 100 1)
CAA units were calculated for free oil (HCPO) and nanoparticles of HCPO from

triplicate determinations, and the results are presented as mean + standard deviation.
2.2.7 Statistical analysis

The analyses were performed in triplicate (xstandard deviation). The results concerning
particle size, PDI, zeta potential and cytotoxic were assessed using analysis of variance
(ANOVA) and compared through the Tukey’s test (p < 0.05) and Student's t-test (p < 0.05) with
the software SAS® OnDemand for Academics.

3. Results and discussion
3.1. Characterization of nanoparticles

3.1.1. Particle size, PDI and zeta potential

Dynamic light scattering (DLS) analysis showed that the mean diameters of JAF-NP
was smaller than JSF-NP (225.63 + 1.89 nm and 242.03 + 2.38, respectively) (p < 0.05),
confirming the nanoparticle classification for both samples (<1um). Particle size affects the
physicochemical properties of the material, kinetic release of the compound and biodistribution.
Furthermore, suitable diameters for nanoencapsulated oils should range between 100 and 1000
nm (Ferreira and Nunes, 2019). In this context, the mean particle diameter obtained in the

present study (< 250 nm) demonstrate that the homogenization technique and the use of
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jackfruit by-products as encapsulants were effective for obtaining nanostructures with
dimensions below 1000 nm. Particle diameters of CPO and its fractions, palm olein and palm
stearin, nanoencapsulated with casein or gum Arabic as encapsulants, were reported to range
from 155.66 + 3.41 to 187.37 = 2.19 nm (Ferreira-Ribeiro et al., 2022). Additionally, Ricaurte
et al. (2020) noted a diameter of 198.3 = 1.1 nm for hybrid CPO.

According to the results shown in Figure 1, both nanoparticles formed a stable and
dispersed nanodispersions and showed unimodal curves which indicates that all nanoparticles
had a uniform particle diameter distribution. This result was confirmed by the analysis of PDI
(0.10 £ 0.02 JSF-NP and 0.11 = 0.00 JAF-NP). There was no significant difference (p > 0.05)
observed in the PDI among the nanoparticles. The PDI is a measure that reflects the range of
the particle size distribution, and according to Ricaurte et al. (2020), the smaller the PDI, the
lower the tendency for particle aggregation, confirming the quality of the nanoencapsulation
process. A PDI < 0.25 indicates that the nanoemulsions have a narrow and monodisperse

distribution, with good uniformity in nanoparticle diameter.
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Figure 1. Particle size distribution of jackfruit seed flour nanoparticles (JSF-NP) (a); jackfruit
axis flour nanoparticles (JAF-NP) (b) (in triplicate) and its nanoemulsions.
d.nm = diameter values in nanometers.



|89

Similar results were documented by Cheong and Nyam (2016) in their investigations on
nanoencapsulated kenaf seed oil. The use of sodium caseinate and pectin, along with sodium
caseinate as the wall material, yielded comparable PDI values of 0.152 + 0.01 and 0.147 £ 0.00,
respectively.

As highlighted by Ferreira and Nunes (2019), the zeta potential serves as an indicator
of the electrical potential of particles, exerting a significant influence on the stability of colloidal
systems. This parameter is notably affected by the composition of nanoparticles and the
surrounding medium. Zeta potential values above +30 mV and below -30 mV signify stable
suspensions with minimal particle aggregation.

Zeta potential for JSF-NP, and JAF-NP were measured at -12.46 + 0.15 mV, and -13.73
+ 1.28 mV, respectively, and no statistical difference (p > 0.05) was observed between the
samples. These values indicate a good nanoemulsion stability, suggesting that repulsive forces
between droplets predominate in this system. Moreover, the negative charges are likely related
to the existence of carboxyl groups in the composition of the flours employed as encapsulants
(Lietal, 2021). Additionally, the emulsifier used in the nanoemulsion preparation (Tween 20),
introduces negative charge through the adsorption of hydroxide ions at the oil-water interfaces
and the formation of hydrogen bonds with these ions (Xin et al, 2013). Ricaurte et al. (2020)
reported a zeta potential of -24.8 + 0.5 mV in hybrid crude palm oil nanofibers with gelatin and
Ferreira-Ribeiro et al. (2022) obtained zeta potentials between -18.23 + 1.11 mV and -36.33
0.47 mV in the stability assessment of nanoparticles from crude palm oil and its fractions, palm

olein and palm stearin.

3.1.2. TEM analyses

Figure 2 shows the morphological characteristics of nanoparticles formulated with
jackfruit seed flour and hybrid crude palm oil (a), as well as jackfruit axis flour and hybrid
crude palm oil (b). The nanoparticles were similar, regardless of the wall material used,

exhibiting a spherical and regular shape without cracks or aggregates.
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Rete Pl .\

Figure 2. TEM images of nanoparticles containing (a) hybrid palm oil and jackfruit seed flour
as wall material (JSF-NP) and (b) nanoparticles containing hybrid palm oil and jackfruit axis
flour as wall material (JAF-NP) (scale = 100nm).

Similar results were reported by Ferreira-Ribeiro et al. (2022) and Campo et al. (2017),
using the same technique and conditions of morphological characterization as those in the
present study for crude palm oil and fractions, hybrid crude palm oil and chia seed oil,

respectively.

3.2. Cellular antioxidant activity (CAA) assay

The cellular antioxidant activity (CAA) assay has higher physiological relevance than
chemical methods since it factors in cellular uptake and metabolism, being a good predictor of
the bioavailability of phytochemical compounds. Therefore, this assay is suitable for evaluating
antioxidant behavior in biological systems (Chen et al., 2015). In this context, the ability of
HCPO, before and after nanoencapsulation, to prevent peroxyl radical-induced oxidation in
Caco-2 cells was assessed. Reduced fluorescence compared to the control indicates that the
sample has substantial antioxidant activity in the cell, being able to prevent the conversion of
DCFH (fluorescent probe) into its oxidized form. The higher the CAA unit (the relative
reduction in fluorescence), the more effective the antioxidant in the cellular system (Kellet,
Greenspan and Pegg, 2018).

In Figure 3, it can be observed that CAA levels for JSF-NP (33.82 £ 1.70; 56.57+ 1.50;
48.21 + 1.65; 34.97 + 1.75; 59.62 + 1.70; 36.79 + 1.60) were higher than those of the HCPO
free (-10.37 £ 2.70; 23.21 £ 2.60; 34.54 + 2.75; 16.71 + 2.76; 41.11 £ 2.60; 9.89 * 2.65) at all

concentrations studied, respectively. The highest CAA was seen at a concentration of 200
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pg/mL (59.62 £ 1.70) for JSF-NP. A similar behavior was reported by Chang et al. (2020), who
produced nanoemulsions of sea buckthorn pulp oil (SBPO) from different places of origin
through the high-pressure homogenization process and evaluated CAA in HepG2 cells. The
results indicated that all nanoemulsions showed good cellular antioxidant activity (310.54 +
21.48 umol of QE/g oil - SBPO-Q; 307.71 + 21.86 umol of QE/g oil - SBPO-G; 255.24 + 10.55
umol of QE/g oil - SBPO—H; 238.03 + 10.09 umol of QE/g oil - SBPO-H), and the difference
in CAA values may be related to the chemical composition of oil from different locations. The
authors reported that antioxidant activity is related to the combined effect of triacylglycerols
and phytochemicals in oils, especially phenolic compounds, and that further studies are needed

to examine this relationship.

—8— HCPO free —@—]SF-NP
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Figure 3. Cellular antioxidant activity (CAA) of HCPO and JSF-NP in Caco-2 cell. CAA units,
a value reflecting cellular antioxidant capacity, were determined at the fluorescence
excitation/emission wavelength pair of 485 nm and 538 nm. The data represent mean + standard
deviation based on triplicate determinations.

According to Yan et al. (2019), fatty acids with different chain lengths or degrees of
saturation could alter the morphology and fluidity of the cell membrane, which may explain the
difference in the absorption and bioavailability of antioxidant components in cells.
Additionally, oils with a similar composition of fatty acids may exhibit different CAA due to
their phytochemical composition.

Chung, Lee and Lee (2020), who developed resveratrol nanoparticles with chitosan and
y-poly (glutamic acid) (y-PGA) as wall materials and assessed CAA in HepG2 cells, observed

that the reduction in particle size led to an increase in the contact surface area between the
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encapsulated material and the medium, also enhancing solubility and cellular absorption. This
resulted in better CAA results compared to free oil (= 40 CAA units for free oil and = 60; = 45
CAA units for nanoparticles), similar to what was observed in the present study. Yu, Li, Shi
and Huang (2011), who encapsulated curcuminoids in modified e-polylysine, found similar
results. The CAA value of the nanoparticle was higher when compared to the free curcuminoid
(= 60 CAA units for the nanoparticle and =~ 40 CAA units for free curcuminoid), resulting in
greater solubility, more specific interaction with the cell, and less degradation of the
encapsulated material.

The CAA values for JAF-NP were also higher than those of the free oil under most
concentrations. The 200 pg/mL concentration was the only instance where the CAA of the
nanoparticle was lower than that of the free oil (HCPO) (35.20 £ 1.50 JAF-NP and 41.11 £ 2.70
HCPO free) (Figure 4). These findings suggest that the nanoparticles can be used as a delivery
system for HCPO, enhancing its bioavailability as compared to the free oil. Similar results were
reported by Chang et al. (2020) when assessing CAA in nanoemulsions of sea buckthorn pulp
oil and underscored the notable antioxidant activity compared to free oil, suggesting that
nanoencapsulation holds potential as a carrier for nutraceuticals, effectively preserving the
active compounds. It is noteworthy to mention that in the current study, besides the preservation
of bioactive compounds facilitated by the encapsulation process, the flours used as encapsulants
(JSF and JAF) also include antioxidants (phenolic compounds, including flavonoids).
Consequently, there is a possibility of an additional impact on CAA (Suzihaque et al., 2022; Li
etal., 2021).

——HCPO free —@—JAF-NP
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Figure 4. Cellular antioxidant activity (CAA) of HCPO and JAF-NP in Caco-2 cell. CAA units,
a value reflecting cellular antioxidant capacity, were determined at the fluorescence
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excitation/emission wavelength pair of 485 nm and 538 nm. The data represent mean + standard
e deviation based on triplicate determinations.

Fan et al. (2018) when encapsulating curcumin with bovine serum albumin (BSA)-
dextran and assessing CAA in Caco-2 cells. The encapsulated compound showed higher CAA
(65.35 units) than its free form (48.61 units), mainly attributed to the small size of the
nanoparticles, leading to greater absorption of encapsulated curcumin and thus higher cellular
antioxidant activity. According to the authors, the larger surface areas of the absorbed
nanoparticles may lead to higher interaction with peroxyl radicals, neutralizing them and
increasing CAA. Similar results were also reported by Yi et al. (2014), who produced B-
carotene nanoparticles by homogenization-evaporation with different ratios of sodium
caseinate, whey protein isolate, or soy protein isolate as wall materials and assessed CAA in
Caco-2 cells.

Comparison with literature data is challenging, as only four studies evaluating the CAA
of vegetable oils have been found. However, these studies did not involve the production of
nanoparticles, and they assessed antioxidant activity of specific constituents of oils:
tocopherols, sterols, and phenolic compounds in 15 different types of vegetable oils (Liu et al.
2020), o-tocopherol and y-oryzanol in rice bran oil and coconut oil (Xu et al. 2021),
phytosterols, squalene, y-oryzanol, and polyphenols in rice bran oil (Liu et al. 2019), and
tocopherol in dehulled corn oil (Zheng et al. 2020). Only one study assessed the CAA in
nanoemulsions of sea buckthorn pulp oil (Chang et al., 2020), but in HepG2 cells. As a result,
the evaluation of biological activity becomes essential to understand various aspects such as
uptake, absorption, metabolism, and the location of antioxidant compounds within cells.
Consequently, CAA has emerged as a crucial tool in investigating the potential bioactivity of
antioxidants in natural sources, including vegetable oils. Thus, these findings emphasize the
importance of studying the cellular antioxidant activity of bioactive-rich oil nanoparticles on

different cell lines.

3.3. Cytotoxicity assay

Figure 5 shows the MTT results for JAF-NP, JSF-NP, and HCPO free using Caco-2
cells after 4 h of incubation. No statistical difference (p > 0.05) was observed between the
different tested concentrations for the nanoparticles. In JSSF-NP, concentrations of 150 and 200

pg/mL promoted proliferative effects on cells, increasing cell viability to 101.37 £ 10.90 and
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113.18 + 21.88%, respectively. The concentration of 100 pug/mL resulted in a slight decrease in
average cell viability of approximately 10.44% compared to the control (without any
antioxidant); however, as there was no statistical difference (p > 0.05) regarding the control,
this concentration was not considered cytotoxic (Figure 3A). In JAF-NP, the concentration of
250 pg/mL increased cell viability to 104.12 + 7.91%, indicating a proliferative effect on Caco-
2 cells. At the concentration of 2.5 pg/mL, there was a reduction of 9.07% in cell viability, even
though cytotoxicity was not recorded (p > 0.05) (Figure 5).
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Figure 5. Results of cytotoxicity assay in JAF-NP, JSF-NP and HCPO free on differential
Caco-2 cells according to MTT assay. Data reported as mean values for each sample + standard
deviation (n = 3). Different lowercase letters indicate significant differences (p < 0.05) in the
concentrations tested. *Significant difference between different concentrations of the samples
and negative control (cytotoxicity) (p < 0.05).

Cell viability increase at selected concentrations (150 and 200 pg/mL for JSF-NP and
250 pg/mL for JAF-NP) may be attributed to the stimulation of cells, probably due to the
promotion of cell health as well as higher metabolic activity caused by HCPO nanoparticles.
According to Ramiro-Puig and Castell (2009), some compounds with antioxidant properties,
such as flavonoids, might exhibit immunostimulatory effects by modulation of gene expression.
It is worth noting that antioxidant compounds are present in flours used as wall material
(phenolic compounds, including flavonoids) and in HCPO (carotenoids, phenolic compounds)
(Suzihaque et al., 2022; Li et al., 2021).
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Regarding the free oil, there was a statistical difference (p < 0.05) at concentrations 200
and 250 pg/mL regarding the negative control. Therefore, HCPO was considered cytotoxic to
Caco-2 cells at these studied concentrations, and there was no cell proliferation (> 100%) at any
of the tested concentrations. According to Nano, Nobili, Girard-Pipau and Rampal (2003), a
possible cytotoxic action may occur through contact between fatty acids and cell membranes,
modifying the lipid profile of the cell membrane, altering lipid-mediated signaling pathways,
lipid peroxidation, and fluidity, causing a lower cellular viability.

Furthermore, it was observed that nanoencapsulation, a process in which particles of
nanometric size (smaller than 1 um) are formed and protected by a wall material (encapsulant),
may have provided protection for the encapsulated oil, which may explain the non-cytotoxicity
of the nanoparticles compared to the free oil (Pathak, Vaidya, and Pandey, 2019).

Marchiori et al. (2017) reported similar results when assessing the cytotoxicity through
the MTT assay of pomegranate oil nanocapsules. The study demonstrated 100% cell viability
for the nanoencapsulated form, whereas the free oil exhibited a 30% reduction in cell viability
at concentrations of 145 and 724 pg/mL.

Pomegranate seed oil was also encapsulated by Mota-Ferreira et al. (2016), using the
spontaneous emulsification technique, and evaluated toxicity in mononuclear cells (MTT).
Most concentrations tested showed increased cell viability compared to the control. Only at 0.5
mg/mL reduced cell viability was noted, and even in the nanoemulsions form, it showed less
effect than the free oil (28.33 = 0.73% for nanoemulsions and 89.57 + 0.25% in free form), as
in the present study. Reis et al. (2020), who developed nanoemulsions and nanostructured lipid
carriers with buriti oil, assessed cytotoxicity by the Sulforhodamine B assay in Caco-2 and
HepG2 cells (human hepatocellular carcinoma). In their study, the samples did not cause
decrease of cell viability. Moreover, the authors described that the bioactive compounds in
buriti oil likely acted as antioxidants, as cell glutathione consumption was not detected.

According to Schappo, Ferreira-Ribeiro, Farina and Nunes (2021), studies on toxicity
of oil nanoparticles are still rare in the literature, but the authors emphasize that the results are
promising. In most studies, oil nanoparticles are considered safe, as observed in the present
study, and several samples exhibited some protective effects on cells, especially anticancer and
antioxidant effects. However, comparison with literature data is challenging, primarily due to
the scarce number of studies evaluating the cytotoxicity of oil nanoparticles using the MTT
assay in differentiated Caco-2 cells under the conditions used in the present research. Some
studies use different assays (Sulforhodamine B and Alamar Blue®) and cell cultures, such as

THLE?2, Hep-G2, among others. Thus, lack of data related to the toxicity of vegetable oil



| 96

nanoparticles underscores the need for additional studies. Furthermore, differentiated Caco-2
cells resemble small intestinal epithelial cells regarding to morphology, marker enzyme,
microvillar structure, tight junction, permeability and functionally (Kellett, Greenspand and
Pegg, 2018). Therefore, the absence of cytotoxicity from JSF-NP and JAF-NP may indicate
biological safety to intestinal epithelial cells.

Conclusion

Nanoparticles produced with hybrid crude palm oil (HIE OxG) and jackfruit by-
products as encapsulants exhibited favorable characteristics, including nanoscale diameters
(<250 nm), uniformity and good stability. Cellular antioxidant activity (CAA) levels for JSF-
NP and JAF-NP were higher than those of the free HCPO at all concentrations studied in
differentiated human colorectal adenocarcinoma (Caco-2) cells. These findings suggest the
potential of nanoparticles to be used as a delivery system for HCPO, enhancing its
bioavailability as compared to the free oil. The nanoparticles did not show cytotoxicity toward
Caco-2 cells and concentrations of 150, 200 and 250 pg/mL for JAF-NP and JAF-NP,
respectively, promoted proliferative effects on cells, increasing relative viability. On the other
hand, free HCPO at concentrations of 200 and 250 pg/mL were cytotoxic. Therefore, it was
observed that nanoencapsulation may have provided protection to the oil and the non-cytotoxic
nature of JSF-NP and JAF-NP indicates biological safety and mitigation of oxidative stress in

intestinal epithelial cells.
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