
1 
 

UNIVERSIDADE FEDERAL DE SÃO PAULO 

CAMPUS SÃO PAULO 

PROGRAMA DE PÓS-GRADUAÇÃO EM NUTRIÇÃO 

 

 

 

 

 

A INCORPORAÇÃO DE POLPA DE JUÇARA EM NANOESTRUTURAS É UMA 

ALTERNATIVA EFICAZ PARA POTENCIALIZAR OS EFEITOS BIOLÓGICOS 

DAS ANTOCIANINAS? 

 

 

 

 

MICHELE AMENDOEIRA GIACONIA 

 

 

 

 

 

 

 

Santos - SP 

2021 



2 
 

MICHELE AMENDOEIRA GIACONIA 

 

 

 

A INCORPORAÇÃO DE POLPA DE JUÇARA EM NANOESTRUTURAS É UMA 

ALTERNATIVA EFICAZ PARA POTENCIALIZAR OS EFEITOS BIOLÓGICOS 

DAS ANTOCIANINAS? 

 

 

 

Dissertação apresentada à Universidade 

Federal de São Paulo – Campus Baixada 

Santista, junto ao Programa de Pós-Graduação 

em Nutrição para obtenção do título de Mestre 

em Ciências. 

 

 

Orientadora: Profa. Dra. Anna Rafaela 

Cavalcante Braga. 

 

 

 

 

Santos - SP 

2021 



3 
 

MICHELE AMENDOEIRA GIACONIA 

 

A INCORPORAÇÃO DE POLPA DE JUÇARA EM NANOESTRUTURAS É UMA 

ALTERNATIVA EFICAZ PARA POTENCIALIZAR OS EFEITOS BIOLÓGICOS 

DAS ANTOCIANINAS? 

 

 

PRESIDENTE DA BANCA  

 

____________________________________________________ 

Profa. Dra. Anna Rafaela Cavalcante Braga 

 Universidade Federal de São Paulo  

 

 

BANCA EXAMINADORA 

 

_____________________________________________________ 

 Dra. Daniella Carisa Murador  

Universidade Federal de São Paulo 

 

_____________________________________________________ 

Profa. Dra. Lila Missae Oyama 

Universidade Federal de São Paulo 

 

_____________________________________________________ 

Profa. Dra. Mariana Buranelo Egea 

Instituto Federal de Educação, Ciência e Tecnologia Goiano 

 

 

 

Aprovada em:____/____/______ 



4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aos meus pais e padrasto, minhas maiores 

inspirações. 

  



5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Rir é um ato de resistência” 

(Paulo Gustavo)  



6 
 

AGRADECIMENTOS 

Durante a realização do presente trabalho de mestrado, contei com múltiplos apoios tanto 

diretamente quanto indiretamente por pessoas e instituições às quais sou imensamente grata. 

Para tanto, quero expressar meus mais sinceros agradecimentos, mesmo correndo o risco de 

injustamente não mencionar alguém.  

Agradeço à Deus primeiramente por me permitir chegar até aqui. Em tempos tão difíceis 

como esses, um dia a mais de vida é uma grande vitória na nossa história, ainda mais 

considerando ter enfrentado a COVID-19 e ter saído com sequelas mínimas. E por ter me dado 

forças para continuar após o período de quarentena que sofremos. 

Agradeço à minha mãe, ao meu pai e ao meu padrasto por serem meus maiores exemplos 

de persistência, resiliência e compreensão, principalmente em relação à minha ausência em 

algumas comemorações ou mesmo passeios pela cidade, por garantir minhas marmitinhas 

quando deixava minha cidade e com isso me fazia lembrar de casa durante as refeições e me 

acalmava em meio a correria do laboratório, né mãe. Por sempre me apoiarem, por serem meu 

alicerce, por sempre acreditarem em mim, por se orgulharem a cada pequena conquista e por 

me permitirem ir atrás dos meus sonhos. Márcia, Mauricio e Antonio, espero que saibam que 

sem vocês nada disso seria possível, eu os admiro tanto, tenho muito orgulho em fazer parte 

dessa família. Amo vocês. 

Agradeço demais ao Gustavo, meu marido, parceiro, cúmplice, amigo, ouvinte, 

conselheiro, minha dose de ânimo diário. Obrigada por sempre torcer avidamente pelas minhas 

conquistas, por me incentivar, por resolver problemas técnicos do computador, inclusive por 

ter me dado um que facilitou imensamente a finalização deste documento, por me ouvir tanto 

nas horas alegres quanto nas intercorrências, e que mesmo de longe continuou me dando forças 

para enfrentar cada novo desafio. 

Gratidão infinita à minha orientadora Rafa, sem ela nada disso seria possível. Obrigada por 

me apresentar uma ciência muito além do laboratório, por mostrar que somos capazes de 

realizar qualquer coisa, que não há dificuldade que não possa ser superada. Você foi muito mais 

do que uma orientadora, foi minha mãe acadêmica, amiga de todas as horas. Obrigada pela 

paciência em me ensinar, obrigada pelas vezes em que me ajudou na bancada, obrigada por ter 

tido como objetivo me transformar em uma “monstra” dentro do laboratório, acho que podemos 

dizer que conseguimos isso, obrigada por sempre acreditar em mim, mais do que eu mesma 

acreditava muitas vezes. Faltam palavras para expressar minha gratidão e minha felicidade por 

ter sido sua aluna durante esses anos e pelo laço que criamos. 



7 
 

Agradeço à Gigi, Monize e Camilly, minhas joias raras, minhas irmãs acadêmicas, vocês 

foram essenciais durante essa jornada, obrigada por me ajudarem com as análises, com 

conselhos, com risadas, por terem tornado essa experiência ainda mais especial, única e tão 

importante na minha vida.  

Um agradecimento mais do que especial pra Gigi, minha dupla de bancada que se tornou 

parceira pra toda vida. Minha outra dose de ânimo diário. Obrigada por sempre estar lá quando 

mais precisei, mesmo por mensagem me ajudando com cálculos, por me alimentar, pelos 

presentinhos inesperados, por ser minha ouvinte de desabafos e reflexões da vida, por me 

mostrar um lado da vida mais leve e divertido. Amo você. 

Meu muito obrigada à Veri, por me receber tão afetuosamente em seu laboratório, por toda 

ajuda, parceria e aprendizados ao longo desses anos. Agradeço muito a todos do Laboratório de 

Compostos Bioativos de Alimentos, em especial à Bruna, sua ajuda foi fundamental para o 

desenvolvimento deste trabalho, à Mari, minha parceira de PAD e companheirona de vida, à 

Dani por seus preciosos ensinamentos e histórias divertidas, à Stephanie, e mais ainda aos seus 

cosméticos naturais que me acalmavam, ao Nic e ao Leo pelas experiências de vida, às técnicas 

Cíntia, Juliana e Teresa, muito obrigada por todo suporte e ensinamentos. 

Aos pesquisadores do LIEC da UFSCAR, em especial à professora Tati, ao professor Elson 

Longo e ao Marcelo pela parceria e por todo apoio. 

Às minhas amigas Emily, Viviane, Carine, Lúcia e Tayna, por sempre me apoiarem, me 

incentivarem, por acreditarem em mim, por serem minha rede de apoio, sempre se preocupando 

comigo e mandando energia positiva para que tudo ocorresse bem. Vocês estão num lugar muito 

especial do meu coração. Amo vocês 

Às docentes do Programa de Pós-Graduação em Nutrição (PPGNUT), por me ensinarem 

tanto e principalmente por transparecerem e me contagiarem com o amor pela docência. 

Ao PPGNUT, em especial à Paloma e à Ana Lúcia, por toda ajuda e por serem sempre 

muito solícitas. 

À UNIFESP, por ter sido minha segunda casa durante 6 anos e meio e por ter me 

proporcionado tanta experiência enriquecedora, tanto profissionalmente quanto pessoalmente. 

Tenho orgulho em ser “unifespiana”. 

À Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) e à Fundação 

de Amparo à Pesquisa do Estado de São Paulo (FAPESP), processos 2018/01550-8 e 

2020/03560-0, pelo financiamento do projeto de pesquisa e pela oportunidade de bolsa.  

  



8 
 

RESUMO 

A polpa da juçara é proveniente da palmeira Euterpe edulis Mart., nativa da Mata Atlântica e 
sua composição apresenta elevado teor de compostos fenólicos, principalmente as antocianinas. 
As antocianinas são pigmentos naturais e conferem diversos efeitos biológicos benéficos à 
saúde, incluindo sua ação antioxidante, podendo assim, proporcionar a prevenção de doenças 
crônicas não transmissíveis. Em contrapartida, essa classe de pigmentos naturais possui baixa 
estabilidade depois de extraída da matriz alimentar, além de baixa bioacessibilidade, e 
capacidade de absorção, de forma que apenas uma porção do que é consumido é absorvida pelo 
organismo. Mesmo com resultados promissores, as pesquisas desenvolvidas até o momento 
ainda não são suficientes para garantir a máxima eficácia da ação biológica desse pigmento. 
Dentre as alternativas que podem potencializar a ação das antocianinas, se destaca sua 
incorporação em nanoestruturas, uma vez que há estudos demonstrando um aumento da 
proteção de compostos bioativos nanoencapsulados contra fatores adversos, como as reações 
durante o processo digestivo, ou mesmo durante o processamento de alimentos na indústria de 
alimentos, além de potencializar sua capacidade absortiva. O presente estudo teve como 
objetivo verificar o efeito biológico das antocianinas da polpa de juçara, da polpa de juçara 
fermentada, das soluções poliméricas contendo ambas e das nanoestruturas com as polpas, 
produzidas pela técnica de electrospinning utilizando o polímero óxido de polietileno. Para 
tanto, algumas respostas foram avaliadas desde a quantificação de antocianinas utilizando 
sistema HPLC-PDA, passando pela determinação da atividade antioxidante de cada fase da 
digestão simulada (oral, gástrica e intestinal), além da quantificação de antocianinas absorvidas 
considerando o modelo celular constituído por monocamadas de células Caco-2. Foram 
observados resultados promissores provenientes das soluções poliméricas com polpa de juçara 
in natura e fermentada, uma vez que a polpa de juçara adicionada de polímero e as nanofibras 
apresentaram valores melhores de manutenção da atividade antioxidante (82,9% e 64,4% para 
ABTS e ORAC, respectivamente para a solução polimérica e 85,3% e 75,1%, para ABTS e 
ORAC respectivamente, para as nanofibras) do que a polpa in natura (59,5% e 54,6% para 
ABTS e ORAC, respectivamente), o mesmo foi constatado para a polpa fermentada, a solução 
polimérica com juçara fermentada apresentou 83,4% e 67,4% para ABTS e ORAC, 
respectivamente, de manutenção da ação antioxidante, enquanto a polpa fermentada livre 
apresentou 31,1% e 45% para ABTS e ORAC, respectivamente. As conformações de solução 
polimérica e de nanofibra demonstraram seu efeito protetor para com os compostos bioativos 
através da manutenção da atividade antioxidante após a digestão in vitro. 
 
Palavras-chave: Antocianinas, bioacessibilidade, uptake celular, compostos bioativos, 
nanotecnologia.  
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ABSTRACT 

The jussara pulp is derived from Euterpe edulis Mart. palm tree, native to Atlantic Forest, and 
its composition presents a high content of phenolic compounds, such as anthocyanins. The 
anthocyanins are natural pigments and provide several biological effects to human health, 
including their antioxidant activity, thus preventing chronic non-transmissible diseases. In 
contrast, this class of natural pigments has low stability after being extracted from the food 
matrix, besides low bioaccessibility and absorption capacity, just a portion of what is consumed 
is absorbed by the human organism, even with promising results that the researchers developed 
until the present are not enough to guarantee the maximum effectiveness of this pigment 
biological action. Among the alternatives which may improve the anthocyanin's response, their 
incorporation into nanostructures is a highlight, since studies are showing an increase in the 
protection of nanoencapsulated bioactive compounds against adverse factors, such as reactions 
during the digestive process, or even during the processing of foods in the food industry, in 
addition to enhancing their absorptive capacity. The present study aimed to verify the biological 
effects of anthocyanins from jussara pulp, jussara pulp fermented, polymer solutions containing 
both and nanostructures with the pulps, produced by the electrospinning technique using 
poly(ethylene oxide) polymer. Therefore, some responses were evaluated from the 
quantification of anthocyanins utilizing the HPLC-DAD system, through the antioxidant 
activity of each stage of the simulated digestion (oral, gastric, and intestinal), in addition to the 
quantification of absorbed anthocyanins considering the cell model related by Caco-2 cells 
monolayers. Promising results were observed from polymer solutions and nanofibers 
containing in natura and fermented jussara pulp, since the polymer and nanofibers with jussara 
pulp presented better maintenance values of the antioxidant activity (82.9% and 64.4% for 
ABTS and ORAC, respectively, for a polymeric solution and 85.3% and 75.1%, for ABTS and 
ORAC respectively, for nanofibers) than the free pulp (59.5% and 54.6% for ABTS and ORAC, 
respectively), the same was seen for the fermented pulp, the solution form presented 83.4% and 
67.4% for ABTS and ORAC, respectively, of maintenance of the antioxidant action, while the 
free fermented pulp presented 31.1% and 45% for ABTS and ORAC, respectively. The 
conformations of polymeric solution and nanofiber had their protective effect for bioactive 
compounds through the maintenance of antioxidant activity after in vitro digestion. 
 
Keywords: Anthocyanins; Bioaccessibility, Cellular uptake, Bioactive compounds, 
Nanotechnology 
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APRESENTAÇÃO 

Essa dissertação está estruturada pelos artigos gerados a partir dos resultados obtidos do 

presente trabalho, sendo um deles de revisão bibliográfica e os outros dois produzidos através 

dos resultados experimentais realizados. O primeiro deles foi publicado, o segundo foi 

submetido e o terceiro está em fase de finalização. A fim de promover a fluidez do texto, 

dividimos o documento em quatro capítulos e uma conclusão geral.  

O primeiro capítulo apresenta a introdução, contendo a justificativa, e os objetivos do 

trabalho. O capítulo II traz a revisão crítica originada pelo levantamento bibliográfico sobre as 

diferentes técnicas da nanotecnologia e seu uso na proteção e potencialização dos efeitos 

benéficos dos compostos bioativos em meio a diferentes efeitos adversos, evidenciando então 

a melhora de sua estabilidade em condições nanométricas. Além de originar o primeiro artigo 

do projeto de nanoencapsulamento do grupo de pesquisa, esta revisão obteve função de guia 

para a obtenção das nanoestruturas. O artigo de revisão elaborado recebeu o seguinte título: 

“Overcoming restrictions of bioactive compounds biological effects in food using nanometer-

sized structures” e teve sua publicação no dia 15 de abril de 2020 no periódico Food 

Hydrocolloids.  

Ambos os capítulos III e IV, aqui apresentados no formato de artigos científicos, foram 

concebidos na intenção de responder a seguinte pergunta: A incorporação de polpa de juçara 

em nanoestruturas é uma alternativa eficaz para potencializar os efeitos biológicos das 

antocianinas? Tendo isso em mente, o terceiro capítulo intitulado: “Is it possible to improve the 

bioaccessibility and antioxidant activity of bioactive compounds from jussara through the 

production of nanofibers?” foi destinado aos resultados referentes à polpa de juçara in natura, 

solução polimérica e nanoestruturas contendo a polpa de juçara. Nesse artigo foram realizadas 

as análises de atividade antioxidante, bioacessibilidade e absorção em modelo celular Caco-2 

da juçara, da solução polimérica e das nanoestruturas contendo a polpa de juçara para responder 
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se a incorporação de compostos bioativos em nanoestruturas melhorou os efeitos biológicos 

dos compostos bioativos da polpa de juçara. O artigo está em processo de finalização e após as 

considerações da banca, o mesmo será submetido na revista Food Chemistry.  

O quarto e último capítulo "Production and characterization of jussara nanostructures: 

fermentation as a tool to enhance biological effects" compreende os resultados obtidos a partir 

das amostras incluindo a polpa de juçara fermentada, abrangendo desde sua composição 

proximal, avaliação das etapas da digestão in vitro da polpa fermentada e da solução polimérica 

com a polpa, pela quantificação de antocianinas e da determinação da atividade antioxidante, e  

caracterização das nanoestruturas obtidas. O artigo foi submetido à revista Food Chemistry X. 

Como encerramento da dissertação, há uma conclusão geral ao final, seguida das 

considerações finais deste trabalho. 
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1. INTRODUÇÃO 

O fruto juçara é proveniente da palmeira Euterpe edulis Mart. (Figura 1), a qual também dá 

origem ao palmito juçara. Essa planta é típica da Mata Atlântica podendo ser encontrada desde 

o sul da Bahia até o Rio Grande do Sul (L. S. H. Lima et al., 2008). Sua polpa apresenta forma 

globosa, pequena, pericarpo liso e pouco espesso, possui características sensoriais e nutricionais 

semelhantes às do açaí (Euterpe oleracea Mart.). Durante o período de maturação, a coloração 

varia do verde ao roxo escuro, ademais, sua produção é sazonal, sendo os meses de frutificação 

mais abundantes entre março e julho (Borges et al., 2013; Cerisola et al., 2007; Schulz et al., 

2016).  

 

  

(1) (2) 

Figura 1. Palmeira Euterpe edulis Mart (1) e seus frutos utilizados para obtenção da polpa 

(2). 

  

A extração predatória do palmito juçara foi ilegal durante algumas décadas, causando 

grande preocupação para com sua preservação, uma vez que após o corte para extração não há 
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rebrota (Lima et al., 2012), portanto, como estratégia de amenizar os danos causados por tal 

ação e para promover a extração consciente e sustentável desta palmeira, agências 

governamentais e organizações sem fins lucrativos estão incentivando cada vez mais a inserção 

da polpa de juçara  no hábito de consumo da população brasileira a fim de viabilizar o 

aproveitamento integral da palmeira, além de agregar valor a esse fruto, beneficiando tanto os 

produtores locais quanto a biodiversidade de frutos nativos (Silva et al., 2014; Trevisan et al., 

2015). 

A polpa de juçara dispõe de múltiplos compostos bioativos, como pôde ser observado em 

diversos trabalhos incluindo o desenvolvido por Silva et al. (2014), no qual seus compostos 

fenólicos foram identificados e caracterizados através do sistema de cromatografia líquida de 

alta eficiência acoplada a um espectrômetro de massas (HPLC-DAD-ESIMS/MS), permitindo 

a identificação da massa molar e estrutura química por exemplo. Os autores identificaram um 

elevado teor de compostos fenólicos (415 mg ácido gálico/100 g base úmida (b.u.)), os quais 

são estruturas químicas hidrossolúveis que apresentam hidroxilas e anéis aromáticos, na forma 

simples ou de polímeros, que conferem o seu poder antioxidante (Angelo & Jorge, 2007). 

Dentre os milhares de fenólicos existentes foram identificadas, majoritariamente, as 

antocianinas, em especial a cianidina 3-rutinosídeo (179,6 mg C3R/100 g b.u.) e a cianidina 3-

glucosídeo (47,93 mg C3G/100 g b.u), as quais estão representadas na Figura 2. As 

antocianinas, pertencentes ao grupo dos flavonoides, são pigmentos naturais  que conferem uma 

gama de cores desde o alaranjado até roxo escuro produzidas pela combinação química das 

estruturas C6-C3-C6 associadas à glucosídeos, grupos acila e outras moléculas presentes em 

flores, frutas e vegetais. Sua atividade antioxidante e estabilidade depende do número e posição 

dos grupos de hidroxila livres e do tipo de acilação, cada configuração representa uma molécula 

diferente, dentre as seguintes: cianidina, peonidina, pelargonidina, malvidina, delfinidina e 

petunidina (Nayak et al., 2015).  
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(1) (2) 

Figura 2. Estruturas químicas da (1) cianidina 3-rutinosídeo (C3R) e (2) cianidina 3-

glucosídeo (C3G). 

 

Antioxidantes são moléculas com cargas positivas que se combinam com os radicais livres 

estabilizando-os, impedindo ou retardando as propagações de reações oxidativas, as quais 

podem causar doenças crônicas não transmissíveis, câncer, ação inflamatória, aterosclerose, 

entre outras patologias (dos Santos et al., 2014). Vale ressaltar que as moléculas antioxidantes 

estão presentes em pequenas concentrações em comparação ao agente oxidante (da Silva et al., 

2014).   

Assim, o consumo regular de frutos ricos em  compostos bioativos  com potencial 

antioxidante está relacionado de maneira eficaz com ação anti-inflamatória, inibição da 

peroxidação lipídica, entre outras reações que podem contribuir para a prevenção das diversas 

patologias que estão aumentando no contexto nacional (Borges et al., 2013; Braga, Mesquita, 

et al., 2018; Murador et al., 2018, Cerqueira et al., 2007; de Rosso & Rosso, 2013; Li et al., 

2016). 
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Embora os efeitos benéficos do consumo de bioativos derivados de frutas, legumes e 

verduras estejam extensamente elucidados na literatura, outros trabalhos demonstram que seus 

benefícios dependem da sua bioacessibilidade e biodisponibilidade, tornando necessário o 

consumo de grande volume do alimento a fim de potencializar os efeitos desejados (Fernandes 

et al., 2014; Yang et al., 2011).  

A biodisponibilidade é determinada por estudos em animais e pode ser definida como a 

proporção de matriz alimentar ingerida que é absorvida, metabolizada e alcança a circulação 

sistêmica, para então, ser levada ao seu tecido-alvo e, assim, efetuar sua ação biológica 

(Ribnicky et al., 2014; US Food and Drug Administration, 2001). Um dos caminhos mais 

confiáveis para determiná-la se dá a partir da bioacessibilidade, a qual consiste na liberação do 

composto da matriz alimentar durante a digestão, sendo essa fração final potencialmente 

disponível para absorção (Santiago, 2018; Schulz et al., 2016).  

Nesse sentido, é realizada a simulação do processo digestivo aplicando diferentes métodos, 

como in vitro, in vivo ou ex vivo, possibilitando verificar a influência de cada etapa na 

quantidade de compostos finais, ou seja, bioacessíveis (Fernandes et al., 2014; Lila et al., 2016; 

Liu et al., 2014). Os métodos in vitro possuem algumas vantagens que se destacam sobre os 

demais, como operacionalização, menor custo, podem ser reproduzidos mais vezes e com maior 

número de amostras, porém, há um viés mostrado por estudos recentes onde a bioconversão das 

antocianinas através da microbiota não é considerada, o mesmo também ocorre eventualmente 

nos demais métodos, in vivo e ex vivo (Braga, Murador, et al., 2018). 

Sabe-se que a absorção das antocianinas e sua presença no plasma humano representa 

somente 1% do total ingerido (Vanzo et al., 2007); porém, há uma discussão de que a 

biodisponibilidade das antocianinas pode ser subestimada, quando não se considera os 

metabólitos formados durante o processo da digestão, tais como ácidos fenólicos (Braga, 

Murador, et al., 2018). A baixa biodisponibilidade das antocianinas pode estar associada ao seu 
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extenso metabolismo pré-sistêmico (Kalt et al., 2017), além disso, ao atingirem o cólon, as 

antocianinas são metabolizadas pela microbiota intestinal, contribuindo assim para uma maior 

biodisponibilidade e bioeficácia destas formas na circulação sistêmica (Faria et al., 2014; 

Hidalgo et al., 2012).  

Além da biodisponibilidade, ensaios de absorção ou uptake celular, são utilizados para 

avaliar a capacidade de absorção dos compostos bioativos pelas células em questão. Frequente, 

esses ensaios são adotados para quantificar a porcentagem de composto bioativo que foi 

absorvido por células, um modelo celular bem aceito para avaliar a absorção intestinal simulada 

de compostos bioativos seriam as células de adenocarcinoma do cólon humano (Caco-2) 

(Murador et al., 2021; Natoli et al., 2012). 

A composição da microbiota varia muito de indivíduo para indivíduo e sua modulação está 

intimamente relacionada com diversos mecanismos fisiológicos. Essa modulação pode ser 

realizada por micro-organismos probióticos presentes ou adicionados aos alimentos e que 

também compõe a flora intestinal. Também pode ser responsável pela bioconversão dos 

compostos fenólicos e seu consequente efeito benéfico a saúde humana (Faria et al., 2014).  

As bactérias intestinais são conhecidas por serem equipadas com uma grande variedade de 

enzimas capazes de hidrolisar diversos glucosídeos. Micro-organismos do gênero Lactobacillus 

são componentes predominantes na microbiota intestinal humana e algumas estirpes foram 

caracterizadas como probióticos. Além disso, algumas cepas apresentam a capacidade de 

produzir a enzima β-glucosidase e participam da hidrólise de β-glucosídeo s dos alimentos ricos 

em antocianinas (Ávila et al., 2009).  

As fibras dietéticas e os prebióticos são fermentados no cólon e alteram a composição e/ou 

a atividade da flora intestinal. Além de apresentarem uma grande variedade de efeitos 

fisiológicos incluindo o efeito laxativo, possuem benefícios sobre fatores de risco para doença 
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cardiovascular, controle de peso, função imunológica e saúde do cólon (Brownawell et al., 

2012; Slavin, 2013). 

Uma importante evidência de que a polpa de juçara pode atuar como prebiótico no 

organismo humano são os resultados observados em um estudo realizado por nosso grupo de 

pesquisa em modelo animal. Observou-se que a suplementação com 0,5 % de polpa de juçara 

liofilizada na dieta de ratas durante a gestação e lactação, promoveu a restauração do conteúdo 

fecal de Bifidobacterium spp., resultando na melhor integridade da barreira intestinal no cólon 

(Morais et al., 2016).  

Neste contexto, torna-se possível levantar a hipótese de que se as antocianinas fossem 

consumidas pré-digeridas (tivessem seus açúcares parcialmente hidrolisados das agliconas) a 

bioacessibilidade destes compostos poderia ser aumentada significativamente e, portanto, seus 

efeitos benéficos ao organismo humano seriam potencializados. Uma forma de promover a 

deglicosilação das antocianinas é empregando o processo fermentativo em que ocorra a 

produção de enzimas como a β-glucosidase que modificam o perfil das antocianinas podendo 

aumentar sua bioacessibilidade e biodisponibilidade.  

Pensando nisso, o grupo de pesquisa do Laboratório de Compostos Bioativos de Alimentos 

(LCBA) da UNIFESP Baixada Santista realizou a fermentação da polpa de juçara empregando 

bactérias produtoras de ácido láctico alcançando aumento na bioacessibilidade de antocianinas 

(Braga et al., 2018). Considerando os resultados obtidos nesse trabalho tornou-se evidente que 

as enzimas produzidas por essas bactérias podem bioconverter antocianinas em compostos 

menores, como ácidos fenólicos, principalmente o ácido protocatecúico. 

Mesmo com resultados tão promissores, a maior preocupação quando se estuda as 

propriedades de compostos fenólicos, em especial, antocianinas, está relacionada com a 

instabilidade desses compostos no trato intestinal (Rafiee et al., 2017). Uma vez que durante a 

digestão há contato com água, ação de enzimas e variação de pH constantemente, levando em 
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consideração o pH ácido como ótimo para esse composto. O comportamento das antocianinas 

antes e depois da digestão tem papel fundamental na sua absorção e deve ser considerado de 

modo a aumentar sua bioacessibilidade e biodisponibilidade (Braga et al., 2018). 

Buscando na literatura uma solução para amenizar essas limitações e consequentemente 

potencializar a ação biológica desses compostos, observou-se que as técnicas de 

nanoencapsulamento podem ser utilizadas com êxito para proteger as estruturas das 

antocianinas e outros compostos bioativos permitindo sua liberação gradativa ao longo da vida 

útil do produto, prevenindo a perda de cor e de atividade biológica frequentemente observada 

em estudos com esses pigmentos (Arroyo-Maya & McClements, 2015; Giaconia et al., 2020; 

Martínez-Ballesta et al., 2018). Ademais, a etapa anterior ao nanoencapsulamento, 

configurando-se na mistura do polímero escolhido com o composto bioativo a ser analisado, 

possibilita seu uso em indústrias cosméticas, farmacêuticas, entre outras (Nooeaid et al., 2017), 

por promover proteção e estabilidade térmica aos compostos adicionados, garantindo assim a 

manutenção das propriedades funcionais, mesmo após passar pelo processo de digestão in vitro 

(Braga et al., 2016; Chen et al., 2015; Hoseyni et al., 2020), bem como pode ser uma alternativa 

para evitar irritações na pele muitas vezes provocada por cremes ou sabonetes (Bujak et al., 

2018). 

As técnicas de nanoencapsulamento consistem em produzir nanoestruturas (menores do que 

0.2 m), juntamente com o composto alvo, o que leva ao aumento da superfície de contato e 

protege contra os impactos do trato digestivo. Dentre as formas de obter-se nanoestruturas, a 

técnica electrospun vem sendo a mais recomendada para compostos bioativos por não envolver 

condições severas de temperatura, pressão e misturas químicas (Wen et al., 2017).  

Esse processo envolve alguns parâmetros que podem ser controlados mediante o objetivo 

que se almeja, como propriedades da solução e do solvente, voltagem, vazão, diâmetro da 

agulha, distância e tipo do coletor. Em suma, a capacidade de gerar nanoestrutura é propiciada 
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pelo campo elétrico formado entre a agulha e o coletor por intermédio da alta tensão (Figura 3). 

Essa técnica permite a produção de fibras (electrospinning) e partículas (electrospraying), a 

qual está intimamente ligada à concentração do polímero, consequentemente, à interação da 

solução com a voltagem, então há formação de fibra quanto menor a concentração e de partícula 

quanto maior (Alehosseini et al., 2018).  

 

Figura 3. Esquema da produção de nanoestruturas pela técnica electrospun. 

 

Ademais, observa-se um aumento considerável da biodisponibilidade dos compostos 

bioativos, haja vista o efeito protetor das nanoestruturas sobre as substâncias, promovendo um 

sistema eficiente de distribuição durante a digestão (Gharibzahedi & Jafari, 2017). 

Sabe-se da existência de diversos estudos sobre nanoencapsulamento de compostos 

bioativos, porém, após busca na literatura, ainda não há análise do comportamento de 

nanoestruturas feitas com o polímero óxido de polietileno (PEO) pelo método electrospinning 

ou electrospraying, envolvendo a polpa de juçara in natura e fermentada (Alehosseini et al., 

2018; Giaconia et al., 2020; Martínez-Ballesta et al., 2018).  
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2. OBJETIVOS 

2.1 Objetivo Geral 

O presente estudo teve como objetivo avaliar as atividades biológicas das soluções 

poliméricas e das nanoestruturas contendo polpa de juçara in natura e fermentada através da 

determinação da sua bioacessibilidade, capacidade de absorção celular e atividade antioxidante. 

 

2.2 Objetivos Específicos 

• Gerar um levantamento bibliográfico sobre nanotecnologia voltada à potencialização 

dos efeitos benéficos dos compostos bioativos. 

• Determinar a bioacessibilidade da polpa de juçara liofilizada, fermentada, das soluções 

poliméricas e das nanoestruturas através da simulação da digestão in vitro. 

• Quantificar as antocianinas e avaliar a atividade antioxidante de cada fase da digestão 

simulada (oral, gástrica e intestinal) da polpa de juçara liofilizada, fermentada, das 

soluções poliméricas e das nanoestruturas. 

• Determinar a absorção ou uptake, utilizando células Caco-2, para mensurar sua 

capacidade de absorção das antocianinas presentes nas amostras através da 

quantificação de antocianinas. 

• Comparar a quantificação das antocianinas e a atividade antioxidante entre as amostras 

iniciais (polpa de juçara liofilizada e fermentada), com as soluções poliméricas e as 

nanoestrututras. 
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3. MATERIAL E MÉTODOS 

Um artigo de revisão foi elaborado através do levantamento bibliográfico visando ressaltar 

o uso da nanotecnologia, principalmente a técnica de electrospun, como uma alternativa 

promissora na proteção dos compostos bioativos contra condições adversas que os impedem de 

exercer sua função da maneira eficaz. Tendo em vista as antocianinas, pode-se apontar sua 

instabilidade frente a mudanças de pH, temperatura, ação enzimática, contato com oxigênio, 

levando a uma baixa absorção pelo organismo humano. 

As condições estabelecidas para a produção das nanoestruturas  foram duas, uma contendo 

7,7% do polímero óxido de polietileno (PEO) e 0,36% de NaCl e outra contendo 8% de PEO 

sem o sal, estabelecidas em trabalho prévio. As soluções poliméricas foram preparadas com 

50% de juçara e 50% com tampão acetato (pH 4,5) na tentativa de manter o pH ótimo das 

antocianinas. As soluções foram usadas tanto para a formação das nanoestruturas, submetidas 

ao processo uniaxial de electrospinning nas condições ótimas de operação estabelecidas 

previamente (vazão de 3000 µl.h-1, tensão de 24 kV e 10 cm de distância do coletor), quanto 

para as análises seguintes.  

As amostras polpa de juçara liofilizada e fermentada, solução com PEO e polpa liofilizada 

e fermentada, e nanoestrutura com polpa liofilizada, foram submetidas à digestão in vitro, a 

qual foi realizada pela adição de saliva artificial contendo α-amilase e de enzimas protagonistas 

do processo digestivo, como pepsina, pancreatina, lipase e bile. Ao longo do ensaio o pH da 

amostra foi ajustado de acordo com a fase da digestão e foi submetida à incubação em agitador 

orbital. Ao final, as amostras foram centrifugadas para separar a fase solúvel, a qual contém as 

antocianinas disponíveis para a absorção, da fase insolúvel, referente ao que é excretado. Para 

o ensaio de uptake celular, após o tempo de diferenciação das células Caco-2 (Adenocarcinoma 

de cólon caucasiano) e a formação da monocamada, utilizou-se a fração solúvel, somada ao 



26 
 

meio padrão de cultivo celular, para entrar em contato com as células simulando a absorção das 

células intestinais. Após 4 horas, fez-se a coleta dessas células para posterior quantificação das 

antocianinas.  

A quantificação das antocianinas se deu a partir da produção da extração desses compostos 

com metanol acidificado (0,5% HCl), utilizando sonda de ultrassom, bomba à vácuo para 

filtragem e finalizando com sua concentração em evaporador rotatório. Esse procedimento foi 

realizado para todas as amostras, polpa de juçara e polpa fermentada, soluções poliméricas e 

nanoestruturas, considerando ainda cada etapa da digestão simulada e o uptake celular. A 

quantificação foi feita através do sistema HPLC-PDA, utilizando coluna C-18 e ácido fórmico 

(5%) e metanol como fases móveis. 

Finalizando a parte experimental, foi determinada a atividade antioxidante de todas essas 

amostras, com exceção do uptake celular. Os extratos foram preparados utilizando acetona 80% 

gelada, foram submetidos a agitação magnética seguida de filtragem à vácuo e concentração 

em evaporador rotatório. Os métodos de determinação realizados foram ORAC, no qual há a 

adição de um agente oxidante (AAPH) e monitoramento da ação antioxidante em decorrência 

do decaimento da fluoresceína, considerada um sinalizador. Esse monitoramento ocorre durante 

1h com leituras a cada minuto. O outro método foi pelo uso do radical ABTS+, no qual a 

atividade antioxidante é determinada pela leitura da absorbância a 734 nm do extrato adicionado 

de solução ABTS+, utilizando espectrofotômetro, e a partir dos resultados obtidos faz-se uma 

comparação com a curva padrão de Trolox elaborada no mesmo dia da análise. 

Todas as análises foram realizadas em triplicata. Houve a comparação dos resultados 

das fases da digestão simulada com as amostras antes do processo digestivo, nomeadas como 

iniciais, para então possibilitar a análise da manutenção ou melhora das antocianinas nas 

diferentes formas. As Figuras 4 e 5 ilustram o processo experimental ao longo da realização do 

projeto. 
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Figura 4. Sequência de experimentos realizados com a polpa de juçara. 
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Figura 5. Sequência de experimentos realizados com a polpa de juçara fermentada. 
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A B S T R A C T   

Bioactive compounds have enlarged attention due to their functional properties, such as antioxidant, anti- 
inflammatory, anticarcinogenic, and antimicrobial effects; nevertheless, their use has been limited due to their 
instability during pharmaceutical and food processing, storage, as well as during the digestion. Biomolecules are 
present in a complex medium, acting synergistically, and in many cases, they are stabilized by the mixture of 
components present in their natural environment. However, after isolation, their activity is reduced or even 
completely lost. In this sense, new technologies can be proposed to reduce or even prevent the loss of func-
tionality of these compounds. Nanotechnology is a promising way to turn bioactive compounds more stable, 
solving their restrictions enlarging their industrial application. The incorporation into nanocomposites, as well as 
the production of nanocarriers, can increase the action of these compounds, protect the substances, increases 
solubility, and also allow more precise targeting of molecules in the body. As with any other process in nano-
encapsulation, it is necessary to accurately determine the type of system suitable for encapsulating the bioactive 
compound, requiring the correct selection of encapsulating materials and the determination of encapsulation 
technique to improve the preservation of the compounds as well as the evaluation of nanostructures charac-
terization methods to verify the maintenance of the bioactivities of the incorporated compound. The perfect 
match between biomaterial, method, and bioactive compounds for food applications requires intense studies, 
further attempts of researches, and innovation. The present work aims to study methods, trends, and gaps of 
knowledge regarding the incorporation of bioactive compounds in nanostructures to ensure their bioactivity in a 
critical approach to clarify the use of these compounds.   

1. Introduction 

Food consumption is one of the factors that contribute to the 
appearance of chronic-degenerative diseases in humans, being the 
leading cause of mortality in adults. However, there is a consensus that 
more and more changes have been sought in eating behavior in order to 
prevent diseases and promote health. In this sense, the bioactive 

compounds, despite being non-nutrients, have shown great help in 
maintaining health and reducing disease risk (Bao et al., 2019). 

Food is constituted of nutrients and bioactive compounds, phyto-
chemicals that are able to modulate metabolic processes and 
occasioning the promotion of health benefits. They are dissimilar from 
nutrients since bioactive compounds are not essential and, presently, 
there are no recommended daily intake values (Bento-Silva et al., 2019; 
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Caballero, Finglas, & Toldr�a, 2015; Iyda et al., 2019). Although not an 
essential component, several studies have shown several bioactive 
properties related to bioactive compounds, capable of improving 
different body functions or characteristics of the foods to which they 
have been added. 

Bioactive compounds obtained from the biodiversity, such as carot-
enoids, phenolic acids, anthocyanins, flavonoids among others, have 
gained significant interest due to their functional properties, such as 
antioxidant, anti-inflammatory, anticarcinogenic and antimicrobial 
effects. 

Though their application is limited due to their low digestion sta-
bility, low gastrointestinal absorption and instability during processing 
(food and pharmaceutical industries), storage (temperature, light, pH, 
oxygen, and interaction with other food components and ingredients), 
and during digestion (pH, enzymes, interaction with other food com-
ponents), thus influencing their final performance and purpose (Braga, 
de S Mesquita et al., 2018, Braga, Murador et al., 2018; Correa-Betanzo 
et al., 2014; Mesquita et al., 2019; Murador, Mesquita, Vannuchi, Braga, 
& Rosso, 2019). The process that occurs during the shelf life can lead to 
their degradation that changes the overall properties of the final food 
product (i.e., presence of off-color, off-flavors, and toxic degradation 
residues). 

Numerous challenges tangle the useful application of bioactive 
compounds in food, pharmaceutics, and cosmetic industries, mainly to 
produce, on a large scale, safe and high-quality products. Recently, the 
literature presents intensively as a future trend the incorporation of 
bioactive compounds in nanostructures as a pathway to solve partially 
or altogether those challenges (Braga et al., 2016; Horuz & Beliba�glı, 
2018; Liu et al., 2019; Medeiros et al., 2019; Silva et al., 2017; 
Tachaprutinun, Udomsup, Luadthong, & Wanichwecharungruang, 
2009; Zhang et al., 2019). Besides, the bioaccessibility and bioavail-
ability of each bioactive compound differ significantly, as well as the 
chemical characteristics of the bioactive compounds permeate trough 

several classes and polarities, which lead to different behavior into the 
food matrix and with other food ingredients. 

The incorporation of bioactive compounds into nanostructures can 
overcome these challenges, and several variations can be used to achieve 
this goal, highlighting the nanoencapsulation. In this sense, the nano-
encapsulation of bioactive compounds for food application has been 
studied, principally due to their instability in the native form against 
environmental stress. Consequently, bioactive compounds are not as 
active as they could be to improve human health (Bernhoft, 2010; Han 
et al., 2019), as well as, due to their distinct chemical properties and 
interactions with the nanocomposites. Nanotechnology is a promising 
way to turn bioactive compounds more stable, solving their restrictions 
enlarging their industrial application. 

The direct and immediate utilization of material and technology 
involving nano-sized products has been gaining massive visibility in 
several research fields. Particularly the emerging food and health use, 
mainly assembling benefits related to the bioactive compounds (Abo--
Hamad, Hayyan, AlSaadi, & Hashim, 2015; Avella et al., 2005; Duncan, 
2011; Figueira et al., 2016; Kuntzler, Costa, & Morais, 2018). 

Thereby, the present work aims to study methods, trends, and gaps of 
knowledge regarding the incorporation of bioactive compounds in 
nanostructures to ensure their bioactivity in a critical approach to clarify 
the use of these compounds innovatively and assertively. 

2. Incorporation of bioactive compounds in nanostructures: 
literature search 

A careful literature review was conducted to identify studies that 
evidenced the innovation and the challenges to incorporate bioactive 
compounds into nanostructures. From the most cited keywords, a den-
sity visualization map was generated and is presented in Fig. 1, showing 
the more cited words and their interactions among the searched articles, 
wherein darker colors mean higher frequencies. 

Fig. 1. Density visualization map generated from the most cited keywords presented in the literature consulted.  
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The inclusion criteria of the defined articles were: 1) articles pub-
lished in English from 2009 to 2019; 2) original articles and reviews on 
the selected themes. Independent studies published in scientific events, 
blogs, other media, as well as in not indexed publish material, were not 
considered as part of this review. From this, we create a database, which 
allows us to recognize the already made advances and what is still 
pending so that we could improve our knowledge and the applicability 
of bioactive compounds incorporated into nanostructures. The main 
articles consulted and used in the elaboration of the present work are 
shown in Table 1. 

The search was conducted on PubMed, ISI Web of Science, and 
Scopus databases to identify the literature that regards bioactive com-
pounds and nanostructures. In this search, 584, 204, and 3709 articles 
were found, respectively, from the consulted database. Some other 
studies were included from a manual search of references that were cited 
in the articles. After a careful evaluation, 94 articles were used to 
elaborate on the present work. 

From the data found on the literature search, some of the keywords 
are mentioned frequently, and the relation between them can be 
pictured in a density visualization map presented in Fig. 1. The clus-
tering is illustrated in Fig. 1 by the different generated colors, showing a 
clear separation of the distinct frequency, as well as the relationship 
among the most frequently cited words. In the publication map, four 
central regions can be observed. The clusters comprising the words food, 
bioavailability, delivery systems, as well as nanoencapsulation, were 
more intermingled. In the same region, the words bioactive, nutraceu-
tical, antioxidant, and quality are also entangled, showing consistent 
interest as a trend in innovative ways to explore food research. The rest 
of the map can be grouped into three other regions. One of them, 
grouping the terms: nanoemulsion, emulsion, as well as an emulsifier. A 
second area, agglomerating the words: formation, size, concentration, 
activity, and structure. Moreover, the last comprising different tech-
niques to characterize nano-sized structure (Fourier-transform infrared 
spectroscopy - FTIR, X-ray diffraction - XRD, Transmission electron 
microscopy - TEM, Scanning electron microscope - SEM, so forth.). 

Thus, the data obtained from the frequency of mention (Fig. 1) was 
used to guide the discussions and the construction of the following 
topics, which highlight the challenges and perspectives in each area. 

3. Bioactive compounds and the challenges of their biological 
effects effectiveness 

The bioactive compounds biological effects decrease, or even lack, 
usually occur due to intrinsic or extrinsic factors, evoking the develop-
ment of technologies to overcome this challenge. In the last decade, 
nanostructures inclusion to stabilize bioactive compounds have shown 
an exceptional potential to solve, at least partially, the inconstancy of 
their biological effectiveness. The main issues mightily related to 
nanometer-sized structures include the material used (such as natural 
polymers, inorganic biomaterials) as well as the methods to obtain 
bioactive compounds into nanostructures. 

The urge to know more about food and nutrition is increasing 
immensely and seems to permeate all classes and ages, regardless of 
people’s degree of education or social position. Consequently, it is also 
enhancing the number of researches related to characterization, 
extraction, and purification of food ingredients that can influence the 
response in human’s health positively. Besides that, bioactive com-
pounds (carotenoids, polyphenols, and so forth.), which are present in a 
significant part of the natural food sources, have been used to reduce risk 
and in the treatment of a wide variety of diseases, exerting biological 
effects in human health (Garavand, Rahaee, Vahedikia, & Jafari, 2019; 
Harwansh, Deshmukh, & Rahman, 2019; Liu, Bi, Xiao, & McClements, 
2016; Seo et al., 2011). They act as potent components with antimi-
crobial, antihypertensive, antioxidant properties, among others, with 
potential application in food preservation (Bano�zi�c, Babi�c, & Joki�c, 
2020; Oliveira et al., 2020). Additionally, bioactive compounds can be 

Table 1 
Studies regarding bioactive compounds and nanoencapsulation techniques.  

Year Author Bioactive 
compounds 

Nanoencapsulation methodology and 
Application 

2008 Hentschel et al. β-carotene Nanostructured Lipid Carriers 
2009 Tachaprutinun 

et al. 
Astaxanthin poly (ethylene oxide)-4- 

methoxycinnamoylphthaloylchitosan 
(PCPLC) nanoparticles 

2010 Bernhoft Chemical 
groups of 
bioactive 
compounds 

General applications 

2011 Seo et al. Phenolics Ultrasonication 
2012 G�omez-Estaca 

et al. 
Bioactive 
compounds of 
curcumin 

Electrohydrodynamic atomization 

Qian et al. β-carotene Nanoemulsion 
2013 Ezhilarasi et al. Phenolics and 

Carotenoids 
General applications 

Zampieri et al. Genistein Semisolid formulation 
Zhang et al. β-carotene Nanostructured lipid carriers 

2014 Bennet et al. Phenolic Ultrasonication 
Jiang et al. Fragile, 

water-soluble 
bioactive 
agents 

Electrospinning 

Yang et al. β-carotene High pressure homogenization 
2015 Khan et al. Flavonoid Self-nanoemulsifying drug delivery 

system 
P�erez-Masi�a 
et al. 

Lycopene Electrospray 

Shirode et al. Punicalagin Double emulsion-solvent evaporation 
2016 Bourbon et al. Caffeine Nanohydrogel 

Esfanjani et al. Phenolics General techniques 
Figueira et al. C- 

phycocyanin 
Electrospinning 

Liu et al. Phenolics and 
Carotenoids 

General applications 

Mary et al. Crocin Nanoparticles using stirring 
Mehrnia et al. Crocin Nano-emulsions 
Ravanfar et al. Anthocyanin Solid lipid 
Silva-Buzanello 
et al. 

Curcumin Miniemulsification - evaporation 

2017 Manconi et al. Flavonoids Phospholipid vesicle 
Roostaee et al. Phenolic 

compound 
Nanoliposome 

Silva et al. Lutein Polyvinylpyrrolidone PVP 
nanoparticles by dissolution 

2018 Alehosseini 
et al. 

Groups of 
bioactive 
compounds 

Electrospinning 

Bamba et al. Anthocyanin 
and total 
phenolic 
compounds 

Double emulsion 

Beconcini et al. Phenolics Double emulsion in W/O/ 
Horuz and 
Beliba�glı 

Carotenoids Electrospinning 

Huang et al. Linseed oil 
and quercetin 

Solid self-emulsifying delivery system 

Isik et al. Sour cherry 
concentrate 
(phenolics 
and 
anthocyanins) 

Electrospinning 

Katsouli et al. Ascorbic/ 
gallic acid 

Nano-emulsions 

Kuntzler et al. Phenolics Electrospinning 
Mori et al. β-carotene Hydrogels 
Pereira et al. Phenolics Emulsion-evaporation 
Rabelo et al. Anthocyanin Emulsification in W/O 
Soukoulis et al. Carotenoids General techniques 
Zardini et al. Lycopene High shear homogenization and 

ultrasound 
Xu et al. Anthocyanin Double emulsion in W/O/W 

2019 Artiga-Artigas 
et al. 

Nanoemulsions 

(continued on next page) 
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applied, not only in the food industry but also in products for cosmetic 
production and pharmaceutical areas. 

Several reports in the last years have shown that an abundant 
bioactive compounds diet has retarded the aging process and decreased 
the risk of the appearance of chronic diseases, such as cardiovascular 
diseases, atherosclerosis, cancer, diabetes, cataracts, cognitive function 
disorders, and neurological diseases (Biazotto et al., 2019; Braga, de S 
Mesquita et al., 2018, Braga, Murador et al., 2018; Jamar, Estadella, & 
Pisani, 2017; Lemes et al., 2016; Mesquita et al., 2020; Murador et al., 
2019; Oyama et al., 2016; Santamarina et al., 2019). 

Carotenoids, for example, are lipophilic molecules composed of a 
chain of about 40 carbon atoms, interspersed between single and double 
bonds. There are approximately 700 types of carotenoids present in 
living organisms. However, only a small portion is found in significant 
quantities (Bot et al., 2018), and they are responsible for the yellow 
coloration of some plants and food products. Further, carotenoids action 
has been related to the prevention of chronic diseases such as cardio-
vascular diseases and skin cancer (Wang, Tian, & Chen, 2011). On the 
other hand, carotenoids incorporated into foodstuffs are prone to 
oxidation degradation, causing a reduction in their nutritional quality, 
as well as the formation of free radicals, discoloration, and aftertaste 
(Soukoulis & Bohn, 2018; Zardini, Mohebbi, Farhoosh, & Bolurian, 
2018). 

As well established in the literature, phenolic can be defined as a 
hydrophilic compound that presents one or more aromatic rings in their 
structure, with one or more hydroxyl groups and possessing a wide va-
riety of molecular structures. They are produced during the secondary 
metabolism of plants to activate the mechanism of defense against 
pathogens, parasites, predators, and radiation. In the human body, they 
are relevant in preventing the development of chronic diseases. Inves-
tigation of phenolic compounds has enlarged significantly due to their 
health maintenance benefits (Datta, Sinha, Bhattacharjee, & Seal, 2019; 
Di Maio, Pittia, Mazzarino, Maraschin, & Kuhnen, 2019; Pająk, Socha, 
Broniek, Kr�olikowska, & Fortuna, 2019; Paul, Geng, Yang, Yang, & 
Chen, 2019). The main food class that contains phenolic compounds are 
fruits, mainly berries, as blueberry and blackberry besides grapes and 
strawberry. Vegetables also contribute to the addition of these com-
pounds in the diet, being the spinach with the highest total phenolic 
content, followed by red pepper, beet, all kinds of fruits and broccoli 
(Bernhoft, 2010; De Rosso, 2013; Murador, da Cunha, & de Rosso, 2014; 
Pico et al., 2019). 

Although the benefits related to the consumption of the bioactive 

compounds be potent sources of health improvement, their incorpora-
tion in food or pharmaceutical formulations is limited by various causes: 
fast release, low solubility, low permeation, low bioavailability, and 
quickly destruction against environmental stresses. Most of them are 
usually unstable when passing by the digestive tract, primarily due to pH 
variations (Braga, de S Mesquita et al., 2018, Braga, Murador et al., 
2018; Murador et al., 2019). 

Although bioactive compounds have been extensively studied, only a 
few studies have conclusively demonstrated their application or incor-
poration into diets, or their potential as medication. The motivation for 
this observation is probably connected to the fact that these bio-
molecules exist in a complex medium, acting in many cases synergisti-
cally, and in many cases, stabilized by the mixture of components 
present in their natural environment. However, after isolation and 
identification, their activity is reduced or even completely lost. 

One way of reducing this limitation and consequently increasing the 
action of these compounds is based on the nanoencapsulation methods, 
as already mentioned. Those methods consist of creating nanostructures, 
loaded with the target compound, which leads to an increase in contact 
surface and protection against the extreme conditions of the digestive 
tract. Thus, generally, there is a substantial increment in the bioavail-
ability of the bioactive compounds, since these nanocarriers protect the 
substances, developing an efficient system of delivery during the 
digestion (Jafari, 2017), including protection against bile, pancreatic 
and other enzymes secreted from the intestinal mucosa (Rein et al., 
2013). 

The application of nanotechnology in the food production chain is 
concentrated on the elaboration of nano-sized food ingredients and 
additives, delivery systems for bioactive compounds, and ground-
breaking food packaging. Additionally, the uses of nanotechnology, for 
example, nanocoating that shields fruits from humidity and oxygen 
exposure, bakery products containing nanocapsules of fatty acids and 
beverage including vitamins nanoencapsulated in biodegradable poly-
mers, use of nanofilms and biosensors for packaging are waking the 
interest of the consumers (Kalita & Baruah, 2019). 

It is previously known that nanotechnology may increase the water 
dispersibility, thermal stability, as well as bioavailability of the func-
tional food compounds (Jain, Ranjan, Dasgupta, & Ramalingam, 2018; 
Kalita & Baruah, 2019; Qian, Decker, Xiao, & McClements, 2012). The 
main applications of nanostructures in the food industries are worldwide 
concentrated on: sensory enhancements (flavor/color enhancement or 
texture modification), packaging to upsurge food shelf life, bio-
nanosensors to evaluate the safety of food, antimicrobial agents nano-
encapsulation against the food-borne pathogenic bacteria and most 
importantly, improved the stabilization, absorption and targeted de-
livery bioactive compounds and nutrients. 

The great challenge of the sector of production of bioactive com-
pounds incorporated in nanostructures, at this moment, is the fact that 
these compounds have diversified hydrophilic and lipophilic properties 
and, therefore, to exercise their bioactive potential, they need to be 
absorbed by the intestine after the release of the food or nanopolymeric 
matrix, which is affected by the properties of solubility, interaction with 
food ingredients, molecular transformations, metabolism and interac-
tion with the intestinal microbiota (Jamar et al., 2017; Rein et al., 2013). 
Besides, the gap in the nanotechnology sector applied to bioactive ex-
tends to the guarantee, supply, and optimized performance of bioactive 
components on health, regardless of the food matrix and process con-
ditions applied. 

A panoramic way to address the incorporation of such a diverse class, 
as bioactive compounds, into nanostructures must take into account the 
material used to produce them. The methods to achieve those structures 
also permeate crucial aspects of such a matter. Thus, the following 
sections were constructed to provide the essential information of those 
aspects reported in the last decade. 

Table 1 (continued ) 

Year Author Bioactive 
compounds 

Nanoencapsulation methodology and 
Application 

General 
bioactive 
compounds 

Bai et al. β-carotene Antioxidant and Anticancer Activity 
Beconcini et al. Anthocyanin Double emulsion in W/O/W 
Datta et al. Phenolic Antioxidant activity 
Di Maio et al. Phenolic High-pressure (HP) homogenization 
Esp�eron-Rojas 
et al. 

Bioactive 
fatty acids 

Nanoemulsions 

Garavand et al. Saffron 
bioactive 
ingredients 

Different techniques of 
Nanoencapsulation 

Liu et al. Phenolic Nano-carrier 
Medeiros et al. Carotenoids Emulsification in O/W 
Pajak et al. Phenolic Antioxidant activity 
Paul et al. Phenolic Antioxidant activity 
Saini et al. Carotenoids, 

polyphenols 
Nanoemulsion 

Schmatz et al. Phycocyanin Electrospinning and electrospray 
Zhang et al. Resveratrol Alginate-shelled nanoparticle 

2020 Beconcini et al. Phenolic Nanosystems 
Schmatz et al. C- 

phycocyanin 
Electrospinning  
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4. Biomaterials to produce nanostructures for food application 

Several difficulties regarding the encapsulation of compounds and 
pigments for food application can be highlighted from the data pre-
sented in the literature. The composition of the bioactive compound (or 
any other ingredient) and the specific interactions with the material 
used to their encapsulation regulate its effectiveness as an active 
ingredient but also can modify the encapsulated compounds action, 
their toxicity, migration of the components for the food matrix (without 
the necessary control), problems regarding the delivery systems and so 
forth. In addition, an evolution of the safety requirements and regula-
tions to produce nanosized structures must evolve in this direction so 
that production and applications are efficient, safe, and can be selected 
on a large scale. Besides, the material interaction with the bioactive 
compound must be considered a food safety issue. 

Considering the above affirmations, materials to produce nano-
structures display exceptional physicochemical properties that allow the 
target design of novel, high-performance materials, which will impact in 
an extensive manner food development, packaging, and storage. Due to 
nanotechnological trends in food, natural protein, carbohydrate, and fat 
molecules have been customized with nanotechnology, and the adapted 
arrangements are being utilized in the food industry in packages and 
food ingredients embracing food additives, bioactive compounds, 
among others. The long-term motivation regards the controlled release 
of nano-encapsulated food ingredients or nutrients, as well as bioactive 
compounds (Jain et al., 2018). 

To be considered nanomaterial, the matrix must present at least one- 
dimension equivalent to 200 nm or less. Those materials are essential 
because their physicochemical properties can potentially revolutionize 
several kinds of researches and industrial fields, particularly agriculture, 
food, and environmental areas (Kaphle, Navya, Umapathi, & Daima, 
2018). Among the material used to produce nanostructures, the poly-
meric are the most common developed in the last years (Akpan, Shen, 
Wetzel, & Friedrich, 2019). 

Besides the polymeric material, nanostructured inorganic materials 
(silicate nanoclay, metallic oxide nanoparticles, among others) were 
engaged in the incorporation of bioactive compounds to be applied in 
food systems (Avella et al., 2005; Malaki et al., 2019). Nevertheless, the 
majority of the studies consulted are applying polymeric matrices, 
mainly since mechanical and chemical compatibility of the material 
applied is important at the outset to prevent the structures from dis-
solving, to ensure good adhesion at the matrix, turning the use of 
inorganic materials more challenging. The development and improve-
ment of new material to incorporate bioactive compounds must be 
pointed out as a gap of knowledge, been crucial to the foment of this 
research area. 

The incorporation of target products in polymeric nanosized- 
matrices can improve several characteristics of the original material, 
such as tensile and compressive behavior, ductility or failure to failure, a 
must for break design philosophy, high-temperature mechanical prop-
erties, creep, dynamic mechanical properties, wear resistance, including 
scratch resistance, coefficient of thermal expansion, damping, 
machining, ignition resistance, and dry/wet corrosion resistance 
(Malaki et al., 2019). Those characteristics can improve diverse aspects 
of nanoencapsulated food ingredients, particularly, bioactive com-
pounds. Besides the classic polymeric materials applied in food, the 
bionanocomposites, efficiently nanoreinforced biopolymers, present 
potential to increase the mechanical, thermal, and barrier characteris-
tics of biopolymers. The nanocomposites are constituted by a number of 
phases, in which a biopolymer (representing a continuous phase) for 
example, proteins, lipids, polysaccharides, nucleic acids, joining a filler 
(considered as discontinuous phase) as silicates, carbon nanotubes, Ag, 
TiO2, ZnO2, presenting at least one nano-sized dimension (Fu, Sun, 
Huang, Li, & Hu, 2019; Lopes et al., 2020; Wr�oblewska-Krepsztul et al., 
2018; Zubair & Ullah, 2019). 

Despite the range of existing nanomaterials, there is an essential 

trend in the development sector of food and agricultural areas for the 
improvement and creation of new biodegradable materials, which can 
be used together or separately to create new food and beverage condi-
tioners, as well as incorporated. The present environmental scenario, as 
well the food safety assurance, request the use renewable polymers, also 
known as biopolymers, in order to turn the industrial process more 
sustainable, trying to replace, or at least reduce, the use of non- 
degradable polymers based mainly on petroleum-based polymers such 
as polyethylene terephthalate (PET), polyvinylchloride (PVC), poly-
ethylene (PE), polypropylene (PP), polystyrene (PS) and polyamide 
(PA). 

Biodegradable polymers have been highlighted due to the recent 
increase of the environmental concerns involving petroleum-based 
polymers, and they can be didactically divided into three types. The 
blend of synthetic polymers and naturally occurring polymers, for 
example, proteins, lipids, and polysaccharides are the first types. The 
second class comprises synthetic materials containing groups prone to 
hydrolysis by microbes, such as polycaprolactone. The third group is 
composed of polyesters produced by bacterial metabolism (S�anchez- 
Safont et al., 2018). 

Various biopolymers and biodegradable polymers are accessible for 
application in the packaging sector as well as in food production pro-
cesses. Biopolymer-based materials that have also been used as sub-
stitutes for petroleum-based polymers: polylactic acid (PLA), poly-3- 
hydroxybutyrate (PHB), starch and cellulosic, and so forth, most of 
which are intended for the development of packaging and nano-
encapsulation of bioactive compounds, to promote interaction with food 
and beverage components. Packaging materials fashioned with bio-
polymers, after their shelf life, need to biodegrade within a small 
amount of time, in order to avoid the environmental problems gener-
ating minimal amounts of waste (Hu, 2014). According to Wr�oblew-
ska-Krepsztul and collaborators (2018), waste from biodegradable 
polymers packaging produces only water, carbon dioxide, and inorganic 
compounds during biological degradation. 

Amongst biobased polymers poly (lactic acid) (PLA), a biodegradable 
aliphatic thermoplastic polyester displays many properties turning it a 
unique material in the market for food application. The source material, 
lactic acid, may be fabricated by fermentation of 100% from renewable 
materials. Also, PLA could be aimed at controllable biodegrading rates, 
with a CO2 generation equalized by quantity take from the atmosphere 
throughout the growing of plant feedstocks. Apart from its origin and 
biodegradability, PLA can be extensively applied considering different 
fields of work. Recently, several contributions studied the reinforcement 
of PLA, aiming primarily to prepare biodegradable nanomaterials 
(Ramírez, Cerrutti, Bernal, Errea, & Foresti, 2019). 

Another highlighted polymeric material to produce polymer nano-
composites is bacterial cellulose, which may be effortlessly turned into 
microfibrils, nanofibrils, and nanocrystals for high functioning uses. 
Practical biotechnological conditions for food fabrication, its unique 
thermo-mechanical characteristics and biocompatibility turn bacterial 
cellulose desirable for an extensive range of uses and an excellent option 
for the application of green and innovative technologies. Nanocrystals 
produced from bacterial cellulose are considered green nanomaterial 
since there are renewable and quickly produced without the participa-
tion of hazardous chemical methods (George, Ramana, Bawa, & Sid-
daramaiah, 2011). Nanocomposites produced with bacterial cellulose 
have already been applied in several studies involving food and bio-
process industries, for example, as texture modifier, bioactive com-
pounds, and antimicrobials carrier, for stabilization of olive oil pickering 
emulsion, among others (Azeredo, 2018; Yan et al., 2017). 

These resources subject to actual nanodispersions can exhibit 
improved performance related to biocompatibility, biodegradability, 
and excellent physical, thermal, barrier, and optical characteristics 
comparative to micro- and macro-composite materials. The percentage 
of nanofiller in the biopolymer is essential. It contributes to the physi-
cochemical and bio-functional properties (antimicrobial, antioxidant, 
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bio-sensing, and oxygen scavenging) of the produced material (Fu et al., 
2019; Silva-Buzanello et al., 2016; Wr�oblewska-Krepsztul et al., 2018; 
Zubair & Ullah, 2019). 

Since the bioactive compounds are a large class of substances with 
profoundly different chemical characteristics, the nanomaterial used to 
encapsulate different types of bioactive compounds can also be very 
distinct. The development and determination of the best combination of 
nanomaterial and target bioactive compound design are very chal-
lenging, as reported by several authors. Therefore, the nanomaterial 
used may be better designed for a specific use, to incorporate a specific 
compound. Besides, the choice of materials depends on other aspects 
such as their capacity to self-assemble, the cost of nanomaterials, the 
delivery system challenging to control, and regulatory grade. 

Considering the data collected in the present work, several materials 
were found as matrices to incorporate bioactive compounds, the most 
cited and highlighted are mentioned as follows. Protein hydrogels are 
acknowledged as a suitable material for nanoencapsulation in food 
utilization, they can be fashioned in controlled nano-size and presents 
no harmful influence on the sensory properties of the processed food (Fu 
et al., 2019). The protein functional groups provide them the capacity to 
relate and protect binding with an extensive spectrum of bioactive 
compounds. Usual protein-based nanomaterials used are whey protein 
isolate (WPI), whey protein concentrate (WPC), soy protein isolate, egg 
albumen, collagen, gelatin, zein, wheat gluten, and casein (Alehosseini, 
Ghorani, Sarabi-Jamab, & Tucker, 2018). 

Zein has mainly been used as a nanomaterial due to some unique 
properties that allow the incorporation of most of the bioactive com-
pounds, been possibly the most flexible material in terms of a range of 
capacity to self-assemble. It is not soluble in water because of the large 
amount of hydrophobic amino acid residues, which comprise around 
30% of the protein composition. This characteristic may be advanta-
geous for the nanoencapsulation of bioactive compounds because cross- 
linking of the polymer is not required. Zein films and zein particles have 
been already applied for the encapsulation of omega-3, folic acid, 
controlled released of quercetin as well as the use as an active packaging 
material for food preservation (Alehosseini et al., 2018; G�omez-Estaca, 
Balaguer, Gavara, & Hernandez-Munoz, 2012; Sun, Dai, & Gao, 2017). 

Besides Zein, milk proteins are also protein-based materials used to 
incorporate bioactive compounds and present several advantages 
compared to other biomaterials and are mostly used to encapsulate 
probiotics. They also were used to nanoencapsulate lycopene, and the 
results showed that WPC presented the most exceptional encapsulation 
efficiency (around 75%) and better-protected lycopene against both 
moisture and thermal degradation (P�erez-Masi�a et al., 2015). Casein and 
its derivatives are also great options to encapsulate bioactive com-
pounds, their gel generation initiated by acid or enzyme treatment at 
room temperature, creating proper conditions for the encapsulation of 
bioactive compounds. Gelatin is also a biodegradable material for the 
nanoincorporation of bioactive compounds and has been evaluated for 
the encapsulation of polyphenols of relevance in functional foods. 

As well as protein-based materials, carbohydrates are suitable for 
encapsulation, since they are biocompatible, biodegradable, and possess 
high potentials for modification in order to achieve the required prop-
erties. Polysaccharide, used as material for nanotechnology purposes, 
can interact with an extensive range of bioactive compounds through 
their functional groups, turning them multi-purpose carriers for binding 
and entrapping a variety of hydrophilic and hydrophobic bioactive food 
ingredients (Alehosseini et al., 2018). Furthermore, they are appropriate 
shells under high-temperature processes due to their temperature 
resistance comparing with lipid or protein-based delivery systems (Fathi 
et al., 2014, 2018), which might melt or become denatured (Manconi 
et al., 2017). 

The challenge of using different materials at this time is to create 
processes and products with reduced costs and compatible with the 
application sector, based on the improvement and optimization of spe-
cific properties of the material, which need to be developed from more 

environmentally appropriate materials. Furthermore, stable concerning 
production and price fluctuations when compared to materials of fossil 
origin, in the case of those obtained from oil. 

5. Methods to obtain and characterize bioactive compounds into 
nanostructures 

Due to the diversity of the bioactive compound’s properties, different 
techniques can be used in order to improve the protection of the 
biomolecule, performance in the matrix where it is added, and, mainly, 
the bioavailability to exert an effect on human health. 

The production of nanostructures can be classified according to the 
mechanism and substance that will form the nanostructure, including 
lipid formulations, natural nanocarriers, specialized equipment, and 
functional biopolymers. Each way to obtain those structures presents 
advantages and disadvantages, as shown in the following sections. 
Several methods for bioactive compounds nanoencapsulation have been 
developed in the last decade. The most frequently cited includes the 
production of nanoparticles, nanoemulsions, nanodroplets, and nano-
hydrogels, among others. Choosing the methodologies more appropriate 
relies on diverse parameters comprising chemical characteristics, 
physical properties, particle size, and the rate of release of the target 
compound. Besides, the economic aspects of the mixture are essential. In 
this sense, several kinds of research are also focusing on discovering and 
design low-cost and effective encapsulating agents (Garavand et al., 
2019; Pereira et al., 2018; Rabelo et al., 2018). 

Various biomaterials, such as polysaccharides and proteins, have 
been extensively applied for bioactive compounds as encapsulating 
carrier agents. Proteins as GRAS (Generally Recognized as Safe) supplies 
are excellent options for nanoencapsulation due to their physicochem-
ical properties, particularly, the insolubility in acidic conditions and 
useful functionalities such as gelling and emulsification assets (Shishir, 
Xie, Sun, Zheng, & Chen, 2018). 

To add lipophilic bioactive compounds into aqueous foodstuff, 
diverse methods are explored. Besides the technology to produce poly-
meric nanoparticles and liposomes, emulsions dimensions can be 
designed. These emulsion systems might improve the bioavailability of 
bioactive compounds in a water-dispersible and easy to handle form 
since lipophilic compounds are suspended in small-sized oil droplets 
(Hentschel, Gramdorf, Müller, & Kurz, 2008; Roostaee, Barzegar, 
Sahari, & Rafiee, 2017; Yang, Zhou, & Chen, 2014; Zampieri et al., 
2013). 

The nanoemulsions formation may occur by high-energy, as high- 
pressure homogenization and sonication, or low energy, like phase 
inversion temperature or solvent displacement. Some authors claim that 
the methods involving high energy are more efficient than those con-
ducted under low energy, despite the high cost involved in the process 
due to operating conditions. However, good results can be found in both 
methodologies (Khan, Kotta, Ansari, Sharma, & Ali, 2015; Mori & 
Anarjan, 2018; Qian et al., 2012). 

Emulsification of different compounds is a proper method for 
nanoencapsulation of bioactive compounds due to the obtention of 
nano-sized droplets, which often possess excellent stability. Several 
approaches for nanoemulsion fabrication could affect the properties, 
nanoencapsulation, and liberation behavior of emulsions. In this sense, 
nanoemulsion has gained vital attentions and have been used as a 
release system due to the protective effect over the bioactive compounds 
against harsh environment proportioned during the digestion process, 
improving their stability, solubility, bioavailability. Besides, nano-
emulsions prevent the adverse effects caused by the environment in-
terrupts that can modify the bioactive compounds properties, 
particularly protection from the impacts of light, pH, moisture, and 
temperature to which they may be exposed (Saini, Panesar, & Bera, 
2019). In this regard, several studies have been developing lipid-based 
nanocarriers for bioactive compounds encapsulation, principally 
considering the compounds presenting a hydrophobic nature. 
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Oil-in-water (O/W) nanoemulsions function as carriers of caroten-
oids (Fig. 2, Fig. 3 and Fig. 4), in contrast, water-in-oil (W/O) (Fig. 2) 
nanoemulsions and double nanoemulsions (W/O/W) might be applied 
to nanoencapsulate hydrophilic bioactive compounds (Beconcini et al., 
2017; Jafari, 2017). Complexes formed by protein and polysaccharide 
can be used to produce stable emulsions, which can be components in 
food products (Beconcini et al., 2020). Also, the application of bio-
polymers may deliver more stable formulation, high encapsulation ef-
ficiency (Beconcini et al., 2019), as well as controlled delivery of 
bioactive compounds (Beconcini et al., 2018; Esper�on-Rojas, Baeza--
Jim�enez, & García, 2019). 

Nanodroplets are appealing structures since they can be produced 
from microemulsions or nanoemulsions, leading to a thermodynami-
cally more stable system, implicating in more bioavailable and soluble 
bioactive compounds (Mehrnia, Jafari, Makhmal-Zadeh, & Maghsou-
dlou, 2016). Suitable preparation of nanodroplets must be active in 
order to provide desirable properties of the final product, for example, 
droplet size, colloidal and thermal stability, and solubilization (Esfan-
jani, Jafari, & Assadpour, 2017). 

Several studies have already reported the efficiency and feasibility of 
using techniques on nanometric scales incorporated with bioactive 
compounds (Artiga-Artigas, Montoliu-Boneu, Salvia-Trujillo, & Mar-
tín-Belloso, 2019; Ezhilarasi, Karthik, Chhanwal, & Anandhar-
amakrishnan, 2013). Esfanjani et al. (2017) studied the potential of 
whey protein concentrate (WPC)-pectin-maltodextrin complexes for 
filling bioactive compounds of saffron in nanodroplets. The study 
involved the determination of the stability and release of the content of 
nanodroplets, and the authors affirmed that the production of multiple 
emulsions by WPC-pectin-maltodextrin with a 5% dispersed phase 
content was stable for 22 days storage and in vitro controlled release of 
encapsulated compounds. While Rajabi, Jafari, Rajabzadeh, Sarfarazi, 
and Sedaghati (2019) and collaborators evaluated chitosan-gum Arabic 
complex nanocarriers for encapsulation of saffron bioactive compo-
nents. Saffron extract included-nanocomplexes of chitosan (CS) and gum 
Arabic (GA) through ionic gelation (IG) were prepared, and the authors 
affirmed that nanoencapsulation of saffron extract through ionic gela-
tion of CS and GA was an effective technique to manufacture a stable 
form of saffron. 

Katsouli, Polychniatou, and Tzia (2018), developed and evaluated 
the composition of water in extra virgin olive oil nano-emulsions 
incorporating two bioactive compounds (ascorbic/gallic acid). The 
evaluated parameters were the emulsifier, and bioactive compounds 
ratio and the observed assets were the stability of the elaborated 
emulsion, droplet diameter, dispersity, and turbidity. The results 

presented that the properties of the water-in-oil nanoemulsions were 
significantly induced by the composition variables evaluated. The best 
nanoemulsion was obtained by the ratio of 1% w/w bioactive compound 
and 4% w/w Tween 20. 

Bennet, Kang, Gang, and Kim (2014) used poly (lactide-co-glycolide) 
(PLGA) as a carrier of apple peel ethanolic extract to form nanoparticles, 
trough the emulsion method using the surfactant tween 20, aiming to 
enhance their skin permeability. The best-obtained system was able to 
permeate across the skin lipid membrane and released the drug in 
constant modus. Thus, the authors could confirm its capacity as a 
continued transdermal delivery. In the same line of work, Mary, Shanthi, 
Vimala, and Soundarapandian (2016) synthesized nanoparticles of PEG 
functionalized SeNPs (PEG-SeNPs) and its use as a cancer-targeted dis-
tribution vehicle to reach improved anticancer action. Crocin, a primary 
bioactive component of saffron, was conjugated to PEG-SeNPs. PEG--
SeNPs and displays extraordinarily improved cytotoxicity regarding 
lung cancer cells, inducing apoptosis. 

Objecting to protect anthocyanins obtained from red cabbage against 
harsh environmental conditions (pH and temperature), Ravanfar, 
Tamaddon, Niakousari, and Moein (2016) prepared lipid nanoparticles 
by water in oil (w/o) microemulsions containing palmitic acid. The 
encapsulation efficiency of their main nanoparticle was 89.1%, and they 
realized digestion simulate to evaluate the nanoparticles with antho-
cyanin stability. Hence, the authors could increase the stability of the 
anthocyanins against parameters evaluated with the microemulsion 
production. Bamba et al. (2018) produced a double nanoemulsion sys-
tem appropriate for the encapsulation of total phenolics (TP) and total 
anthocyanins (TA) obtained from blueberry pomace. The nanoemulsion 
was emulsified in corn oil with polyglycerol polyricinoleate (PGPR), 
which is classified as safe to human consumption and whey protein 
isolate, been acknowledged as an environmentally friendly stabilizer, 
contributing to their green technologies policy. Above all, among 
different conditions, they developed a nanoparticle with high encapsu-
lation efficiencies (80%), resulting in a promisor nanocarriers system of 
phenolic compounds. 

Shirode et al. (2015) also used the double-emulsion method to 
encapsulate the punicalagin (PU), the primary polyphenol in pome-
granates into a formulation of poly (lactic-co-glycolic acid)–poly 
(ethylene glycol) (PLGA–PEG). The authors affirm that PU-nanoparticles 
were the most potent nano prototype of pomegranates produced, and 
that enhances the anticancer effects in breast cancer cells. 

In the same line of work, Mary et al. (2016) synthesized nano-
particles of PEG functionalized SeNPs (PEG-SeNPs) and its use as a 
cancer-targeted distribution vehicle to reach improved anticancer 

Fig. 2. System oil-in-water (o/w) and water-in-oil (w/o) to make nanoemulsion.  
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action. Crocin, a primary bioactive component of saffron, was conju-
gated to PEG-SeNPs. PEG-SeNPs and displays extraordinarily improved 
cytotoxicity regarding lung cancer cells, inducing apoptosis. 

Solid lipid nanoparticles (SLN) are nano-sized colloidal structures 
with high-water content (70–95%). The leading modification that SLNs 
show is the substitution of the liquid lipid by a solid one, as emulsions 
constituent, in which the novel nanoparticles are going to be solid both 
at room and human body temperature. They are mostly made from solid 
lipids inclining to gel to form the nucleus and release the lipid along the 
storage time. The solid lipid core permit to solubilize lipophilic com-
pounds been stabilized using surfactants or emulsifiers. The materials 
utilized in the formulation must be GRAS materials. 

In the same line of nanocarriers category, nanostructured lipid dis-
persions (NLDs) are a dispersion of monoglycerides along with an 
emulsifier agent that results in complex lyotropic liquid crystalline 
nanostructures. The solubilization of water-insoluble compounds of 
these nanostructures is the highlight property leading to the continual 
release and improved protection (Bai et al., 2018; L.; Zhang, Hayes, 
Chen, & Zhong, 2013). In these hydrophobic bioactive compounds, such 
as carotenoids, this method can be an excellent possibility to improve 
the absorption and consequent biological effect of water-insoluble 
compounds. 

In the last years, nanostructured lipid carriers (NLCs) have been 

developed as a modification of SLNs. The NLCs were developed by 
Müller aiming to improve the restrictions of SLNs, for example, their 
limited loading capacity, separation during storage time, and high-water 
percentage in the dispersions (Huang, Qian, & Yang, 2018; Tamjidi, 
Shahedi, Varshosaz, & Nasirpour, 2013). The first factor in which they 
differ is based on the aggregation state of the lipid phase, solid and liquid 
at room temperature for NLCs instead of just solid one for SLNs. The 
second factor lies in the degree of the packaging of their structures. 
While SLNs show a highly packed state, NLCs have a solid matrix with a 
lower crystallinity index. Their disordered structure allows these new 
carriers to increase the loading capacity of active substances in the nu-
cleus of these nanometric particles (Tamjidi et al., 2013). 

On the other hand, although with the same purpose of improving the 
properties of bioactive compounds, nanohydrogels are capable release 
systems for bioactive compounds since the extended time expended in 
the circulation of the body and capacity to encapsulate hydrophilic 
bioactive compounds (Bourbon, Cerqueira, & Vicente, 2016). In the last 
years, the production of protein nanohydrogels has been typically being 
utilized due to potential properties such as a large surface area and 
excellent capacity to encapsulate compounds with different physico-
chemical properties. SLNs Based on stearic acid and ethyl cellulose have 
been used to encapsulate displays improved stability against collapse 
and aggregation and limited flavor loss or degradation during processing 
and storage of food products. 

Meanwhile, polyethylene glycol (PEG) hydrogels are applied for 
encapsulation and delivery of sensitive biologic ingredients, including 
cells, drugs, and proteins due to resistance to protein adsorption, high 
biocompatibility, and versatile macromer chemistry. Encapsulation of 
bioactive compounds in PEG hydrogels, protects their activity and al-
lows some control over their release rate and site and has been used for 
the nanoencapsulation of several bioactive compounds (Kuntzler et al., 
2018; Uyar & Besenbacher, 2009; Xu, Zou, Lu, & Kang, 2017). 

Since the bioactive compounds are a large class of substances with 
profoundly different chemical characteristics, the nanomaterial used to 
encapsulate different types of bioactive compounds can also be very 
distinct. The development and determination of the best combination of 
nanomaterial and target bioactive compound design are very chal-
lenging, as reported by several authors (Garavand et al., 2019; Jafari, 
2017; Pereira et al., 2018; Shirode et al., 2015). Therefore, the nano-
material used may be better designed for a specific use, to incorporate a 
specific compound. Besides, the choice of materials depends on other 
aspects such as their capacity to self-assemble, the cost of nanomaterials, 
the delivery system puzzling to control, and regulatory grade. 

The perfect match between biomaterial, method, and bioactive 
compounds for food applications requires intense studies, further at-
tempts of researches, and innovation. Therefore, it is primordial that the 
work is done continuously to develop process better, thereby that can 
explore the maximum potential of bioactive compounds application in 
the food industry. 

Fig. 3. The technique to obtain nanoemulsion oil-in-water (o/w) using high-energy. The surfactant is solubilized in the aqueous phase, and the lipophilic compound 
is scattered in the oil phase. 

Fig. 4. The technique to obtain nanoemulsion oil-in-water (o/w) using low- 
energy. The surfactant is diluted in the aqueous phase, and the lipophilic 
compound is solubilized in an organic solvent. 
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Besides the mentioned techniques, form the data collected, several 
articles used particular equipment, based on the electrospun method, to 
obtain bioactive compounds nanostructures. Electrospinning and elec-
trospraying are intensively applied, been highlighted due to several 
advantages by authors worldwide. Considering that, based on the cur-
rent literature framework, we explored and presented the most recent 
studies in this matter as follows. 

Electrospinning and electrospraying are procedures that use the 
understanding of nanotechnology, materials development engineering, 
and physic properties to produce nanostructures with unique utilities 
and assets. In those electrodynamic methods, the polymeric solution is 
ejected (electrospinning) or sprayed (electrospray) over the use of the 
high electrical potential at mild conditions in terms of pressure and 
temperature (Alehosseini et al., 2018; Bhushani & Anandhar-
amakrishnan, 2014; Braga et al., 2016; Figueira et al., 2016; Schmatz, 
Costa, & Morais, 2019; Wen, Zong, Linhardt, Feng, & Wu, 2017). Fig. 5 
presents the process of the electrospray method schematically. 

The electrospun close working system permits faster, secure, and 
efficient production. Above all, dismissing specific solutions and used 
under ambient temperature. Additionally, there are two main configu-
rations to use the equipment: uniaxial (polymer and bioactive com-
pound in solution previously homogenized it is ejected) or coaxial (setup 
in which mixture of polymer and target compound happened only on the 
moment of the jet ejection) (Isik, Altay, & Capanoglu, 2018; Tsai & Ting, 
2019). 

Regardless of the technique used, nanocomposites possess the 
advantage of having a larger surface area, which increases solubility and 
also allows more precise targeting of molecules in the body. Several 
authors have already highlighted the efficient use of these methods in 
the application process of bioactive compounds in nanostructured sys-
tems. Horuz and Beliba�glı (2018) produced gelatin nanofibers by elec-
trospinning assay inclosing the carotenoids obtained from tomato peel. 
The nanoencapsulation method has improved lycopene retention and 
antioxidant activity during the 14-days of storage. Besides that, 
enhanced water solubility in comparison to non-encapsulated extract, 
which suggested the promising use of nanoencapsulated lycopene ex-
tracts in food processing. 

Schmatz et al. (2019) developed from a new nanofiber material with 
phycocyanin/polyvinyl alcohol nanoparticles (PC-PVAn) incorporation 
throughout an association of electrospinning and electrospraying 
methods, using solutions of polycaprolactone (PCL), poly-L-lactic acid 
(PLLA) and polyvinyl alcohol (PVA). The obtained nanoparticles 

presented mechanical properties and thermal resistance, leading to the 
protection of phycocyanin. These new materials could be used to pro-
tected food from deterioration and increased their shelf-life. 

The coaxial electrospinning procedure excludes the damaging results 
due to direct contact of the target compound with organic solvents or 
severe conditions during emulsification. The shell layer functions as a 
barrier to avoid the precipitate liberation of the water-soluble core 
contents. By changing the arrangement of the nanofibers, it is possible to 
modulate the liberation of the encapsulated compounds accurately. 

Isik et al. (2018) obtained structures using uniaxial and coaxial 
electrospinning containing gelatin or gelatin-lactalbumin as well as the 
polyphenols of sour cherry concentrate (SCC), showing that phenolic 
acids presented superior encapsulation productivities than anthocyanins 
and the levels of polyphenols in SCC reduced after digestion process 
while all electrospun structures exhibited enhanced bioaccessibility. In 
the same line, Jiang, Wang, and Zhu (2014) used coaxial electrospinning 
for encapsulation and controlled release of sensitive water-soluble 
bioactive compounds such as growth factors, DNA, and even live or-
ganisms into core-shell nanofibers. 

Nanocomposites applications open up new possibilities to innovate 
mainly in food industries, protecting bioactive compounds of the 
adverse effects of harsh environment, increasing this way their critical 
biological effects, allowing bioactive compounds to play a positive role 
in human health. 

Regardless of the material or method to obtain nanometer-sized 
structures, their characterization is mandatory to allow the researches 
to compare the obtained data as well as evaluate the effectiveness of the 
bioactive compound after the nanoprocesses applied. 

The more frequently described techniques to characterize nano-sized 
structures are Fourier-transform infrared spectroscopy - FTIR, X-ray 
diffraction - XRD, Transmission electron microscopy - TEM, Scanning 
electron microscope - SEM, so forth. The articles also evaluate delivery 
systems and liberation assays. 

There are numerous methods to estimate the size of the nano-
structure, despite the incorporated compound. Particle size distribution 
and morphology are essential parameters of nanostructures character-
ization, and those features are mostly determined by SEM. SEM provides 
a morphological examination with direct imagining (Porter et al., 2019). 
An alternative method often reported in nanostructure’s characteriza-
tion is TEM. Although the method operates on different principles 
compared to SEM, it often provides the same information. Sample 
preparation for TEM is complicated and time-consuming as it requires 
an ultra-thin film (Petkov, 2013). 

Besides morphology and size, the nature and intensity of the surface 
charge of nanostructures are crucial since it decides their collaboration 
with biological atmosphere and also their electrostatic contact with 
bioactive mixtures. The colloidal strength is frequently investigated by 
zeta potential analysis of the nanostructures. The zeta potential deter-
mination permits an evaluation regarding the stability of a colloidal 
dispersion, and the extent of surface hydrophobicity can then be pro-
jected from standards of zeta potential (Figueira et al., 2016). 

Likewise, surface hydrophobicity can be determined by several 
methods such as hydrophobic contact chromatography, biphasic sepa-
rating, probes adsorption, contact angle determinations, among others 
(Fern�andez-Toledano, Blake, Limat, & De Coninck, 2019; Kaufman 
et al., 2018; Marmur, Della Volpe, Siboni, Amirfazli, & Drelich, 2017). 
Notably, for bioactive compounds incorporated into nanostructures, 
surface hydrophobicity is very important since it can affect the tech-
nological end sensory properties of processed food. Besides, it can 
immensely affect the rate of delivery of bioactive compounds into the 
foodstuff. 

FTIR technique is often used to prove that the incorporation of 
bioactive compounds into the nanostructures was useful, since 
providing the characteristic fundamental vibrational modes and wave-
numbers from the FTIR experimental spectra. Changes in the intensities 
and small displacements of the bands can infer the effective 

Fig. 5. Equipment diagram for the nanocapsulation process using an electro-
spray technique. 
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encapsulation. Complementary, to confirm the composition of the ob-
tained structures observed in some of the characterization analysis, the 
samples can also be mapped by energy dispersive x-ray (EDX). 

Finally, to obtain evidence of the bioactive incorporation, release 
analyses are mandatory. The method used for this investigation involves 
the classical analytical methods (UV spectroscopy or high performance 
liquid chromatography (HPLC) after ultracentrifugation, ultrafiltration, 
gel filtration, or centrifugal ultrafiltration) to measure the bioactive 
compound released from the nanostructure with the time (Bourbon 
et al., 2016; Jiang et al., 2014; Kassama & Misir, 2017). All those 
methods are well established and usually are evaluated simultaneously. 

6. Challenges and perspectives 

Despite the advances achieved and related to the development of 
techniques that allowed the understanding of the development mecha-
nism of incorporated nanostructures of bioactive components, relevant 
to the food and pharmaceutical industries, several gaps remain unan-
swered, which makes it challenging to increase scale and apply in in-
dustrial processes. 

In this perspective, it is worth highlighting the importance of 
developing innovative materials with properties compatible with the 
components that will be inserted and the food matrix where they will be 
applied, as well as the use of materials that have reduced or no adverse 
effects or accumulation in the environment. 

Another aspect that should be faced by the sector will be the regu-
lation of the use of nanomaterials, through the creation of requirements 
by governmental or regulatory entities, in order to guarantee minimum 
safety requirements and adequate production criteria to control the 
migration of components in food and the human body, ensuring the 
safety of consumers. Also, it is necessary to highlight the need to develop 
equipment that allows the application of technology on a larger scale, 
facilitating operation, and reducing operating costs, making the tech-
nique for generalized application accessible. 

Resistance on the part of consumers will also be a key point for the 
technique to be applicable in the food and pharmaceutical industries, 
which should inform about the mechanisms applied and the safety of 
new technologies. 

7. Conclusion 

From the data presented, regardless the technique or method to 
obtain the nanostructures, or even no matter the physical properties of 
the bioactive compound used, a protective effect it was always shown as 
long as nanotechnology was applying, corroborating with the hypoth-
esis that nanostructures improve the action of bioactive compounds and 
the biotechnology trends. Therefore, the investment of researches in this 
matter is urgent to solve the gaps of knowledge in order to bring more 
robustness in the use of the full capacity of bioactive compound’s bio-
logical effects over human health and food science. 
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Iyda, J. H., Fernandes, Â., Calhelha, R. C., Alves, M. J., Ferreira, F. D., Barros, L., et al. 
(2019). Nutritional composition and bioactivity of Umbilicus rupestris (Salisb.) 
Dandy: An underexploited edible wild plant. Food Chemistry, 295, 341–349. 

Jafari, S. M. (2017). Nanoencapsulation technologies for the food and nutraceutical 
industries. Scopus: Elsevier. https://www2.scopus.com/inward/record.uri?eid¼2-s2 
.0-85026372956&partnerID¼40&md5¼629f2e30467aa7a76333324edc317d8e.  

Jain, A., Ranjan, S., Dasgupta, N., & Ramalingam, C. (2018). Nanomaterials in food and 
agriculture: An overview on their safety concerns and regulatory issues. Critical 
Reviews in Food Science and Nutrition, 58, 297–317. https://doi.org/10.1080/ 
10408398.2016.1160363. 

Jamar, G., Estadella, D., & Pisani, L. P. (2017). Contribution of anthocyanin-rich foods in 
obesity control through gut microbiota interactions. BioFactors, 43(4), 507–516. 

Jiang, H., Wang, L., & Zhu, K. (2014). Coaxial electrospinning for encapsulation and 
controlled release of fragile water-soluble bioactive agents. Journal of Controlled 
Release, 193, 296–303. 

Kalita, D., & Baruah, S. (2019). The impact of nanotechnology on food. In Nanomaterials 
applications for environmental matrices (pp. 369–379). Elsevier.  

Kaphle, A., Navya, P. N., Umapathi, A., & Daima, H. K. (2018). Nanomaterials for 
agriculture, food and environment: Applications, toxicity and regulation. 
Environmental Chemistry Letters, 16(1), 43–58. https://doi.org/10.1007/s10311-017- 
0662-y. 

Kassama, L. S., & Misir, J. (2017). Time release and thermal stability of Aloe vera (Aloe 
barbadensis) gel loaded PLGA nanoparticles and its antioxidant activity. In ASABE 
annu. Int. Meet. 2017 ASABE annual international meeting. https://doi.org/10.13031/ 
aim.201701182. Scopus. 

Katsouli, M., Polychniatou, V., & Tzia, C. (2018). Optimization of water in olive oil nano- 
emulsions composition with bioactive compounds by response surface methodology. 
Lebensmittel-Wissenschaft und -Technologie- Food Science and Technology, 89, 740–748. 
https://doi.org/10.1016/j.lwt.2017.11.046. Scopus. 

Kaufman, Y., Chen, S.-Y., Mishra, H., Schrader, A. M., Lee, D. W., Das, S., et al. (2018). 
Wettability on textured surfaces–equilibrium contact angles. Engineering Bio and 
Mineral Wettability from the Nano-to Macro-Scale, 1001, 15. 

Khan, A. W., Kotta, S., Ansari, S. H., Sharma, R. K., & Ali, J. (2015). Self-nanoemulsifying 
drug delivery system (SNEDDS) of the poorly water-soluble grapefruit flavonoid 
naringenin: Design, characterization, in vitro and in vivo evaluation. Drug Delivery, 
22(4), 552–561. 

Kuntzler, S. G., Costa, J. A. V., & de Morais, M. G. (2018). Development of electrospun 
nanofibers containing chitosan/PEO blend and phenolic compounds with 
antibacterial activity. International Journal of Biological Macromolecules, 117, 
800–806. https://doi.org/10.1016/j.ijbiomac.2018.05.224. 

Lemes, A. C., Sala, L., Ores, J. D. C., Braga, A. R. C., Egea, M. B., & Fernandes, K. F. 
(2016). A review of the latest advances in encrypted bioactive peptides from protein- 
rich waste. International Journal of Molecular Sciences, 17(6), 950. https://doi.org/ 
10.3390/ijms17060950. 

Liu, X., Bi, J., Xiao, H., & McClements, D. J. (2016). Enhancement of nutraceutical 
bioavailability using excipient nanoemulsions: Role of lipid digestion products on 
bioaccessibility of carotenoids and phenolics from mangoes. Journal of Food Science, 
81(3), N754–N761. 

Liu, Y., Yang, R., Liu, J., Meng, D., Zhou, Z., Zhang, Y., et al. (2019). Fabrication, 
structure, and function evaluation of the ferritin based nano-carrier for food 
bioactive compounds. Food Chemistry, 299. https://doi.org/10.1016/j. 
foodchem.2019.125097. Scopus. 

Lopes, I. A., Paix~ao, L. C., da Silva, L. J. S., Rocha, A. A., Filho, A. K. D. B., & 
Santana, A. A. (2020). Elaboration and characterization of biopolymer films with 
alginate and babassu coconut mesocarp. Carbohydrate Polymers, 234, 115747. 
https://doi.org/10.1016/j.carbpol.2019.115747. 

Malaki, M., Xu, W., Kasar, A. K., Menezes, P. L., Dieringa, H., Varma, R. S., et al. (2019). 
Advanced metal matrix nanocomposites. Metals, 9(3), 330. 

Manconi, M., Marongiu, F., Manca, M. L., Caddeo, C., Sarais, G., Cencetti, C., et al. 
(2017). Nanoincorporation of bioactive compounds from red grape pomaces: In vitro 
and ex vivo evaluation of antioxidant activity. International Journal of Pharmaceutics, 
523(1), 159–166. 

Marmur, A., Della Volpe, C., Siboni, S., Amirfazli, A., & Drelich, J. W. (2017). Contact 
angles and wettability: Towards common and accurate terminology. Surface 
Innovations, 5(1), 3–8. 

Mary, T. A., Shanthi, K., Vimala, K., & Soundarapandian, K. (2016). PEG functionalized 
selenium nanoparticles as a carrier of crocin to achieve anticancer synergism. Rsc 
Advances, 6(27), 22936–22949. 

Medeiros, A. K. O. C., Gomes, C. C., de A Amaral, M. L. Q., de Medeiros, L. D. G., 
Medeiros, I., Porto, D. L., et al. (2019). Nanoencapsulation improved water solubility 
and color stability of carotenoids extracted from Cantaloupe melon (Cucumis melo 
L.). Food Chemistry, 270, 562–572. 

Mehrnia, M.-A., Jafari, S.-M., Makhmal-Zadeh, B. S., & Maghsoudlou, Y. (2016). Crocin 
loaded nano-emulsions: Factors affecting emulsion properties in spontaneous 
emulsification. International Journal of Biological Macromolecules, 84, 261–267. 
https://doi.org/10.1016/j.ijbiomac.2015.12.029. Scopus. 

Mesquita, L. M. de S., Martins, M., Maricato, �E., Nunes, C., Quinteiro, P. S., Dias, A. C., 
et al. (2020). Ionic liquid-mediated recovery of carotenoids from the Bactris gasipaes 
fruit waste and their application in food-packaging chitosan films. ACS Sustainable 
Chemistry & Engineering. 

Mesquita, L. M.de S., Ventura, S. P. M., Braga, A. R. C., Pisani, L. P., Dias, A., & De 
Rosso, V. V. (2019). Ionic liquid-high performance extractive approach to recover 
carotenoids from Bactris gasipaes fruits. Green Chemistry. https://doi.org/10.1039/ 
C8GC03283A. 

Mori, Z., & Anarjan, N. (2018). Preparation and characterization of nanoemulsion based 
β-carotene hydrogels. Journal of Food Science & Technology, 55(12), 5014–5024. 

Murador, D. C., da Cunha, D. T., & de Rosso, V. V. (2014). Effects of cooking techniques 
on vegetable pigments: A meta-analytic approach to carotenoid and anthocyanin 
levels. Food Research International, 65, 177–183. https://doi.org/10.1016/j. 
foodres.2014.06.015. 

Murador, D. C., Mesquita, L. M. de S., Vannuchi, N., Braga, A. R. C., & Rosso, V. V. D. 
(2019). Bioavailability and biological effects of bioactive compounds extracted with 
natural deep eutectic solvents and ionic liquids: Advantages over conventional 
organic solvents. Current Opinion in Food Science. https://doi.org/10.1016/j. 
cofs.2019.03.002. 

Oliveira, V. S. de, Augusta, I. M., Braz, M. V. da C., Riger, C. J., Prudêncio, E. R., 
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Abstract 19 

The jussara composition presents a high level of phenolic compounds, mainly 20 
anthocyanins, a natural pigment associated with positive biological effects on human 21 
health, including its antioxidant activity, promoting the prevention of chronic non-22 
transmissible diseases. On the other hand, from the literature, anthocyanins present low 23 
stability, low bioaccessibility, and absorption capacity since just a small part of what is 24 
consumed is absorbed by the human organism. As an answer for this issue, 25 
nanotechnology emerges as an alternative to improve the anthocyanin's features since 26 
research shows an increase in the protection of nanoencapsulated bioactive compounds 27 
against adverse factors, such as reactions during the digestive process, in addition to 28 
enhancing their absorptive capacity. Therefore, the present study aimed to verify the 29 
biological effect of anthocyanins from jussara pulp, polymer solution, and nanostructures 30 
with the pulp, produced by the electrospinning technique using poly(ethylene oxide) 31 
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(PEO). Therefore, some responses were evaluated from the quantification of 32 
anthocyanins by the HPLC-DAD system through the antioxidant activity of each stage of 33 
the simulated digestion process and the quantification of absorbed anthocyanins 34 
considering the cell model consisting of monolayers of Caco-2 cells. As a result, the decay 35 
of anthocyanins percentage during digestion and the amount of them absorbed by Caco-36 
2 cells were not detected; however, the polymeric solution and nanofibers maintained the 37 
antioxidant activity showing their protective effect on bioactive compounds. Thus, we 38 
can consider these forms, polymer solution and nanofibers, use as an alternative to 39 
preserving the biological effects of anthocyanins even after the in vitro digestion process. 40 
 41 
Keywords: Anthocyanins; Bioaccessibility, Cellular uptake, Bioactive compounds, 42 
Nanotechnology. 43 
 44 

1. Introduction 45 

The jussara pulp, abundant in the phenolic compound, mainly anthocyanins, is the 46 

fruit from the palm tree Euterpe edulis Mart., belonging to Atlantic Forest biodiversity, 47 

being very similar to açaí berry (E. oleracea) in terms of composition (Bicudo et al., 2014; 48 

Borges et al., 2013). In the last decades, the consumption of this fruit has been 49 

incentivized by government agencies and non-profit organizations aiming to promote 50 

conscious and sustainable extraction, consequently benefiting the local producers, while 51 

promoting the biodiversity conservation (Lima et al., 2012; Schulz et al., 2016; Silva et 52 

al., 2014; Trevisan et al., 2015). 53 

Anthocyanin content in jussara pulp is attractive not only for its intense color, which 54 

can be potentially exploited to replace artificial dyes, but also for its beneficial effects for 55 

the healthy human, highlighted by antioxidant properties (Bicudo et al., 2014; Borges et 56 

al., 2013; Braga, Mesquita, et al., 2018; Murador et al., 2018; Vannuchi et al., 2021). 57 

Nonetheless the efficacy of those positive effects depends on the stability and 58 

bioavailability of the anthocyanins, which is highly sensitive to light, pH, oxygen, and 59 

temperature (Fernandes et al., 2014; Murador et al., 2018).  60 

In this sense, the digestion process has an important influence on the absorption of 61 

bioactive compounds since constant changes in pH occur, causing modifications in the 62 
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behavior of anthocyanins (Braga, Murador, et al., 2018; Rafiee et al., 2017). Therefore, 63 

several works have been carried out thinking about possibilities to protect bioactive 64 

compounds in order to ensure their effectiveness, and one of the most recent and efficient 65 

alternatives is the use of nanotechnology, mainly the electrospun technique (Khoshnoudi-66 

Nia et al., 2020; Braga et al., 2019; Giaconia et al., 2020; Martínez-Ballesta et al., 2018; 67 

Ramos et al., 2021).  68 

Besides, the step before nanoencapsulation is the preparation of the polymer solution, 69 

containing the bioactive compound and the polymer. This conformation can also be 70 

considered an option to protect and maintain the thermal stability of the compound, even 71 

after the simulated digestive process (Braga et al., 2016; Chen et al., 2015; Hoseyni et al., 72 

2020). 73 

In this context, the present study aimed to verify the biological effect of anthocyanins 74 

from jussara pulp (JP), polymer solution with pulp (JPP), and nanostructures also with 75 

the pulp (NP) produced by the electrospinning technique using PEO, biodegradable, 76 

hydrophilic, high molecular weight, and safety for consumption (Generally Recognized 77 

as Safe - GRAS)  (de Morais et al., 2010). Therefore, some responses were evaluated 78 

from the quantification of anthocyanins by the HPLC-DAD system  the antioxidant 79 

activity of each stage of the simulated digestion process, and the quantification of 80 

absorbed anthocyanins using the cellular uptake. 81 

 82 

2. Material and Methods  83 

2.1. Jussara pulp 84 

The producers linked to the Jussara Project from Ubatuba City, São Paulo, Brazil, 85 

provided the jussara pulp (JP). The frozen pulp was transported in coolers, freeze-dried, 86 

and stored in hermetically sealed packaging in  freezer (-40 °C ) until the analysis. Before 87 

https://www-sciencedirect.ez69.periodicos.capes.gov.br/science/article/pii/S092422441930127X?via%3Dihub#!
https://www-sciencedirect.ez69.periodicos.capes.gov.br/science/article/pii/S092422441930127X?via%3Dihub#!
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preparing the polymer solution to uniaxial setup, it was utilized acetate buffer (pH 4.5) to 88 

reconstitute the lyophilized jussara pulp, after that, it was filtered. 89 

 90 

2.2. Electrospinning process 91 

The procedure was conducted according to the previous study from our research 92 

group (Ramos et al. 2020; Ramos et al., 2021). The polymeric solution (JPP) was 93 

constituted by 7.7% (w/v) of PEO (900,000 g.mol.L-1, Sigma Aldrich, St. Louis, MO, 94 

USA), 0.36% (w/v) of NaCl, and 50% of reconstituted JP and acetate buffer. A magnetic 95 

stirrer was utilized to homogenize this mixture for 14 h. Then, the electrospinning process 96 

was conducted in laboratory-scale (FLUIDNATEK LE-10, BIOINICIA, Spain) 97 

following these parameters: a steel needle of 0.6 mm diameter, a flow rate of 3000 µL.h-98 

1, 24 kV of voltage, and 10 cm of tip-to-collector. The JPP was utilized to produce 99 

nanostructures and to quantification of anthocyanins and determination of antioxidant 100 

activity. 101 

 102 

2.3. Bioaccessibility 103 

The JP, JPP and NP samples were digested according to the method proposed by 104 

Chitchumroonchokchai and Failla (2017). The in vitro simulated digestion was started 105 

with the homogenization of 2 g of each sample with 10 mL of salts solution (NaCl: 120 106 

mol.L-1, CaCl2 6 mmol. L-1, KCl 5 mmol. L-1) and 6 mL of artificial saliva solution 107 

containing α-amylase (106 U.mL-1) (Sigma® A3176). The oral phase ended with 108 

incubation in an orbital shaker at 150 rpm, 37 °C for 10 min. Next, the gastric phase 109 

initialized with the pH adjust for 2.5 with HCl 1 M, to add 2 mL of pepsin (Sigma® P7000; 110 

50,000 units.mL-1 in HCl 100 mM), and then completed the volume for 40 mL to 111 

incubated at 37 °C, 150 rpm during 1 h. For the intestinal and final phase, the pH was 112 
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changed for 6.0 with 1 M NaHCO3, porcine and ovine bile solution (3 mL; Sigma® 113 

B8381; 40 mg.mL-1 in 100 mM NaHCO3), 4,000 U.mL-1 of porcine pancreatin (Sigma® 114 

P1750), and 1,000 U.mL-1 of lipase from porcine pancreas (Sigma® L3126) were added 115 

into the samples, adjusting the pH for 6.5. The volume was completed until 50 mL before 116 

the incubation at 37 °C, 150 rpm for 2 h. To obtain the supernatant with the bioaccessible 117 

anthocyanins, the last step was to centrifugate the samples for 1 h at 6,000 rpm and 4 °C. 118 

Samples from each stage of digestion were separated to quantify the anthocyanins and to 119 

evaluate the antioxidant activity. 120 

 121 

2.4. Cellular uptake  122 

The cellular uptake was performed with JP, JPP and NP samples utilizing Caucasian 123 

colon adenocarcinoma (Caco-2) as a cellular model, according to Natoli et al. (2012). The 124 

cells were purchased from the American Type Culture Collection (ATCC). They were 125 

cultivated in T25 flasks at a density of 2.5 x 105 cells/flask containing Dulbecco’s 126 

Modified Eagle’s Medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA; D5796) 127 

supplemented with non-essential amino acids (2%; Sigma® M7145), penicillin-128 

streptomycin (2%; Sigma® P4333), and heat-inactivated fetal bovine serum (FBS, 15%; 129 

Sigma® F7524), maintained at 37 °C and 5% CO2. After approximately 10 days, when 130 

the culture acquires 80% confluence, FBS was reduced to 10% until monolayers were 131 

formed, and thus, used in the experiments. First, monolayers were washed with phosphate 132 

buffer saline (PBS) (GIBCOTM), and then, DMEM (final volume of 5 mL) containing 133 

25% of the supernatant fraction obtained from the bioaccessibility was added to the 134 

monolayers, and incubated for 4 h at 37 °C and 5% CO2). After this period, the cells were 135 

harvested with a rubber scraper, collected, and centrifuged at 1000 rpm and 10 °C for 10 136 

min. The cell pellets were lyophilized and stored at -40 °C until further anthocyanins 137 
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quantification. The bovine serum albumin was utilized as the standard to determine the 138 

protein content of the cell samples by a Bradford rapid assay (BIO RAD: Quick StartTM 139 

Bradford) (Kruger, 2009). 140 

 141 

2.5. HPLC analysis of the anthocyanins 142 

Anthocyanins were extracted from the JP, JPP and NP. Each step considering the 143 

simulated digestion stages (oral, gastric, and intestinal), and from the uptake cells were 144 

also obtained anthocyanins extracts from all samples. Using 75 mL of acidified methanol 145 

(0.5% HCl) and an ultrasonic probe at 80 W of potency for 3 min, a vacuum bomb filtered 146 

the mixture and a rotary evaporator to concentrate it under 38°C. The extracts were diluted 147 

in water containing 5% formic acid/methanol (85:15, v/v) before HPLC analysis since 148 

this blend is the mobile phase gradient. The anthocyanin separation and identification 149 

were conducted as presented by De Rosso e Mercadante (2007). The anthocyanins from 150 

all samples, in triplicate, were quantified by HPLC-DAD configured with optimized 151 

conditions of chromatography with C18 Shim Pack column at 28 oC, using seven-point 152 

analytical curves of cyanidin 3-glucoside (5–125 μg/mL) and cyanidin 3-rutinoside (10–153 

200 μg/mL)., r2 = 0.998; the limit of detection was 0.05 mg.mL-1, and the limit of 154 

quantification was 0.1 mg.mL-1. The concentration was expressed in μg of cyanidin 3-155 

glucoside/mL and/or μg of cyanidin 3-rutinoside/mL. The percentage of anthocyanins 156 

content relative to the results found before in vitro digestion, called remain (%), was 157 

calculated considering the final and initial values. 158 

 159 

2.6. Antioxidant activity 160 

The preparation of the extracts, considering the same samples used to quantify the 161 

anthocyanins (JP, JPP, and JN), was conducted by added 30 mL of 80% cold acetone, 162 
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agitation in a magnetic stirrer during 15 min; filtration of the mixture, repeating it twice, 163 

and then, concentrated in a rotary evaporator under 40 °C. The antioxidant activity against 164 

the peroxyl radical (ROO•) was determined by the ORAC assay, which is based on 165 

monitoring the fluorescence decay through the effect of the hydrophilic extract or 166 

standard (Trolox), on those results from ROO• induced oxidation of fluorescein 167 

(Rodrigues et al., 2012). This assay was performed in a 96-wells microplate with 168 

fluorescein (61 M) prepared in phosphate buffer 75 mM, pH 7.4, AAPH solution (19 169 

mM) in phosphate buffer, hydrophilic extract, or Trolox (50 μM) in phosphate buffer. 170 

The microplate was preincubated for 10 min before added AAPH; then, the fluorescence 171 

signal was monitored each minute at the reader (excitation: 485 ± 20 nm; emission: 538 172 

± 20 nm) for 1 h. The data were present as μmol of Trolox equivalent/g of sample. The 173 

antioxidant activity (AA) against the ABTS+ radical was determined by reading the 174 

absorbance at 734 nm of the extract homogenized with a diluted solution of ABTS+ (7 175 

mM) and compared it with a known Trolox standard curve (Re et al., 1999). The results 176 

were expressed as μmol of Trolox equivalent/g of sample, and the percentage of 177 

antioxidant activity relative to the results found before in vitro digestion, called remain 178 

AA (%), was calculated considering the final and initial values. 179 

 180 

2.7. Statistical analysis  181 

All the analyses were realized in triplicate samples; the results were expressed as the 182 

mean ± standard deviation (SD); to enable comparisons, the ANOVA was utilized to 183 

detected differences between the samples followed by Tukey, and the differences were 184 

considered to be significant at p < 0.05. The Statistica 14.0 software was used to process 185 

the data analyses. 186 

 187 
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3. Results and Discussion 188 

3.1. Anthocyanins bioaccessibility and cellular uptake 189 

To assess the beneficial properties to human health from the consumption of foods 190 

rich in phenolic compounds, especially anthocyanins, it is essential to verify the 191 

bioaccessibility and cellular absorption of this natural pigment to understand its 192 

metabolism, and then, to plan future actions to improve its positive effects. Therefore, as 193 

mentioned before, the present work evaluated the bioaccessibility of jussara pulp 194 

anthocyanins using three different preparations: JPJPP JN, after the in vitro digestive 195 

process and cellular uptake using caco-2 cell system as an intestinal in vitro model.  196 

Figure 1 shows the chromatograms of the anthocyanins profile of JP from its initial 197 

form until after the cellular uptake. It is important to highlight that the chromatograms of 198 

JPP and NP showed the same peaks profile. The peak 1, indicated in the figure, refers to 199 

cyanidin 3-rutinoside, peak 2 refers to cyanidin 3-glucosídeo, and peak 3 was not 200 

identified, but probably it is a flavonoid. 201 

Based on the chromatograms, it is possible to observe a decrease of anthocyanins 202 

content throughout the simulated digestive process, and that when passing through the 203 

cells, it was no longer possible to quantify them. This decrease in the pigment amount 204 

indicates a potential degradation or even a possible bioconversion of anthocyanins into 205 

lower molecular weight phenolic compounds (Schulz et al., 2021).  206 
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 207 

Figure 1. Chromatograms represent the anthocyanins profile of the jussara pulp initial, during the in vitro 208 

digestive process (oral, gastric, and intestinal), and from the cellular uptake. Peak 1 refers to cyanidin 3-209 

rutinoside, peak 2 refers to cyanidin 3-glucosídeo, and peak 3 was not identified. 210 

 211 

As already known, anthocyanin metabolism involves cleavage of glycosylated bonds, 212 

degradation of heterocyclic anthocyanidins, and further metabolization that can promote 213 

the bioconversion of anthocyanins to smaller phenolic compounds in the colon, such as 214 

protocatechuic acid, gallic acid, p-coumaric acid, among others, which are produced after 215 

the enzymatic action of gut microbiota bacteria on this compound (Braga et al., 2018; 216 

Schulz et al., 2017; Hidalgo et al., 2012).  217 

The Table 1 shows the anthocyanins content of each sample before, during and after 218 

bioaccessibility assay. Regarding the remain percentage, it is possible to observe a better 219 

maintenance of this compound into NP in comparison with the JP and JPP, indicating a 220 

potential protective effect of the nanostructure with jussara pulp. The oppositive is true 221 



 59 

for JPP, where is not possible to identify this potential behavior. Several reactions 222 

between JP and PEO could occur, mainly because of the complex matrix of the fruit. 223 

 224 

Table 1. Determination of anthocyanins during the simulated digestion process (in vitro) 225 

of jussara pulp (JP), solution jussara pulp and PEO (JPP), and jussara pulp nanofibers 226 

(NP) 227 

Digestion 
steps 

Anthocyanins (mg/100 g of sample)  

JP Remain 
(%) JPP Remain 

(%) NP Remain 
(%) 

Initial 215,20a ± 10,89 100 5,97a ± 0,05 100 4,92a ± 0,21 100 

Oral 58,44b ± 4,75 27,2 1,16b ± 0,01 19,5 1,64b ± 0,21 33,4 

Gastric 39,29c ± 13,97 18,3 0,87c ± 0,03 14,6 1,04c ± 0,19 21,2 

Intestinal 30,18d ± 2,65 14,0 0,61d ± 0,01 10,2 0,88c ± 0,30 17,9 
Different letters on the same column represent values different from each other (p <0.05). 228 

 229 

The effect of digestion on the anthocyanins content of Aronia nanoencapsulated into 230 

potato amylopectin was explored by Tong et al. (2020), who had also observed the decay 231 

of anthocyanins during the simulated gastrointestinal digestion. Despite this, they 232 

obtained promising results since at the end of intestinal digestion 9.12% were retained 233 

without protection, whereas 29.21% of the nanoencapsulated anthocyanins were retained. 234 

Some hypotheses may explain our lower results: the already elucidated instability of 235 

anthocyanins under alkaline pH, then possible destruction of the anthocyanin 236 

chromophore, which occurs at pH 7.4 (similar to intestinal pH), leading to its colorless 237 

form, making the quantification difficult (He & Giusti, 2010), degradation of the pigment 238 

present in the digested fraction of the bioaccessibility, so when it comes into contact with 239 

Caco-2 cells to assess the absorptive capacity, they are already in smaller amounts, or 240 

even, these results may reflect the low amount of sample used for the analyses, which 241 

may also make it difficult to quantify this pigment after several steps. 242 

 243 
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3.2. Antioxidant activity 244 

As previously described, the antioxidant activity determination of the simulated 245 

digestion phases (oral, gastric, and intestinal) JP, JPP and JN had the purpose to monitor 246 

the behavior of anthocyanins effects during this process, which involve several pH 247 

variations and enzymatic action. Thus enabling the comparison of the polymer at the end 248 

of digestion concerning the behavior of the jussara pulp. The results of both samples are 249 

shown in Table 2. 250 

 251 

Table 2. Determination of antioxidant activity (AA) during the simulated digestion 252 

process (in vitro) of JP: jussara pulp; JPP: the solution of jussara pulp and PEO (PEO 253 

7.7% and 0.36% of NaCl); JN jussara nanofibers (PEO 7.7% and 0.36% of NaCl). 254 

 255 

Sample 
Digestion steps  

Initial Oral Gastric Intestinal Remain 
AA (%) 

ABTS 
(µM TE/g) 

PJ 121.5aA ± 8.1 86.0aC ± 5.7 104.7aB ± 4.3 72.3aD ± 2.9 59.5b 

PJP 79.6bA ± 2.8 46.9bD ± 6.6 71.2bB ± 0.9 66.1bC ± 3.7 82.9a 

NJ 84.73bA ± 3.4 79.5aAB ± 14.1 77.5bBC ± 12.3 72.2abC ± 10.1 85.3a 

ORAC 
(µM TE/g) 

PJ 204.9aB ± 34.6 248.6aA ± 20.8 209.7aB ± 46.9 111.8aC ± 27.0 54.6b 

PJP 199.8aA ± 29.2 210.1bA ± 28.5 189.7bA ± 30.1 135.7aB ± 30.1 64.4a 

NJ 201.0aA ± 28.5 153.6cC ± 22.8 182.7bB ± 12.9 151.0aC ± 25.9 75.1a 
Different small letters on the same line represent values different from each other (p <0.05); different capital letters 256 

on the same column represent values different from each other (p <0.05). 257 
 258 

During and after the simulated digestion process it was possible to observe the 259 

possible anthocyanins degradation or even conversion in other compounds, in both 260 

samples considering their decay of antioxidant activity, which probably occurred by the 261 

variation of pH values (Chen et al., 2018), as well as, the action of the different enzymes 262 

that converts this compound in its derivated chemical structures (Braga et al. 2018). This 263 

result was expected and was also described by other authors, such as Schulz et al. (2017), 264 
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who studied the same fruit of the present work, and Lucas-Gonzalez et al. (2016), where 265 

maqui berry was analyzed, which is very similar with jussara pulp.  266 

Despite that, the JPP sample showed a better remain value (82.9 and 64.4 for ABTS 267 

and ORAC methods, respectively) than JP (59.5% and 54.6% for ABTS and ORAC 268 

assays respectively) indicating a possible effect of the polymer in protecting bioactive 269 

compounds probably because of its high molecular weight and viscosity (Ramos et al., 270 

2020), which may promote interaction between polymer and bioactive compounds, 271 

regarding their low molecular weight, protecting them against adverse conditions. 272 

Moreover, the comparison between the protection provided by the polymer before and 273 

after nanostructures production was also presented (Antelo et al., 2008; Braga et al., 274 

2016). 275 

The positive results are promising and highlight the benefit of using PEO in solution 276 

form to protect the beneficial effects of bioactive compounds from the jussara pulp. This 277 

find may be advantageous for the food, pharmaceutical, and cosmetics industries, since it 278 

can save the nanoencapsulation phase, depending on the purpose involved, which requires 279 

time, trained personnel, and high economic value (Nooeaid et al., 2017). 280 

The NP form also showed better results in comparison with JP. The antioxidant 281 

activity through ABTS assay was 85.3% and through ORAC was 75.1%, which shows 282 

the protective effect of the nanofiber on jussara compounds. It is possible to observe this 283 

behavior using PEO in the studies conducted by Locilento et al. (2019) and Aceituno-284 

Medina et al. (2015), who nanoencapsulated extract of grape skin and phenolic 285 

compounds respectively. Both measured the antioxidant activity after in vitro digestion 286 

of the nanofiber and both cases, this capacity was maintained. 287 

Moreover, Tong et al. (2020) also investigated the antioxidant activity of 288 

anthocyanins, who found promising results after in vitro digestion compared to the free 289 
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extract with nanoencapsulated Aronia anthocyanins in potato amylopectin. Following this 290 

way, Jeong et al. (2020), who nanoencapsulated various fruit combinations, and de 291 

Dicastillo et al. (2019), nanoencapsulated açaí extract in zein; both obtained promising 292 

results in relation to maintain its antioxidant activity after in vitro digestion. Given the 293 

above, it is possible to realize the promissory effect of nanotechnology and the polymer 294 

PEO together with bioactive compounds to protect their biological effects against adverse 295 

conditions. 296 

These results suggest the existence of low molecular weight metabolic agents, as 297 

mentioned before, since the determination of antioxidant activity indicated the 298 

maintenance of their antioxidant capacity after bioaccessibility, so even with the decrease 299 

observed in the anthocyanins chromatograms, the samples are still conferring the desired 300 

beneficial actions on human health. 301 

 302 

 303 

4. Conclusion 304 

The biological effects of anthocyanins from jussara pulp, polymer solution, and 305 

nanostructures produced with PEO and jussara pulp were evaluated before, during, and 306 

after in vitro digestion by quantifying the anthocyanins concentrations in each sample, in 307 

addition, to determining the absorptive capacity and the antioxidant activity of each stage 308 

of bioaccessibility. The decay of anthocyanins during digestion was observed, and the 309 

amount of them absorbed by Caco-2 cells was not detected. In contrast, the results of the 310 

antioxidant activity were promising since the polymeric solution and nanofibers showed 311 

a protective effect to bioactive compounds, ensuring greater antioxidant action compared 312 

to the lyophilized pulp, which enables the hypothesis of bioconversion of anthocyanins 313 

into phenolic compounds of lower molecular weight. Thus, we can consider the polymer 314 
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solution and nanofibers' uses as an alternative to preserving the biological effects of 315 

anthocyanins even after the in vitro digestion process. 316 
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Abstract 21 

Among the species of plants present in the Atlantic Forest, the jussara (Euterpe edulis Mart.) stands 22 
out for the contents of bioactive compounds present in its composition. Fermentation processes 23 
can be greatly important in converting bioproducts and bioactive compounds, improving their 24 
biological properties. In addition, the improvement of procedures for the maintenance of the 25 
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features of bioactive compounds has been a research focus in recent years, and the nanotechnology 26 
features that can potentially solve this issue have been highlighted among the most reviewed paths. 27 
The present work focused on tailoring nanostructures applying polyethylene oxide (PEO), 28 
assembling fermented jussara pulp nanofibers (NFs), and assessing their characteristics. The 29 
results revealed the formation of fermented jussara NFs with a diameter of 101.2 ± 26.2 nm. Also, 30 
the obtained results allow us to state that it is possible to maintain or even increase the antioxidant 31 
activity of anthocyanins and their metabolites after fermentation processes.  32 
Keywords: antioxidant activity; anthocyanins; bioaccessibility; bioactive compounds; 33 
electrospinning; nanofibers. 34 
 35 

1. Introduction 36 

Bioactive compounds, such as anthocyanins, are widely studied due to not only due to their 37 

potential as natural pigments but also for their remarkable capacity favorable effects on human 38 

health (Braga et al., 2018a; Murador et al., 2019). The antioxidant capacity is the most frequently 39 

reported biological effect since these natural pigments perform as free radical scavengers and are 40 

commonly associated with the avoidance of non-transmissible chronic diseases (Braga et al., 41 

2018b; Braga et al., 2019; Capanoglu et al., 2018; Ismail et al., 2004; Jayawardena et al., 2015; 42 

Nemś et al., 2015; Skrovankova et al., 2015). Nonetheless, despite their beneficial assets, 43 

anthocyanins' efficiency depends on their stability and bioavailability in the food matrix, and these 44 

bioactive compounds are susceptible to pH, temperature, oxygen, and light conditions (Biazotto et 45 

al., 2019; Murador et al., 2018).  46 

Strategies to protect the beneficial effects of bioactive compounds such as anthocyanins 47 

during the metabolism of food sources are of great interest. During food processing, anthocyanins 48 

can be applied as a natural pigment and during the natural digestion process when food sources 49 

are consumed (Braga et al., 2018a). One excellent source of anthocyanins is the jussara fruit, with 50 

an outstanding nutritional composition among the more than 20 thousand species of plants present 51 

in the Atlantic Forest (Bernardes et al., 2019; Braga et al., 2018a). 52 
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During the digestion process, several steps are traveled by the food after their ingestion, 53 

and those changes may affect the properties and characteristics of bioactive compounds. Besides 54 

that, the microbiota composition differs between individuals, and its modulation is closely linked 55 

to several physiological mechanisms. This modulation can be performed by probiotic 56 

microorganisms present or added to food and composing the human intestinal microbiota (Braga 57 

et al., 2018b; Guergoletto et al., 2016; Santamarina et al., 2018). Intestinal bacteria are known to 58 

be equipped with a wide variety of enzymes capable of hydrolyzing various glucosides. 59 

Microorganisms of the Lactobacillus genus are predominant components of the human intestinal 60 

microbiota. Some strains can produce the β-glucosidase enzyme and contribute to the hydrolysis 61 

of β-glucosides from foods rich in anthocyanins (Braga et al., 2018a). 62 

Crucial evidence that jussara pulp can act as a prebiotic in the human body is the results 63 

observed in a study carried out by our research group in an animal model. It was observed that the 64 

supplementation with 0.5% of lyophilized jussara pulp in the diet of rats during pregnancy and 65 

lactation promoted the restoration of the fecal content of Bifidobacterium spp., resulting in better 66 

integrity of the intestinal barrier in the colon (Morais et al., 2015). 67 

In this context, it is possible to raise the hypothesis that if anthocyanins were consumed 68 

pre-digested (had their sugars partially hydrolyzed from the aglycone), their bioaccessibility and 69 

antioxidant activity could increase significantly, and their beneficial effects would be enhanced; 70 

besides, the incorporation of the bioactive compounds into nanostructures would protect them from 71 

the digestion process adverse environment. One way to promote the deglycosylation of 72 

anthocyanins is by employing a fermentation process in which enzymes such as β-glucosidase are 73 

produced, which modify the profile of anthocyanins, increasing their bioaccessibility and 74 

bioavailability (Braga et al., 2018a; Faria et al., 2014). 75 
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In addition, the polymer solution added to the bioactive compound, a step before 76 

nanoencapsulation, allows it to use several products (Nooeaid et al., 2017) by promoting the 77 

protection and thermal stability to the added compounds, thus ensuring maintenance of the 78 

functional properties, even after going through the in vitro digestion process (Braga et al., 2016; 79 

Braga et al., 2018b; Hoseyni et al., 2020). 80 

Another way to protect the beneficial effects of jussara anthocyanins is the use of 81 

nanotechnology. Several works have presented color and bioactive action maintenance capability 82 

by incorporating bioactive compounds into nanostructures (Giaconia et al., 2020; Ramos et al., 83 

2020; Ramos et al., 2021).  84 

The present work aims to study the assembly of fermented jussara pulp nanofibers (NFs) 85 

using electrospinning and to evaluate their microscopic characteristics. Additionally, to determine 86 

the antioxidant activity and bioaccessibility of fermented jussara pulp and the polymeric solutions 87 

before the NFs fabrication, to access their protective role over their bioactive compounds. 88 

 89 

2. Material and Methods 90 

2.1 Jussara pulp fermentation 91 

Jussara pulp was obtained directly from producers in the State of São Paulo and sent to the 92 

Laboratory of Bioactive Compounds in Food at Federal University of São Paulo (UNIFESP). To 93 

obtain the jussara fermented pulp, the fruit constituted the main nutritional base of the culture 94 

medium (20% of pulp) added to glucose (10%). The pH was adjusted to 5.6, and the volume of 95 

200 mL of culture medium was distributed in 500 mL Erlenmeyer flasks and heat-treated in 96 

flowing steam at 100 ºC/13 min to maintain the bioactive compounds. Fermentation was carried 97 

out using Lactobacillus deubruekii grown in MRS broth using 250 mL Erlenmeyer flasks 98 
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containing 50 mL of medium. Incubation conditions were 28 °C, 100 rpm for 48 h. Optical density 99 

was standardized at O.D = 0.500 in absorbance at 600 nm by spectrophotometry. The inoculum 100 

was standardized at 2% (v/v). After 48 h of cultivation, the anthocyanins were determined (Braga 101 

et al., 2018a). After the fermentation process, the fermented jussara pulp was centrifuged to remove 102 

the solid material, and the supernatant was lyophilized, the resultant powder was used in the 103 

following steps. 104 

 105 

2.2 Proximal composition of jussara before and after the fermentation process 106 

 The samples of jussara before and after the fermentation process were evaluated in 107 

triplicate according to AOAC methodology (AOAC, 2005). The fat contents were determined by 108 

the Rose-Gottlieb method. Total solids contents were determined by drying the sample in a vacuum 109 

oven at 70 ºC for 24 h. Protein analyzes were performed based on the determination of nitrogen 110 

by the micro-Kjeldahl method.  The protein content was calculated by multiplying the nitrogen 111 

value by 6.38. The incineration of the sample determined the ashes in muffle at 550 ºC. The 112 

carbohydrate content was calculated by the difference between the total solids and the sum of the 113 

fat, protein, moisture, and ash contents. Finally, the enzymatic-gravimetric method 991.43 114 

(AOAC, 2005) was used for fiber determination. Performed in quadruplicate and used Sigma-115 

Aldrich® reagents and Total Dietary Fiber Assay Kit (Megazyme brand). The pH values were 116 

measured using a digital potentiometer. 117 

 118 

2.3 Phenolic compounds determination 119 

The phenolic compounds were extracted from jussara pulp before and after fermentation 120 

with 100 mL of methanol/water (8:2 v/v) by agitation with a magnetic homogenizer for 20 min 121 
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(Silva et al., 2014). The extract was used to determine total phenolic contents by the Folin–122 

Ciocalteu method (Singleton  & Rossi, 1965); the concentration was expressed in mg of gallic acid 123 

equivalents (GAE)/100 g of sample, the analyses were conducted in triplicate. 124 

  125 

2.4 Polymeric solutions preparation 126 

 The polymeric solution with fermented jussara pulp (FJP8) was elaborated using PEO 127 

(900,000 g/moL, Sigma Aldrich, St. Louis, MO, USA) 8% and 50% fermented jussara pulp with 128 

acetate buffer. This mixture was homogenized in a magnetic stirrer during 14 h and further studied 129 

in terms of bioaccessibility, antioxidant activity, and were used in the electrospinning process 130 

(Ramos et al., 2021). 131 

 132 

2.5 Bioaccessibility 133 

 Fermented jussara and the polymeric solutions using PEO 8%, in triplicate, were submitted 134 

to an in vitro simulated digestion model according to Chitchumroonchokchai and Failla (2017). 135 

Briefly, 5 g of each sample was homogenized with 10 mL of basal salts solution (NaCl: 120 mol/L, 136 

CaCl2 6 mmol/L, KCl 5 mmol/L). The oral phase was started with 6 mL of a solution of artificial 137 

saliva containing 106 u/mL of α-amylase (Sigma® A3176), followed by incubation at 37 °C, 10 138 

min in an orbital shaker (150 rpm). Afterward, the pH was adjusted to 2.5 with HCl 1M followed 139 

by 2 mL of pepsin (Sigma® P7000; 50,000 units/mL in HCl 100 mM), the total volume was 140 

adjusted to 40 mL, and the solution was incubated for 1 h, 37 °C, 150 rpm to perform the gastric 141 

phase. Next, the intestinal step was prepared, and the pH was adjusted to 6.0 with 1M NaHCO3 142 

and a porcine and ovine bile solution (3 mL; Sigma® B8381; 40 mg/mL in 100 mM NaHCO3), 143 

4,000 u/mL of porcine pancreatin (Sigma® P1750) and 1,000 u/mL of lipase from porcine pancreas 144 
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(Sigma® L3126) was added to the solution, and incubation for 2 h at 37 °C was performed and pH 145 

adjusted to 6.5 in 50 mL. After the completed in vitro digestion, the solution was centrifuged at 146 

6,000 rpm, 60 min at 4 °C. The bioaccessible anthocyanins were present in the supernatant. 147 

 148 

2.6 HPLC analysis of the anthocyanins 149 

 Anthocyanins were extracted from the samples (2 g) of the samples fermented 150 

jussara pulp (FJP) and from the solution of fermented jussara pulp and PEO 8% (FJP8), using 75 151 

mL of 0.5% HCl in methanol. The mixture was filtered and concentrated in a rotary evaporator 152 

(T<38°C). The extracts were diluted in water containing 5% formic acid/methanol (85:15, v/v) 153 

immediately before HPLC analysis. The anthocyanin separation and identification were conducted 154 

as presented by De Rosso e Mercadante (2007). The anthocyanins were quantified using HPLC-155 

DAD using seven-point analytical curves of cyanidin 3-glucoside (5–125 μg.mL-1) and cyanidin 156 

3-rutinoside (10–200 μg.mL-1), r2 = 0.998; the limit of detection was 0.05 mg.mL-1, and the limit 157 

of quantification was 0.1 mg.mL-1. The concentration was expressed in μg of cyanidin 3-158 

glucoside.mL-1 and/or μg of cyanidin 3-rutinoside.mL-1. The percentage of anthocyanins content 159 

relative to the results found before in vitro digestion, called remain (%), was calculated considering 160 

the final and initial values. 161 

 162 

2.7 Antioxidant activity 163 

Extracts were prepared from fermented jussara pulp (before and after each step of the in 164 

vitro digestion) and from the polymeric solution 8% of PEO adding 100 mL of 80% cold acetone 165 

to the samples by agitation with a magnetic homogenizer for 15 min; the mixture was filtered, and 166 

the solids were washed twice with an additional 100 mL of 80% acetone and then concentrated in 167 
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a rotary evaporator (T < 40 °C). The antioxidant activity (AA) against the ABTS+ radical was 168 

measured by adding an acetone/water extract (30 μL) to a diluted solution of ABTS+ (7 mM). The 169 

solution was homogenized, and after 6 min, the absorbance was read at 734 nm and compared with 170 

a prepared Trolox standard curve (Re et al., 1999). The results were expressed as μmol of Trolox 171 

equivalent/g of sample. The antioxidant activity against the peroxyl radical (ROO•) was 172 

determined by the ORAC assay (Rodrigues et al., 2012). The ROO• was produced by 173 

thermodecomposition of AAPH at 37 °C. The experiment was performed in a 96-wells microplate 174 

containing fluorescein (61 M) prepared in phosphate buffer 75 mM, pH 7.4, AAPH solution (19 175 

mM) in phosphate buffer, hydrophilic extract in three different dilutions (100, 500, and 1000 times) 176 

in phosphate buffer, or Trolox (50 μM) in phosphate buffer. The results were expressed as μmol 177 

of Trolox equivalent/g of sample, and the percentage of antioxidant activity relative to the results 178 

found before in vitro digestion, called remain AA (%), was calculated considering the final and 179 

initial values. 180 

 181 

2.7 Production of fermented jussara pulp nanostructures  182 

Electrospinning equipment (FLUIDNATEK LE-10, BIOINICIA, Spain) was used to 183 

produce the fermented jussara NFs. The solutions were introduced in a 5 mL plastic syringe 184 

utilizing a steel needle of 0.6 mm diameter, and two concentric steel needles of 1.4 mm and 0.6 185 

mm inner diameters were used for polymer solution and fermented jussara pulp respectively. Flow 186 

rates for the PEO solution were at 600 μL/h, while fermented jussara pulp flowed out at 200 μL/h, 187 

at controlled room temperature (20–25°C) and relative humidity (50–60%). Tip-to-collector 188 

distance (TCD) and voltage were fixed at 10 cm and 24 kV, respectively (Ramos et al., 2020; 189 
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Ramos et al., 2021). The samples were removed from the collector and storage at room temperature 190 

(20–25°C) until the characterization analysis. 191 

 192 

2.8 Nanostructure's characterization 193 

The fermented jussara NFs were characterized by analyzing the micrographs obtained by 194 

FE-SEM, from which their diameter sizes were determined using the DiameterJ software (Hotaling 195 

et al., 2015). Additionally, Fourier-transform infrared spectroscopy (FTIR) (Bruker Alpha-P, in 196 

the 1700–700 cm−1 range) was used to provide the characteristic fundamental vibrational modes 197 

and wavenumbers from experimental spectra. Thermal stability of the core-shell NFs was 198 

characterized by thermogravimetric analysis using a TA Instruments Q-50 apparatus (Mettler-199 

Toledo, Barueri - SP, Brazil), under a temperature range of 0–700 °C and an N2 atmosphere with 200 

a scan rate of 10 °C/min. Hydrophobicity was determined by measurement of the fermented jussara 201 

pulp NF's surface contact angle using a sessile drop method in a Rame-Hart goniometer (Model 202 

260-F, Washington, DC., USA) coupled to the software DROPimage Advanced. Deionized water 203 

was used as the wetting liquid, and the droplet volume was fixed at 5μL for each standard wetting 204 

liquid. Under room temperature (26 ± 1°C), this parameter was established as the mean and 205 

standard deviation of 10 assessments at random locations on the surface of the samples (Ramos et 206 

al., 2020; Ramos et al., 2021). 207 

 208 

2.9 Statistical analysis 209 

 All of the analyses were conducted in triplicate, and the data were expressed as the mean 210 

± standard deviation (SD); the differences between the samples were detected by ANOVA, 211 
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followed by Tukey, and the differences were considered to be significant at p < 0.05. The statistical 212 

analysis was performed using the Statistica 14.0 software. 213 

 214 

3. Results and Discussion 215 

3.1 Proximal composition of jussara before and after the fermentation process 216 

Table 1 shows the results of the characterization analyzes of jussara pulp before and after 217 

the fermentation process. The fermented jussara presented values statistically equal to those of the 218 

juçara in natura for moisture values and lipid and carbohydrate contents. However, total dietary 219 

protein and fiber values were statistically higher (95% confidence) for the fermented jussara 220 

comparing to the in natura pulp (Table 1). Thus, there was probably a change in the food matrix 221 

of the jussara during fermentation, which contributed to the greater ease in extracting protein and 222 

fiber from the food matrix. 223 

 224 

Tabela 1. Proximal characterization of jussara pulp before and after the fermentation process 225 

Jussara pH 
Moisture 

(g/100g) 

Ashes 

(g/100g) 
Protein 

(g/100g) 

Lipides 

(g/100g) 

CHO* 

(g/100g) 

Dietary 

Fibers 

(g/100g) 

In natura 5.6a 90.2a  0.76 0.06a  0.001 0.15b  0.001 0.58a  0.05 7.7a  0.2 1.43b  0.3 

Fermented 3.8b 89.8a  0.01 0.06a  0.001 0.23a  0.03 0.53a  0.12 7.5a  0.2 1.68a  0.1 

Different letters on the same column represent values different from each other (p <0.05); *CHO: carbohydrates. 226 

 227 

3.2 Phenolic compounds determination 228 

The content of phenolic compounds was also determined 97.2 ± 1.82 and 121.4 ± 3.75 mg 229 

GAE/100 g for in natura and fermented pulp, respectively. These results are highly positive 230 

because even with the medium containing only 20% of jussara pulp, the values are comparable to 231 

those obtained for the whole jussara pulp obtained by Borges et al. (2011) that determined the 232 
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content of total phenolic compounds in jussara of different regions and obtained values ranging 233 

between 75.28 and 136.93 mg GAE/100 g. Furthermore, the phenolic compounds present in the 234 

fermented jussara were statistically higher (95% confidence) than the fresh pulp, indicating that 235 

this process causes a positive change in the profile of the initially present compounds in the jussara 236 

pulp. Possibly, the conversion of anthocyanin structures and other phenolic compounds into lower 237 

molecular weight compounds (phenolic acids) can be an explanation for the result obtained for the 238 

fermented pulp, as already observed by Braga et al. (2018a). 239 

3.3 Anthocyanins quantification by HPLC-DAD  240 

The in natura and fermented pulps (sample called initial) and the solutions were submitted 241 

to the in vitro digestion process to enable comparisons before, during, and after this process. The 242 

importance of determining the concentration of phenolics and their biological effects throughout 243 

all the digestion steps can answer if the bioaccessible fraction of those bioactive compounds is 244 

maintained and available to be absorbed, and, more important if the antioxidant capacity remains. 245 

Anthocyanin’s content of samples of FJP in each step of the in vitro digestion is presented 246 

in Table 2. It is possible to observe the decay behavior of anthocyanins during this process, 247 

resulting in the remaining percentage of 13.8% considering the intestinal and initial values. This 248 

decrease was already expected, since there were contact with aqueous medium, enzymatic action 249 

and pH variation, besides, it is in accordance with the consulted literature (Braga et al., 2018a). 250 

 251 

Table 2. Determination of anthocyanins during the simulated digestion process (in vitro) of 252 

fermented jussara pulp (FJP) and of the solution of fermented jussara pulp and PEO 8% (FJP8) 253 

Digestion steps 
 Anthocyanins (µg/100 g) Remain 

(%) Initial Oral Gastric Intestinal 

FJP 519.8aA ± 24.2 425.3aB ± 11.9 250.2aC ± 7.0 160.1aD ± 13.8 13.8b 

FJP8 224.0bA ± 11.3 204.1bB ± 20.2 129.8bC ± 12.0 73.4bD ± 4.9 32.6a 
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Different small letters on the same line represent values different from each other (p <0.05); different capital letters on the same 254 
column represent values different from each other (p <0.05). 255 

 256 

Additionally, the total anthocyanins from FJP8 throughout the digestion process was 257 

acquire, showing a similar behavior but with a final remaining of 32.6%, which demonstrates 258 

statistical difference in relation to the free fermented pulp, confirming the preservative effect of 259 

the PEO over the transformations that occurs in the simulated gastrointestinal system (Table 2).  260 

The idea of assessing the influence of the polymer, still in the form of a solution before the 261 

electrospinning process, on the antioxidant activity of the in natura and fermented pulp, was based 262 

on the hypothesis that the behavior of the added polymer solution from the jussara can differ from 263 

the behavior of the isolated pulp, as well as the disposition of the net formed between the 264 

incorporated pulp and the nanostructure formed by the polymer. Several authors have concluded 265 

that polymers can act as protective agents for natural pigments and bioactive compounds 266 

(Haladjova et al., 2014; Mozumder et al., 2017; Vroman & Tighzert, 2009). Some even show the 267 

comparison between the protection caused by the polymer before and after obtaining 268 

nanostructures (Antelo et al., 2008; Braga et al., 2016).  269 

3.4 Determination of antioxidant activity  270 

Studies presented in the literature have shown that the antioxidant activity of phenolic 271 

compounds does not occur due to the individual action of a particular compound but through the 272 

interaction between the various compounds present simultaneously, causing an increase or 273 

decrease in the antioxidant activity. The effect can be synergistic or antagonistic depending on the 274 

compounds present in a given extract (Borges et al., 2011). This may have happened in the case 275 

of the present study, in which, after the fermentation process, an increase in the antioxidant activity 276 

was found. 277 
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Therefore, the antioxidant activity of the simulated digestion steps of the FJP, FJP8 and the 278 

jussara pulp before fermentation (JP) was determined  (Table 3).  279 

 280 

Tabela 3. Determination of antioxidant activity (AA) during the simulated digestion process (in 281 

vitro) of jussara pulp (JP); fermented jussara pulp (FJP) and solution with fermented jussara pulp 282 

and PEO 8% (FJP8) 283 

Sample 
Digestion steps Remain 

AA (%) Initial Oral Gastric Intestinal 

ABTS 
(µM TE/g) 

JP 121.5bA ± 8.1 86.0aC ± 5.7 104.7aB ± 4.3 72.3aD ± 2.9 59.5b 

FJP 131.2aA ± 3.1 40.0bB ± 4.8 22.2cC ± 2.9 40.8bB ± 1.8 31.1c 

FJP8 46.9cA ± 6.6 30.3cC ± 3.0 49.1bA ± 2.8 39.1bB ± 4.1 83.4a 

ORAC 
(µM TE/g) 

JP 204.9bC ± 34.6 248.6aA ± 20.8 209.7aB ± 46.9 111.8bD ± 27.0 54.6b 

FJP 217.6aA ± 24.6 116.2cB ± 22.2 92.9cC ± 23.8 89.9cD ± 32.1 45.0c 

FJP8 199.8cA ± 29.2 186.9bB ± 10.3 141.1bC ± 26.9 134.7aD ± 14.9 67.4a 
Different small letters on the same line represent values different from each other (p <0.05); different capital letters on the same 284 

column represent values different from each other (p <0.05). 285 
 286 

From the analyses performed, it also was possible to observe a decrease in antioxidant 287 

activity throughout the simulated digestion, possibly due to exposure to different pH values beyond 288 

the present compounds' optimal conditions, especially anthocyanins (Chen et al., 2018). On the 289 

other hand, it can be observed that the polymer showed a positive effect in maintaining the 290 

antioxidant activity throughout the in vitro digestive process considering the remain AA value. 291 

The fermentation process positively affected the antioxidant activity since a higher value 292 

was reached, considering both methods, for the JPF compared with the JP. Considering the 293 

evaluated samples, we can also affirm that the polymeric solution presented a protective effect 294 

during the simulated digestion process. The remaining percentage of antioxidant activity was 295 

83.4% and 67.4% for ABTS and ORAC methods, respectively, with statistical difference between 296 

these results with JP and JPF remain values. The results are promising, and through them, it is 297 
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possible to detect the benefit of using the polyethylene oxide polymer in solution to protect the 298 

biological effect of bioactive compounds of the jussara pulp before and after the fermentation 299 

process. 300 

No studies were found in the consulted literature evaluating polymeric solutions' 301 

antioxidant activity, only analyzes the polymeric nanostructures containing bioactive compounds; 302 

however, none of them have utilized food matrix fermented before the electrospinning process. 303 

Furthermore, the studies that used the same polymer (PEO) did not evaluate a raw material rich in 304 

anthocyanins, and when they considered it, it was together with another polymer and using 305 

different techniques to produce nanostructure; therefore, it was not possible to carry out 306 

quantitative comparisons only qualitative. 307 

Locilento et al. (2019) produced a membrane formed by PLA and PEO nanofibers to 308 

preserve the action of an antioxidant extract of grape skin. Such membrane was submitted to the 309 

in vitro digestion process and maintained its antioxidant capacity. The nanofibers were produced 310 

by electrospun, as is the case for this study. Given the above, one can observe the promising effect 311 

of polymer PEO together with other bioactive compounds, indicating that its use can be effective 312 

to protect them. 313 

Tong et al. (2020) nanoencapsulated Aronia anthocyanins in potato amylopectin. They 314 

submitted them to the in vitro digestion process, verifying the antioxidant activity before and after 315 

this step. Their results were better when compared to conditions without the involvement of the 316 

nanocapsule. In the same sense, Jeong et al.  (2020) used chitosan and carrageenan to 317 

nanoencapsulate various fruit combinations, and De Dicastillo et al. (2019) nanoencapsulated açaí 318 

extract in zein, both studies submitted the samples to the in vitro digestion process. Also, they 319 

obtained the protection of the antioxidant activity at the end of the digestive simulation. 320 
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These results allow us to state that it is possible to maintain the antioxidant activity of 321 

anthocyanins and their metabolites obtained in fermentation processes with the protection of 322 

polymers. Therefore, our study enables the promotion of positive advances for the preservation of 323 

these bioactive compounds. 324 

3.5 Nanostructure's characterization 325 

After the evaluation of the polymeric solution, an electrospinning process was carried out 326 

in an attempt to produce fermented jussara pulp nanofibers (Ramos et al., 2021). The PEO solution 327 

and fermented jussara pulp were injected separately into the equipment since the electrospinning 328 

coaxial mode was applied to elaborate fermented jussara NFs. FE-SEM images from sample 329 

electrospun fibers were used (Figure 1) to measure their diameters (nm). Although samples did not 330 

present a consistent orientation, a homogeneous fiber size was observed. The sample showed 331 

diameters of 101.2 ± 26.2 nm, confirming that the structure obtained belongs to a nanoscale. 332 
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333 

 334 

Figure 1. FE-SEM images electrospinning of fermented jussara pulp nanofibers 335 

 336 

Besides, FE-SEM analysis, TGA, FTIR, and hydrophobicity of fermented jussara NFs 337 

were determined. The thermal stability of the fermented jussara pulp NFs synthetized was 338 

evaluated using TG, and the thermograms (TGA) derived thermogravimetry (DTG) curves for 339 

fermented jussara NFs shown in Figure 2. TG analyses revealed a multistep weight loss curve for 340 

all samples.  341 
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 342 

Figure 2. TGA thermograms of fermented jussara pulp nanofibers 343 

 344 

TGA analyses revealed a multistep weight loss curve for the sample. The losses of water 345 

and solvents originated in the first region of temperatures below. The region presents values greater 346 

than 200 °C, associated with PEO decomposition. For the fermented jussara NFs, weight loss 347 

occurred in four stages. Moreover, the NFs showed thermal stability at temperatures up to 200 °C, 348 

characterized by an exothermic peak, indicating a minimal weight loss in this region. Additionally, 349 

the sample showed a total mass loss of approximately 80%. The delineation of the thermal behavior 350 

of NF is fundamental to promote their application in foodstuff as natural pigments. Furthermore, 351 

thermally stable structures provide increased commercial interest for these compounds since 352 

industrial processing for food production often requires heating steps (Nogueira, 2001). 353 

The extract of freeze-dried açaí fruit, containing high anthocyanins concentration, achieved 354 

its maximum degradation at 162.5 °C and have demonstrated an early degradation that started at 355 

approximately 100 °C (de Dicastillo et al., 2019). When PEO nanofibers with jussara pulp were 356 

submitted to thermal treatment was possible to observe these decomposition bands (Ramos et al., 357 
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2021). The same bands can be observed in the fermented jussara NFs sample, and this infers that 358 

the fermentation process did not interfere with the high thermal stability of the NFs.  359 

To better understand the jussara fermented pulp NFs, the FTIR spectra were obtained 360 

(Figure 3) for the PEO (8%) added to the jussara pulp before and after fermentation. In the FTIR 361 

spectrum, it is possible to observe characteristic bands of the anthocyanin structure in both 362 

samples. The anthocyanin exhibited absorption bands at 1072 cm-1, corresponding to bending 363 

vibration of C–O–C groups (Vasincu et al., 2014). Besides, we can observe bands corresponding 364 

to a =C-O-C group of flavonoids and the skeletal stretching vibration of the aromatic rings (1072, 365 

1506, and 1271 cm-1) (Favaro et al., 2018). The presence of the C-N group is assigned with bands 366 

between 1400 and 1450 cm-1 (Syafinar et al., 2015).  367 

 368 

Figure 3. FTIR spectra of fermented jussara pulp nanofibers at room temperature 369 

 370 

No significant differences were observed in the FTIR spectra for the samples. Therefore, 371 

it is possible to monitor the interaction between PEO and the jussara pulp before and after the 372 
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fermentation process. The PEO spectra present a peek at the 1250 cm-1 region, corresponding to 373 

the presence of ethereal oxygen and the crystal phase of PEO (Vega-Lugo & Lim, 2012), but it 374 

was changed in the spectra of samples. This effect can be observed when PEO was used to 375 

incorporate other bioactive compounds, such as cyclodextrin and β-carotene (Peinado et al., 2016; 376 

Uyar & Besenbacher, 2009).  377 

The bands observed at 1066 and 1091 cm-1 correspond to the skeletal stretching vibration 378 

of the aromatic rings and =C–O–C group of flavonoids. Therefore, it is possible to identify peaks 379 

in the 1506 and 1271 cm-1 in the PEO (8%) with jussara pulp sample due to the skeletal stretching 380 

vibration of the aromatic rings. These peaks are not present in the PEO (8%) with fermented jussara 381 

pulp sample as the fermentation process possibly transformed part of the phenolic compounds 382 

present in the pulp, as was also proposed by antioxidant analysis.  383 

To investigated the hydrophobicity, the surface contact of the fermented jussara pulp NFs 384 

was determinated according and as comparative to previously study of our research group (Ramos 385 

et al. 2021), which evaluated jussara pulp NFs. Regarding samples presenting surface contact 386 

angles below 90° were considered hydrophilic, while those above 90° were designated as 387 

hydrophobic, the fermented jussara pulp NFs obtained is this study kept its hydrophilic property 388 

(Ramos et al., 2020; Ramos et al., 2021).  389 

 390 
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Figure 4. Contact angle values (Mean ± SD) and images from the conditions of fermented jussara pulp nanofibers 391 

 392 

 393 

4. Conclusion 394 

As we reached the results from the data studied in the present work, the hypothesis initially 395 

raised was in a way confirmed since changes in the profile of anthocyanins after the fermentation 396 

process, in addition to increased antioxidant activity, were observed and could be considered 397 

strong evidence of the role of microorganisms in helping to improve the beneficial properties of 398 

anthocyanins. We successfully tailored fermented jussara pulp NFs to aid the maintenance of 399 

antioxidant activity during the in vitro digestion process. Furthermore, the fermentation process 400 

shows to be a promising tool in developing food products using fruits rich in anthocyanins, 401 

enhancing their properties, particularly antioxidant activity, and opening a wide range of 402 

applications in the food industry, as the association with a polymeric solution. 403 
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CONCLUSÃO GERAL 

O levantamento bibliográfico (Artigo 1 – Capítulo II), possibilitou definir os principais 

parâmetros para iniciar a formação de nanoestruturas por electrospun pelo grupo de pesquisa. 

A partir dos ensaios iniciais foi possível alcançar condições ótimas e validá-las para a produção 

de nanofibras de PEO e polpa de juçara (Ramos et al., 2020; Ramos et al., 2021), objetivando 

avaliar suas propriedades funcionais através da quantificação das antocianinas e da análise de 

atividade antioxidante.  

Optamos por incluir em nanoestruturas a polpa de juçara in natura com o intuito de verificar 

se o aumento da bioacessibilidade causado pela fermentação também ocasionaria em uma 

melhor resposta dos efeitos benéficos das antocianinas frente ao nanoencapsulamento. Para 

tanto, realizamos a simulação do processo digestivo para as amostras iniciais (polpa de juçara 

in natura e fermentada), para as soluções poliméricas feitas com ambas, sendo a condição 7,7% 

de PEO e 0,36% de NaCl adotada para a in natura e a condição com 8% de PEO sem sal para 

a polpa fermentada, a fim de explorar o possível efeito protetor do polímero sobre as 

antocianinas, e para as nanoestruturas produzidas considerando essas especificações. 

Além de avaliar o produto final da digestão simulada de cada amostra, analisamos ainda 

cada etapa desse processo (oral, gástrica e intestinal), bem como a capacidade de absorção pelas 

células Caco-2. Os resultados obtidos a partir da juçara in natura originaram o primeiro artigo 

de resultados da dissertação (Capítulo III), da mesma forma que os achados da juçara 

fermentada geraram o segundo artigo de resultados (Capítulo IV). 

As respostas encontradas para os efeitos benéficos de ambas as polpas nas respectivas 

conformações (inicial, solução polimérica e nanoestrutura) apresentaram comportamentos 

similares. As antocianinas quantificadas foram diminuindo conforme avançava nas fases da 

digestão in vitro, até não serem detectadas após o uptake celular. Já a análise de atividade 

antioxidante, também demonstrou um decaimento, porém as amostras das soluções de polímero 
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se mostraram protetoras dos compostos bioativos presente nas polpas, uma vez que preservaram 

a capacidade antioxidante mesmo após a digestão. Esse achado sugere então a ocorrência da 

bioconversão das antocianinas em compostos fenólicos de menor peso molecular. Com isso, a 

solução polimérica pode ser considerada uma alternativa para a preservação dos efeitos 

benéficos desejados, tendo em vista que seu uso já está sendo feito por indústrias de alimentos, 

fármacos e cosméticos. 
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CONSIDERAÇÕES FINAIS 

A realização desse trabalho segue a linha de pesquisa de nanotecnologia para incorporação 

de compostos bioativos da Profa. Dra. Anna Rafaela Cavalcante Braga, no Laboratório de 

Compostos Bioativos de Alimentos (LCBA), da Universidade Federal de São Paulo. A revisão 

de literatura foi o primeiro produto do grupo e obteve papel de guia para a produção e 

otimização das nanoestruturas contendo polpa de juçara. 

O atrativo dessas estruturas se dá pela superfície de contato com o meio aumentada, 

consequentemente, possibilitando enfrentar os efeitos adversos que impossibilitam os 

compostos bioativos de executarem sua função no organismo humano da maneira mais eficaz, 

como baixa absorção, instabilidade em diversas condições, como variação de pH, luz, 

temperatura, entre outras.  

O estudo da manutenção das propriedades benéficas através da elaboração das 

nanoestruturas e da solução polimérica considerando o processo digestivo in vitro possibilitou 

verificar o efeito protetor do polímero PEO sobre os compostos bioativos presentes na polpa de 

juçara, quando em forma de solução polimérica. Esse achado abre portas para futuras análises 

em busca de melhorar a obtenção dos efeitos positivos à saúde proporcionados pelos alimentos. 

Além disso, a realização desse projeto colaborou significativamente para o 

desenvolvimento acadêmico, profissional e pessoal da autora, considerando as diversas 

atribuições envolvidas para o acontecimento deste trabalho, desde parcerias com outros 

pesquisadores, aprendizados de novas técnicas, troca de saberes com os demais integrantes do 

grupo de pesquisa e o gerenciamento das emoções que acompanharam o decorrer desta 

dissertação. 
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